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Abstract— In this experiment-based research, there is an
attempt to determine the evolution of surface temperature
distribution, thermal behaviour and performance of a
battery cell at the same time. The pouch type commercial
test cell has a 13Ah capacity and Lithium Titanate Oxide
(LTO) based anode. Temperatures on the surface of the cell
are measured using contact thermocouples. Additionally,
the heat flux is simultaneously measured with the
isothermal calorimeter. This heat flux measurement is used
for determining the heat generation inside the cell.
Consequently, the important performance constituent of
the battery cell efficiency is calculated. Those are
accomplished at different temperature levels (0°C and
25°C) of continuous constant current 1C charge and
discharge. Also, the maximal increase in the battery
temperature over the cell surface is found on the battery cell
surface. The heat flow calibration and experimentation for
calorimetric  measurement are deliberated. The
experimental procedure is a very precise determination of
the heat generation and the efficiency of the battery cell.

Keywords—  Surface temperature, spatial tempersture
distribution, Isothermal Calorimeter, Lithium Titanate Oxide,
Battery thermal management, battery efficiency, heat generation,
performance, battery behavior.

1. INTRODUCTION

In different operating conditions, the non-uniformity of
the surface temperature is a result of the possible heat
generation inside a battery cell [1, 2]. This is true for
different battery applications, from stationary storage to
the electric vehicle (EV) application [3, 4]. From the
electrochemical point of view, this stems from complex
phenomena inside the cell [5-7]. It is demonstrated in the
literature how different operating conditions (e.g.,
unbalanced state of charge (SoC) [8, 9], different aging
conditions [10, 11], flow rates [12-14] non-exhausting list

of parameters) may affect battery cells' performance and
can cause thermal gradients. Moreover, it is found that
there is a correlation between heat generation and the
maximal increase of temperature inside the cell [15]. So, it
is essential to understand those behaviors and performance
indicators. It can help to understand the individual cell
behavior inside a pack [16]. Moreover, it makes possible
to assure the correct operation of the battery cell on the
system level.

Furthermore, another important parameter, battery cell
efficiency, can assist in an optimized design of battery
thermal management system (BTMS) [7, 17, 18]. This is
particularly true in the case of battery system design. One
aspect of the problem is that there is usually a little or no
knowledge about the exact composition of the actual
battery cell. The battery cell is made up of non-
homogeneous materials. So it may exhibit different
heating behavior on the battery cell surface [19]. In
consequence, thermal modeling becomes more
challenging as well as designing of efficient thermal
management for battery system for different applications.
Another limiting factor is the finite number of temperature
sensors that can be mounted due to cost and practical
reason. For a given current rate, it is crucial to understand
the phenomenon of the surface temperature evolution with
the heat produced inside the cell. So, a thermal model can
be developed later. This can assist in the efficient cooling
of the location of the hottest region on the battery surface.

In the paper, Section II presents the methodology that
is used in this study. The detailed experimental procedures
with  necessary apparatuses i.e. thermocouples,
calorimeter, and temperature controller are described in
Section II1. It also associates the data acquisition platform,
calibration of the corresponding instrument and the final
setup of the experiment. The analysis of the data and the
relevant discussions are detailed in Section IV. The



evaluation of the cell thermal behavior and the
experimental correlation is addressed and established in
the same section. At last, the conclusions of this work are
provided in Section V.

II. METHODOLOGY

The research associates with the determination of heat
generation and efficiency of a battery cell using full charge
and discharge cycle at different temperatures using
experimental recourse. During the experiment, the principal
thermal features of the battery cell are measured. Those are
battery cell raw heat flux (measured using isothermal
calorimeter) and surface temperature (measured using
contact thermocouples) at different spots. Those are
simultaneously measured to track the thermal gradients on
the surface of the battery. Calorimetric measurement
represents the global heat generation flux inside the cell at
the given current profile. By using this calorimetric raw heat
flux data, the battery heat generation is determined. To
accomplish this, a suitable range of raw heat flux is
carefully chosen. The next procedure is to select the best
baseline type to find the enclosed heat flux area. Then by
means of the use of computational software, the actual heat
generation is determined. Afterward, using the electrical
(area enclosed by electric power input) and calorimetric
data (area enclosed by heat flux), the efficiency of the
battery cell is calculated at the corresponding current rate.
Congruently, the maximal increase in the battery
temperature inside cell surface is found for different current
rates on the battery cell surface.

III. EXPERIMENTAL PROCEDURE

Battery thermal measurements in this research are
accomplished by contact thermocouples in the calorimeter
chamber with temperature control. The experimental setup
is controlled by graphical user interface (GUI) of
LabVIEW front panel interface. Fig. 1 illustrates the
graphical representation of the experimental setup.

A. Thermocouple

The battery cell temperature measurement system is
made of five type K thermocouples. The five
thermocouples are manufactured by Netzsch® from raw
30 American wire gauge (AWG) wires. Those are situated
inside the calorimeter chamber. By this way, those can be
placed on the battery cell sample itself to measure the
temperature distribution over the surface without
disturbing the experimental condition. The specific
connections inside the battery cell are shown in Fig. 6. The
module used for the data acquisition of temperature
measurements is a 4-channel module 9211 from the
National Instruments®.

(= Y
Type KTC
Extension wires
Y Exhaust for safety
Connected to Burst disk
NI9211TC 5 pieces of thermocouples =
NI-DAQ Calorimeter Chamber
9174
Temperature |
A Control
- Module | j

Fig. 1. The thermal sensor and control components inside the calorimeter. It
consists of three parts: thermocouples, calorimeter, temperature control.

B. IBC 284 Calorimeter

The Isothermal Battery Calorimeter Netzsch® IBC 284
is a robust instrument designed for the accurate
measurement of heat flux generated by batteries while
being charged or discharged under experimental
condition. This large volume calorimeter is made up of
different thermal chambers and heat flux sensors
submerged in an isothermal bath comprising a heating
element, a cooling element, and a mixing system. It has an
operating span of -30°C to +60°C. A mixture of 50%
ethylene glycol and 50% deionized water (EG/W) is used
to ensure the isothermal environment inside the bath. The
following TABLE 1. exhibits the specification of the
calorimeter.

TABLE L THE IBC 284 CALORIMETER SPECIFICATION.
Temperature range -30°C to +60°C
Isothermal bath +0.01°C
stability
Heating / Cooling rate 5°C / hour
Sample thermocouples 4
available

Refrigerated Built-in to unit
recirculator
Thermal fluid

Operational mode

Ethylene glycol / deionized water
Isothermal for measurement of battery enthalpic and
entropic changes, efficiency, lifetime and performance
12 x 8 x 6 inches

Maximum battery size

Baseline noise 5 mW
Baseline stability 30 mW
Maximum power S0W
Maximum current 250A

Maximum voltage 50V
Enthalpy accuracy +2%

The instrument is semi-automated. Most of the
operations are controlled manually from the front panel of
LabVIEW based data acquisition system. The calorimeter
can measure heat generated by any battery chemistry in the
range from 100mW to SOW.

The images of the calorimeter and its chamber are
shown in Fig. 2.



Fig. 2. Isothermal Calorimeter for measuring the thermal behavior of battery
cells. (a)The external outlook of the calorimeter. (b) The internal outlook of the
calorimeter chamber (c)The experimental condition: calorimeter chamber is
submerged in liquid (50% ethylene glycol and 50% water solution).

It should be noted that the calorimeter has a high
thermal inertia which limits its heating or cooling rates. A
maximum of five Kelvin per hour can be reached. For
instance, when starting from 25°C for an experiment to be
run at 40°C, so it may take 3 hours to reach temperature
equilibrium.

C. PTC10 Temperature Controller

Employed PTC10 Programmable Temperature
Controller is manufactured by the Stanford Research
System™, It is a modular system that is used for
temperature control of the calorimetric experiment. So, it
is configured for measuring temperature, controlling
heaters, and logging temperature data of the experiments.
It is connected with four I/O cards. Those are two types of
input cards for Resistance Temperature Detectors (RTDs)
and thermocouples, and two types of output cards for
driving heaters. The PID feedback control channels are
controlled by the LabVIEW-based control panel. It has 50
Hz PID sampling rate with one mK resolution.

D. Data Acquisition(DAQ) system

The corresponding experiment parameters are set up on
the front panel of the LabVIEW-based GUI control
program. Those include temperature set-point, PID
control parameters for temperature control, DAQ
sampling rate. Those are defined using the front panel of
the GUL

A DAQ chassis with 4-channel 24 bits analog input
module (£10V) is used for the interface between 1/O cards
and communication with the computer. This DAQ system
is made up of several channels. The following instruments
data are acquired by the DAQ system:

a) 4-channel 24 bits PT100 RTD analog input

b) 4-channel 24 bits =£80mV thermocouple analog
input

For temperature control, a proportional-integral-
differential (PID) feedback loop is used. It is used to
control the power supplied to a heater. It is the main
driving force to keep the bath temperature in a stable limit.

E. Calibration of the calorimeter

The specific calibration is carried out using the
precision resistance provided with the calorimeter
instrument. It is accomplished by applying the three
different Joule effect pulses. The goal of this particular
calibration is to reproduce the heat flux measurement as
closely as possible in comparison to the conditions of the
experiment.

The Joule effect calibration is used. In this calibration,
the electrical energy is dissipated by the resistance. There
is an assumption that 100% of this energy is converted into
heat energy. The actual heat is measured by the heat flux
sensors inside the calorimeter. There is a comparison of
the joule energy with sensor measured value. It provides a
base for calculating a calibration coefficient for the given
temperature.

Shunt resistance is used for measuring the current
during charge and discharge in order to find the calibration
factor. However, this calibration factor depends on the
exact value of the resistance that is used in the research. In
the current experimental condition, a particular resistance
is used. It generates a S0mV voltage for 300A current and
having a resistance value of 0.167mQ. Calibration of the
calorimeter is accomplished by applying a controlled
electrical current to this accurate resistance located inside
the calorimeter chamber. This type of calibration is
common for most of the types of the calorimeter. The
power of the different Joule effect pulses, created in the
calorimeter, is adapted to the measuring range of the
instrument (100mW to 50W). The calibration is also
performed at many different temperatures (-30°C, 0°C,
+30°C or +60°C).Fig. 3 provides a plot of the Joule effect
calibration.

1) Calibration polynomial

Most of the experiments need to be run at temperatures
other than -30°C, 0°C, +30°C or +60°C. In that case, to
obtain a good accuracy, a calibration polynomial is used.
By using the calibration polynomial for calculating the
calibration coefficient at the particular temperature may
lead to an additional error of measurement (less than 1%).
The standard calibration is comprised of 3 successive
Joule effect pulses at different levels of power 100mW,
1W, and 10W. The goal of this particular calibration
would be to obtain the exact calibration coefficient for the
specific temperature of the experiment. It has to be noted
that the calibration points are machine specific. The
calibration points are provided in TABLE IL
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Fig. 3. Joule effect calibration graph for the calorimeter using the calibration
resistor. The input power and heat flux proportion contribute to the
determination of the calibration coefficient for the particular calorimeter.

TABLE II CALIBRATION COEFFICIENTS MEASURED AT DIFFERENT
TEMPERATURES OF NETZSCH IBC 284 CALORIMETER. THE CALIBRATION
COEFFICIENTS ARE CALORIMETER DEPENDENT.

Temperature
(4 9)

Calibration coefficient
(mW/V)

-30

12349.71

0

11090.34

+30

9937.88

60

9524.43

From different calibration points, various calibration
coefficients are calculated. Consequently, a calibration
polynomial can be generated as shown in Fig. 4.

The resulting calibration polynomial equation
expresses the calibration coefficient as a function of
temperature. Calibration coefficient can be fitted by the
third order polynomial using the data points from the
calibration test (refer to Fig. 4).

Calibration coefficient (T) = 0.0039T3 + 0.0594T?2 —
43.709T + 11090 @)

In the last step, the calibration polynomial is verified at
the particular temperature and for three levels of power:
500mW, 2W, and 8W. It is ensured that the error of
measurement on each pulse remains within £2%.
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Fig. 4. Calibration curve of the calorimeter.

F. Experimental conditioning and battery cell preparation

Nitrogen as the inert gas atmosphere is used for the
calorimeter chamber. Swagelok connector is used to
connect the gas connections, and it is ensured that inlet
pressure of the gas is kept less than 15 psi. This gas is used
for over pressurizing (up to maximum three psi) in the
calorimeter chamber. Principally, this is done for safety.
Due to this, the liquid cannot get into the chamber in the
case of sealing failure. Clean and dry compressed air is
used for the fluid level management. Inlet pressure of this
is kept less than 30psi for the compressed gas as
recommended by the manufacturer. Predominantly, the
compressed air is used to push the liquid from a tank
located on the bottom of the instrument to the bath in
which the calorimeter is seated. Burst disk is set at 5 psi
for safeguard the calorimeter chamber. The regular
pressure in the calorimeter is controlled with a 2-point
regulation (1.5 psi being the lowest limit and 3psi the
highest). To achieve excellent temperature homogeneity
inside the isothermal bath, constant stirring is ensured in
the experimental condition.

After proper calibration, the calorimeter is ready for
real life measurements on battery cell. The bath
temperature set point is to be adjusted. Before this, using
data acquisition software, parameters are set using the
front panel of GUI. Prior to electrically connecting the
battery sample inside the calorimeter, the battery cell
sample needs to be prepared. This is because it can be
easily attached to the existing calorimeter connections. To
be tested, the battery sample needs to be equipped with two
wires for powering purpose and two wires for sensing. It
is schematically represented in Fig. 5.
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Fig. 5. Voltage and power connections of the battery while it is placed in
the calorimeter’s chamber.

The thermal contact between the battery sample and the
calorimeter is the most important factor for obtaining the
accurate data. This ensures a seamless heat transfer
between the battery itself and the bottom plate of the
calorimeter. It is to be noted that the thermoelectric sensors
are located underneath of the battery chamber. Four
contact thermocouples are put on the battery cell surface
as shown in Fig. 6.

Fig. 6. Illustration of thermocouples’ position on the battery cell surface. Four
thermocouples are used (axial edge, lateral edge, battery tab and battery center).

Once the experiment has been set up, the calorimeter
chamber lid is closed. Consequently, the calorimeter is
pressurized, and the isothermal bath is filled with the
calorimeter liquid, and it is kept above the lid of the
calorimeter chamber (refer to Fig. 1). A continuous
Stirring is ensured during the experiment. Moreover, it is
ensured that calorimeter chamber pressure is higher than
two psi. Bath temperature stability should be better than
0.01°C for a period of at least one hour.

Positive Voltage connection

IV. RESULTS AND DISCUSSION

After performing the calibration and experimental
conditioning, the battery sample is electrically connected
with battery cycler. Kepco® bidirectional power supply is
used as a battery cycler.1C (13A) current charging
protocol is applied up to 2.8V and followed by constant
voltage charging until cut-off current equal to 0.52A. On
the other hand, a 13A (1C) constant current discharge is
applied with a cut-off voltage equal to 1.5 V.

The experiment is carried out both at 25°C and at
0°C.There is a calibration factor that is 11090.34 mW/V
determined by 0°C. But the calibration coefficient at 25°C
is calculated as 10095 mW/V using Eqn. (1). After
acquiring the data, Netzsch® Proteus® Software is used for
the thermal analysis.

A. Heat Generation inside the cell

For the given current rate during full charging and
discharging (cycling), a separate heat calculation is
pursued, so the peaks (refer to Fig. 7) depict heat during
battery charging and discharging respectively.

Current
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Fig. 7. Battery current, heat flux, and battery voltage in function of time.

Heat flux area represents the integration of the
measuring raw heat sensor data measured by a calorimeter.
To directly calculate heat flux from the raw heat flux
measurement, it is needed to set up the left limit of the area,
just before the required experiment (for example
discharge) starts. Moreover, it is to be ensured that the heat
flux background noise is within =10mW at least for 1-hour
period (refer to Fig. 8). After finishing the required
experiment, it is needed to set up the right limit of the area
when the heat flow signal is back to its baseline value
(refer to Fig. 9).
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Fig. 8. Heat flux background noise. It cannot be over 20mW peak to peak at
least over one hour.

It is usually necessary to correct the measuring values
of the baseline for calorimetric measurements. To make a
suitable baseline selection, one must be thorough and be
sure to take the proper interpretation of the measured data
into consideration. This is particularly important in the
case when the tested battery contains not only a heat of
reaction but also a change of the specific heat. To cover a
multitude of possibilities in the analysis process, the
appropriate baseline type is to be chosen. Baseline
correction has a great influence on the parameters of
inverse reaction kinetics [20]. In the current analysis, a
linear baseline is used for area determination (refer to Fig.
9). The linear baseline connects the start and end values of
the chosen measuring range using a straight line. As a
result, all influences that are linked to a linear change of
specific heat capacity (Cp) are corrected, whereas the
reaction itself does not lead to a change of specific heat
capacity. In the case when there is a clear indication of the
thermal parameter change, (for instance: Cp), it is
mandatory to choose the correct baseline type. To make a
suitable baseline selection, one must be thorough and be
sure to take the proper interpretation of the measured data
into consideration. The mathematical description of the
baseline, B(t) is given in Eqn. (2)

B(H) = Q) + 5L 0 - 1) (2)
Where,Q(t)= Measured  Calorimeter Heat  Flux

signal;t,= Start time of the experiment;t; = End time of
the experiment.

After selecting the proper baseline and the range, using
the computational software, the enclosed area is found
(refer to Fig. 9) which represents the heat flux area.

Heat ﬂuxsil;?tw Area Determination

Time

Stop time
___Linear Basgifne 1€ ¥

-1000 -

100 200 300 400
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Fig. 9. The determination area of the heat flux. A suitable start and stop time
are selected. The area is calculated over a linear baseline.

The amount of heat generation is determined by heat
flux area divided by the of total experiment time (End
time- Start time). The heat generation can be found by Eqn

3):

. Heat Flux—Area
Heat generation = ————— 3)
f~ts

B. Determination of battery efficiency

The next step is to measure battery efficiency. It is
performed by determining the absolute power area. Heat
flux area is subtracted from the absolute power area and
normalized by the absolute power area to find the battery
efficiency. Eqn. (4) is used for determining the efficiency:

__ Absolute Power Area—Heat Flux Area (4)
- Absolute Power Area

The analysis of the data is accomplished using the
software as shown in Fig. 10.

The summary of analysis is tabulated in TABLE III.
From the calorimetric analysis, the variation of heat
generation, total energy loss, efficiency and maximum
temperature increase between full charging and
discharging (cycling) at 25°C to cycling at 0°C is found.
The analysis shows, there is a significant (164%) rise in
heat generation in low-temperature discharge. In contrast,
there is a moderate (approx. 33%) heat generation increase
in case of battery charge for the same condition. However,
total energy loss in the battery shows slight different
behavior. In this case, it is observed that there exist a
substantial (131.45%) increase in case of discharge total
energy loss at low temperature same as the previous case.



But, the charging energy loss shows now substantial
(125.88%) increase.

In the case of efficiency, there is a moderate (6.24%)
gain in efficiency in case of higher temperature discharge
phenomenon. Accordingly, there is a modest (3.65%) gain
in charging efficiency for the same case.

The temperature of the battery cell surface is shown in
the Fig. 11. To determine the maximal temperature

Heat flux /mvw

increase, four thermocouple data are plotted as shown in
Fig. 6. The maximal temperature increase corresponds the
maximum temperature difference between maximum and
minimum temperature among the thermocouples. It
displays the amount of thermal gradient on the
corresponding current rate.
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Fig. 10. A complete analysis of LTO battery cell heat generation using isothermal calorimeter. The LTO battery cell is charged following a constant current-constant

voltage (CC-CV) profile and discharged using a constant current (CC) profile.

TABLE III. THE COMPLETE CALORIMETRIC ANALYSIS AT DIFFERENT TEMPERATURES AND DIFFERENT OPERATING CONDITIONS.
Attribute Test at 0°C Test at 25°C
Discharge Charge Discharge | Charge Discharge Charge Discharge | Charge
Heat Generation (mW) 3961.415 1423.189 4005.315 1489.725 1498.498 1069.493 1521.143 1071.65
Total energy Loss 14898.213 10664.569 14810.35 11201.158 6437 4721 6501 4734
d
Efficiency 88.71 92.85 88.59 92.48 94.25 96.25 94.5 96.01
(%)
Maximum temperature Not reported Not reported 2.3 2.1 1.9 1.8
increase (°C)
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Fig. 11. Surface temperature evolution of the battery cell during 1C charging
and discharge cycle. Surface temperature is measured at different points by
using contact thermocouples.

V. CONCLUSION

The calorimetric experiments are used to determine
efficiency and heat generation for the battery cell. Both
of them are critical performance indicators for the
battery operation. Evidently, the magnitude of heat
generation is associated with the corresponding current
rate. Particularly this fact assists on the thermal
modeling. For this reason, the corresponding heat
generation in function of battery current rate can be used
as input as the heat source of a model. This can be
conveniently accomplished by a lookup table of heat rate
versus applied current profile. Furthermore, the surface
temperatures that are measured in this research work can
be used for the validation of the thermal model of the
battery. Additionally, large cells can be tested safely and
efficiently with the electro-thermal testing platform as
established in the paper. The experimental platform has
an enormous impact on the profiling of a battery cell.
Using this established methodology, the extensive full
profile of a battery cell for instance: efficiency, heat
generation at different current rates and temperatures in
the diverse operating condition of charge and discharge
can be found.
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