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Abstract

The chapter primarily explores the likelihood of heat measurement by means of the calorim-
eter in the lithium-ion battery cells for different applications. The presented focus applica-
tions are electrical vehicle and smart grid application. The efficiency parameter for battery
cell is established using state of the art isothermal calorimeter by taking the consideration of
heat related measurement. The calorimeter is principally used for the determination of the
heat flux of the battery cell. The main target is to achieve the precision and accuracy of
measurement of battery cell thermal performance. In this chapter, the assessment of battery
efficiency parameter is proposed. A newly devised efficiency calculation methodology is
projected and illustrated. The procedure ensures the precision an accurate measurement of
heat flux measurement and turns into more comparable efficiency parameter. In addition,
the issue is to investigate thermal sensitivity to factors that influence the energy storage
system performance, i.e., current rate and temperature requirements. The results provide
insight into the establishment of new key performance indicator (KPI) efficiency specifica-
tion of the battery system. The usage of the calorimetric experiments is presented to predict
the temperature distribution over a battery cell and an array of cells.

Keywords: battery systems, calorimeter, isothermal calorimeter, heat flux, efficiency, key
performance indicator, electrical vehicle, smart grid, battery thermal management, heat
generation, performance and battery behavior, key performance indicator (KPI)

1. Literature study

Sustainable low-carbon economy yet resource-efficient and competitive is a top-priority in the

international community. Focusing on emissions, transport sectors, are some of the largest and
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fastest-growing contributors to greenhouse gas (GHG). This is omnipresent in the whole

world, where significant emissions reductions in transport and grid sectors, are needed to

meet long-standing climate goals. Scientific studies have often directed to renewable energies

coupled with batteries for cuts in GHG emissions [1, 2]. There is no doubt of the fact that

adopting electric technologies in the transport industry, therefore, makes the highest potential

since it is an achievable option in current status quo. There are however more technological as

well as structural challenges to overcome [3].

There is no denying of the fact that battery technology, for instance, Lithium-ion battery technol-

ogy offers great benefits in current energy scenario. However, an essential challenge is to safe-

guard working safety, reliability and cost, etc. State of the art lithium-ion batteries is prone to

temperature related problems. In order for EVs like PHEVs, BEVs technologies to succeed in the

marketplace, the strict requirement is placed on being very safe and reliable. Therefore, either the

consequences of a heat-related hazard, for instance, thermal runaway or the severity of a thermal

runaway reactionmust be minimized under both normal operations and abusive conditions [4–6].

Undoubtedly, battery thermal management system (BTMS) is critical to the life and performance

of electric-drive vehicles (EDVs) hybrids (HEVs), plug-in hybrids (PHEVs), and all-electric vehi-

cles (EVs). The lithium-ion (Li-ion) batteries found in most of today’s electric-drive vehicles are

smaller and more lightweight than previous nickel-metal hydride (NiMH) technology, but they

are also more sensitive to overheating, overcharging, and extreme spikes in temperature known

as thermal runaway [7, 8]. A comparison is presented in Table 1.

In extreme instances, battery overheating can pose safety hazards, including fires. The important

performance assessments factors are management system, the thermal behavior of the cell,

battery lifespan, and safety of the energy storage system, as well as full integration into an

application. While designing the thermal system EV and HEV performance and life-cycle cost

are seriously affected by battery pack performance, i.e., the pack’s operating temperature profile.

The effect is mainly uneven temperature distribution [7, 9]. It may direct unbalanced modules

and reduced performance in a battery pack [10]. Therefore, it is no surprise that manufacturers

seek battery cells with a safe thermal profile so that modules operate within the desired range.

Another important goal is that HEVs, PHEVs, and BEVs batteries need to operate at maximum

efficiency to attain ultimate market penetration [4, 11, 12]. Though the performance is influenced

by a wide range of driving conditions and climates, and through numerous charging cycles, high

temperatures decrease battery life [13]. So, it increases battery replacement costs, while low

temperatures diminish battery power and capacity, all of which impact required applications

operational range, performance, and affordability. So, it is imperative to conduct the thermal

management research and development (R&D) to optimize battery performance and extend the

life of battery [14, 15]. Undeniably to become a recognized leader in battery research and

development, thermal analysis and characterization specifically with calorimeter is necessary.

Through calorimetric testing, it is necessary to evaluate the thermal performance of battery cells.

Then the result is extending further to modules and packs by strict inspection [7, 16, 17].

Current battery breakthrough research is focused on reducing thermal barriers to achieve

more uniform temperatures. One of the important attributes is being capable of precise ther-

mal measurements with great accuracy. It should enable battery developers to predict thermal
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performance before installing batteries in vehicles [18]. Manufacturers use these metrics to

compare battery performance to industry averages, troubleshoot thermal issues, and fine-tune

their designs in successive iterations. The measuring principles might rely on precise measure-

ment of energy storage devices’ heat generation and efficiency under different states of charge,

power profiles, and temperatures [19, 20]. In general, Calorimetry means the measurement of

heat. Only one single energy (the internal energy) stored in the battery, which—only during an

exchange—appears in a variety of energy forms such as heat energy. Accordingly, the form of

energy known as heat can only be conceived as coupled with a change of energy. In other

words, heat is the amount of energy exchanged within a given time interval in the form of heat

flow from a battery specimen as measured by the calorimeter. The precise measurement of

battery’s heat capacity, the heat of fusion, the heat of reaction, and other caloric quantities is the

foundations for progress in battery research and development. As a result, there is now an

increasing interest in calorimetry as a very easy and powerful method for different kinds of

investigation. Heat and temperature uniformity affect the battery application performance,

lifecycle, and security [12, 21, 22].

Calorimeters are used for measuring the heat of chemical reactions or physical changes inside

a battery cell or a module. The underlying techniques are based on measuring heat generated

from the exothermic process, consumed from the endothermic process or simply dissipated by

Table 1. Common batteries used in electric vehicle and smart grid applications.
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a battery cell or module at controlled temperatures with a controlled environment. It provides

an accurate assessment of heat-evolution and thermal foot-print of the battery cell or the pack

[23–25]. A variety of calorimetry techniques are found to characterize energy storage systems.

Accelerating rate calorimetry (ARC) is used to quantify calorific output and heating rates for

runaway reactions in lithium-ion cells. It is used to evaluate materials and strategies to mini-

mize the severity of these reactions. In addition, it is possible to understand better the degra-

dation products, mechanisms, and potential hazards associated with degrading battery

materials. Another technique is isothermal calorimetry used to measure cell or battery heat

capacity and heat generation during charge/discharge profiles [26, 27]. This information

retrieved from the calorimeter can be used to model, design, and test the performance of a

battery’s thermal management system. Through calorimetry, it is possible to determine the

temperature at which lithium-ion cells, the quantity of energy released during the operation of

the battery, the associated reaction speed. Isothermal battery calorimeters (IBCs) are capable of

providing the precise thermal measurements needed for safer, longer-lasting, and more cost-

effective electric vehicle (EV) batteries [28].

Development of precisely calibrated battery systems relies on accurate calorimetric measure-

ments of heat generated by battery cell or modules during the full range of charge/discharge

cycles. Moreover, it is important of the determination of whether the heat is generated electro-

chemically or resistively. The calorimeter must determine the heat levels and battery energy

efficiency with greater accuracy. Additionally, it should provide precise measurements

through complete thermal isolation to ensure the heat measured is entirely from the battery

cell. Besides, it is needed to analyze heat loads generated by complete battery systems [24, 25,

29, 30]. Three typical calorimeter configurations are presented in Table 2.

The evolution of surface temperature distribution and the heat flux of the battery cell is

measured at the same time. Temperatures on the surface of the cell are measured using contact

thermocouples, whereas, the heat flux is measured simultaneously by the isothermal calorim-

eter. This heat flux measurement is used for determining the heat generation inside the cell.

Table 2. Commercial calorimeter configurations used for EV and smart grid application.
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Consequently, using the heat generation result, the important performance constituent, i.e.,

key performance indicator (KPI) of the battery cell—efficiency is calculated. Those are accom-

plished at different temperature levels (�5�C, 10�C, 25�C and 40�C) of continuous charge and

discharge constant current rate (1�C, 2�C, 4�C, 8�C). There is a significant change in heat

generation level in both charge and discharge events on decreasing temperature and increas-

ing C-rate. The heat flux magnitude level change is non-linear at different temperature and

current rate. This nonlinear heat flux is responsible for the corresponding nonlinear change of

efficiency in different C-rate at a particular temperature. The results lead to a deeper under-

standing of the efficiency and heat generation behavior of the specific battery cell. Addition-

ally, the result of the research can be incorporated in constructing a precise datasheet of a

specific type of battery cell which can assist the researchers, engineers, and different stake-

holders to enhance diverse aspects of battery research [29, 31]. Inevitably identifying and

understanding those behaviors and performance indicators are critical to ensuring the proper

operation of the battery [29, 31]. The knowledge of the individual cell heat generation can give

a good indication of the behavior inside a pack.

Therefore, it is evident that understanding the temperature gradients, its evolution and finding

key performance indicator (KPI), i.e., efficiency of the battery is very important. It assists in

choosing the required efficient battery cell for a specific application. This can provide very

valuable information on the characteristics of the battery. Furthermore, the results can be used

to build a thermal model. Moreover, the research can assist in the process of design selection

from different cooling options. Additionally, it can lead to choosing the optimal battery cell for

desired application from diverse options to choose the optimum battery. The specific method

and the use of the method are presented in the subsequent sections of this chapter.

2. Underlying physics and methodology development

2.1. Physics behind isothermal battery calorimetry

The term isothermal refers to a fixed temperature in equilibrium thermodynamics. Strictly

speaking, the temperature of isothermal calorimeters must be kept constant in every part and

every moment. But in such a case, no heat transport would occur since heat only can flow

when a temperature gradient (difference) exists. Therefore, at least the battery sample temper-

ature must be dissimilar from the (isothermal) calorimeter temperature. Hence, it is more

quasi-isothermal rather than only isothermal. Furthermore, the heat produced during a reac-

tion inside a battery cell in such a calorimeter must be compensated for immediately in one

way or the other. There are two possibilities to compensate for the heat produced by the

battery sample [26, 27, 32]. The heat released from a battery sample during a process flows

into the calorimeter and would cause a temperature change of the latter as a measuring effect;

this thermal effect is continuously suppressed by compensating the respective heat flow. The

methods of compensation include the use of “latent heat” caused by a phase transition,

thermoelectric effects, heats of chemical reactions, a change in the pressure of an ideal gas

[33], and heat exchange with a liquid [34].
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2.1.1. Summary of measuring principles

Measurement of the heat exchanged while a battery in operation by compensation, that is,

suppression of any temperature change of the calorimeter caused by the thermal effect of the

battery sample. The underlying compensation principle is:

• By endothermic effect

• By exothermic effect

• Phase transition (solid-liquid; liquid–gaseous, liquid-solid, gaseous–liquid, etc.

• Electric cooling (Peltier effect)

• Electric heating (Joule effect)

2.1.2. The isothermal condition

In calorimeters operating isothermally, the surroundings and the measuring system always

have the same constant temperature. Consequently, isothermal operation necessitates a com-

pensation of the heat flow released from the battery sample. This can be achieved by a phase

transition (passive measuring system) or by thermoelectric effects (active measuring system).

There are no truly isothermal conditions in the measuring system of a compensation calorim-

eter, least of all in the battery sample. Constant temperature in time and space cannot be

expected because any heat transport from the battery sample to the substance undergoing

transition would be impossible in the absence of temperature differences. Similar consider-

ations apply to calorimeters involving electric compensation about the heat transport between

the battery sample, the temperature sensor, and the heater or the cooler. The magnitude of the

temperature difference depends on the quantity of heat delivered per time unit by the battery

sample surface, the thermal conductivities of the substances that surround the battery sample

(vessel materials), and their geometry. In calorimeters involving electric compensation, the

insulation of the temperature sensors and of the heating or cooling elements causes additional

local temperature differences. Despite these limitations, the designation “isothermal” is com-

monly used with regard to calorimeters. Calorimetric measurement and data processing (eval-

uation), as well as calorimeter control, are nowadays carried out electronically and with the

help of a computer. In most cases, the computer ultimately presents the result of the measure-

ment graphically for the sake of clarity and in order to make any change of test values readily

visible [23, 35, 36]. The heat produced (or consumed) brings about a change of temperature,

which in turn causes a heat flow and other effects. A sensor (thermometer) located within or

outside the reaction vessel detects a temperature change that occurs with some time lag

relative to the reaction proper and can be only loosely correlated with the course of the

chemical reaction because of the uncontrollable character of such phenomena as diffusion,

convection, and heat conduction in the liquid. However, if sufficient time is allowed for all

equalization processes to go to completion, it becomes evident that the overall temperature

change is closely related to the overall heat of reaction [23–26, 30].
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2.2. The methodology

The research associates with the determination of heat generation and efficiency of a battery

cell using an experimental approach. It is accomplished through applying a full charge and

discharge current at different rates in diverse temperatures. During the experiment, the princi-

pal thermal features of the battery cell are measured simultaneously. 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 as well as to track the heat generation rate.

Calorimetric measurement represents the global heat generation inside the cell at the given

current profile. By using this calorimetric raw heat flux data, the quantity of 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. It is needed for finding the

enclosed heat flux area. Then using computational software, the actual heat generation is

determined. Afterwards, using the electrical energy input (area enclosed by electric power

versus time curve) and calorimetric heat dissipation data (area enclosed by heat flux versus

time curve), the efficiency of the battery cell is calculated at the corresponding operating

condition. Simultaneously, the maximal increase in the battery temperature inside cell surface

is measured for different current rates on the battery cell surface [5, 6]. The calorimetric data is

used to model the cooling effect inside a battery cell and an array of cells inside a pack.

2.3. Calorimetric experimental steps

Obtaining reliable experimental results needs painstaking preparation stages. Those are discussed

in the subsequent subsection.

Figure 1. Selection of a suitable calorimeter using the queries.
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2.3.1. Definition of the problem to be investigated

Calorimetric procedures provide valuable information toward an understanding of processes

where the enthalpy remains constant (i.e., there is no exchange of heat), but one of the

derivatives of enthalpy with regard to temperature (e.g., the first derivative—the heat capac-

ity) undergoes a change during the process. The answers to these questions should be laid out

in the form of a list in order to provide a reliable basis for further considerations as presented

in Figure 1.

2.3.2. Calorimeter requirements

The requirements with regard to a calorimeter can be derived on the basis of the analysis of the

measuring problem.

• Find the necessary operating conditions: isothermal, adiabatic

• Define the temperature range

• Find the required heating rate

• Determine boundary conditions: a constant pressure, constant volume, gas flow rate, and

so on

• Find the required noise and accuracy level

• Determine the safety and security risk level

3. Calorimetric measurement

3.1. Calibration and setup of the experiment

Before starting an experiment, the calorimeter must be carefully calibrated. The calibration

should be verified from time to time (depending on the stability of the instrument). In case of

higher accuracy demands, such verification is to be recommended before and after every

experiment to be on the safe side regarding the reliability of the calorimetric results. After the

insertion of the battery sample into the calorimeter, enough time must be given to the instru-

ment to come to a stable state and thermal equilibrium before the measurement can be started.

Proper measurement parameters must be chosen: in the case of calorimetry, the initial temper-

ature and the heat flux measurements have come to steady-state conditions (by putting the

machine in idle condition for sufficient time) before the event to be investigated starts. The

quantities temperature, time, and heat flow rate, must be measured and stored for later analy-

sis. Additionally, the analog-to-digital converter must have the proper resolution and precision

to fulfill the uncertainty demands of the measurement [28]. The battery cell temperature mea-

surement system is made of five type K thermocouples. The Isothermal Battery Calorimeter

Netzsch™ IBC 284 is a robust instrument designed for the accurate measurement of heat

flux generated by batteries while in operation. It has an operating span of �30�C to +60�C.
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A mixture of 50% ethylene glycol and 50% deionized water (EG/W) is used inside the bath. It

ensures the isothermal environment inside the bath. The following Table 3 lists the specification

of the calorimeter.

The instrument is semi-automated. Most of the operations are controlled manually from the

front panel of LabVIEW-based data acquisition system. It has a heat sensing range from

100 mW to 50 W. It should be noted that the calorimeter has high thermal inertia. It limits the

calorimeter’s heating or cooling rate. A maximum of 5 K per hour rate can be reached. For

instance, when starting from 25�C, for an experiment to be run at 40�C, so it may take minimum

3 h to reach temperature equilibrium. Image of the calorimeter are shown in Figure 2 [29, 31].

Table 3. Netzsch™ IBC 284 calorimeter specification.

Figure 2. Netzsch™ IBC 284 isothermal calorimeter used in the chapter for measuring the thermal behavior of battery

cells.
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The calibration factor for heat or heat flow rate must be determined or verified. The measured

temperature is checked in a variety of ways depending on the calorimeter, and the same

applies to the information on temperature fluctuations. Heat flows are invariably associated

with a temperature gradient whose magnitude must be taken into account in order to be able

to analyze the accuracy of temperature measurement. The determination or checking of the

calibration factor usually takes place through the release of a definite amount of heat in an

electric heater (resistor). The test measurements are made to find the repeatability and the

accuracy of the calorimeter [28]. The specific calibration is carried out using the precision

resistance. It is provided with the calorimeter instrument. It is accomplished by applying three

different Joule effect pulses. The goal of this particular calibration is to calibrate the heat flux

measurement as closely as possible to the known amount of heat flux generation. Joule effect

calibration is found in Figure 3 [29, 31].

In the current experimental condition, a particular precision resistance is used. It generates a

50 mV voltage for 300 A current and having a resistance value of 0.167 mΩ. Calibration of the

calorimeter is accomplished by applying a controlled electrical current to this accurate resistance

located inside the calorimeter chamber. The power of the different Joule effect pulses, applied in

the precision resistance placed inside calorimeter chamber, is adapted for the measuring range of

the instrument (100 mW to 50 W). The calibration is also performed at many different tempera-

tures (�30�C, 0�C, +30�C or +60�C) [29, 31].The standard calibration is comprised of three

successive Joule effect pulses at different levels of power 100 mW, 1 W, and 10 W. The goal of

this particular calibration would be to obtain the exact calibration coefficient for the specific

temperature of the experiment. From different calibration points, various calibration coefficients

are calculated. Consequently, a calibration polynomial can be generated as shown in Figure 4.

Figure 3. Joule effect calibration graphs [29, 31].
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Most of the experiments need to be run at temperatures other than the temperatures (�30�C,

0�C, +30�C or +60�C) that the calorimeter was calibrated. In that case, to obtain a good

accuracy, a calibration polynomial is used. The polynomial is used for interpolating the coeffi-

cient on the intermediate temperature levels. It should be noted that using the calibration

polynomial for calculating the calibration coefficient at the particular temperature may lead

to an error of less than 1. The resulting calibration polynomial equation expresses the calibra-

tion coefficient as a function of temperature (in �C) as shown in Eq. (1):

ð1Þ

3.2. Battery calorimetric experiment

The inert gas atmosphere is maintained inside the calorimeter chamber. To achieve excellent

temperature homogeneity (inside the isothermal bath), constant stirring is needed in the

experimental condition. Before electrically connecting the battery sample inside the calorime-

ter, the battery cell sample needs to be prepared. To be tested, the battery sample needs to be

equipped with two wires for powering purpose and two wires for sensing. The thermal

contact between the battery sample and the calorimeter is the most important factor for

obtaining the accurate data. This ensures efficient 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. After performing the calibration and experimental condi-

tioning, the battery sample is electrically connected with battery cycler. The experiment is

repeated at different temperature at the different current rate. After acquiring the data,

Netzsch™ Proteus® Software and hand optimized Matlab® script is used for the thermal

analysis. After selecting the proper baseline and the range, using the computational software,

the enclosed area is found (refer to Figure 5) which represents the heat flux area [29, 31].

Figure 4. Calibration curve of the calorimeter [29, 31].

Battery Efficiency Measurement for Electrical Vehicle and Smart Grid Applications Using Isothermal…
http://dx.doi.org/10.5772/intechopen.75896

103



The amount of heat generation is determined by the enclosed area by heat flux divided by the

of total experiment time (the difference between End time, tf and Start time, ts). Within this

procedure, average heat generation over the event (charge or discharge) is accomplished [29, 31].

The value is used to determine the total heat loss by the battery cell on the defined operation. The

heat generation can be found by Eq. (2):

ð2Þ

The next step is to calculate battery efficiency. It is achieved by determining the absolute power

area, i.e., input absorbed power during discharge or extracted output power while in experi-

mental (i.e., charge or discharge) operation. Heat flux area is subtracted from the absolute

electrical power area and normalized by the absolute power area to find the battery efficiency.

It should be noted that efficiency is given by the difference between electrical input and the

loss incurred inside the battery normalized by the electrical input [29, 31]. More specifically,

Eq. (3) is used for determining the efficiency:

ð3Þ

3.3. Evaluation of the measurement

Data analysis from the measured calorimetric data has multiple facets and approaches, encom-

passing diverse techniques under a variety of names in battery domain. The crucial point is to

distinguish between real effects coming from the battery sample itself and artifacts produced

Figure 5. The determination area of the heat flux [29, 31].
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by the apparatus or by the environment (temperature and line voltage fluctuations, electronic

and computer problems). Real battery sample effects such as transitions and reactions are, as a

rule, repeatable, whereas artifacts caused by environmental influences occur almost acciden-

tally. It is helpful to decrease the noise by averaging several measurements; this will improve

the signal-to-noise ratio. It should be mentioned that changes in the heat transfer condition

between the battery sample and the calorimeter (e.g., by vibrations or bumps of the calorime-

ter or surroundings) produce peaks in the heat flux signal. The same is true if the battery

sample moves inside the calorimeter chamber. The summary of analysis is tabulated in Table 4,

Table 4. The complete calorimetric analysis at different temperatures and different operating conditions [29].

Figure 6. A complete analysis of LTO battery cell heat generation using isothermal calorimeter [29].
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and complete analysis is shown in Figure 6. To show the variability among the same experi-

ments, two results are presented [29, 31].

The above procedures are repeated at different temperature levels by applying a diverse

current charge and discharge pulses. The associated calibration factors for the specific temper-

atures corresponding to the research are shown in the following Figure 7.

The effect of charge-discharge events in different temperature at the different current rate is

tabulated in Table 5.

The heat flux change level is non-linear. This nonlinear heat flux is responsible for the non-

linear change of efficiency in different C-rate in particular. Battery cell efficiency is a key

performance indicator. It can assist to choose the best design parameter efficiency among

Figure 7. Comparison of charge and discharge efficiency at different temperature: [a] 5�C charge, [b] 10�C discharge,

[c] 25�C discharge, and [d] 40�C charge [37, 38].
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different battery cell options. It helps to attain the optimal design of a specific application. This

is particularly critical for designing a pack that is made up of the same type of battery cells

since a battery user (for instance EV manufacturers) has to buy a bulk amount of batteries for

the specific application. Choosing the appropriate battery cell with a right efficiency can aid to

avoid different uncertainties for instance: application failure and non-efficient sub-standard

performance [29, 31].

4. Model development using calorimeter data

The calorimetric data can be used for battery cell and pack model development—using phys-

ical, mathematical relationships to represent logically. As such, the model can facilitate under-

standing a battery system’s behavior without actually testing the system in the real world. A

good paradigm is the temperature development inside a battery cell and the heat condition

inside an array of battery cells. Useful insights about different decisions in the design could be

derived without actually building the system. The model can be used to train personnel using

a virtual environment that would otherwise be difficult or expensive to produce the battery

thermal management system.

Table 5. Battery calorimetric result summary [37, 38].
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4.1. Cell model

A computationally efficient electro-thermal li-ion model can be developed using the calorimet-

ric data. The model assimilates the main design parameters of the battery cell (sizes, materials,

and parameters, etc.) and relevant physics (heat transfer and computational fluid dynamics

(CFD)). The battery geometry is generated suitably for further analysis. The numerical problem

Figure 8. Battery cell modeling using the calorimeter data [39]. Transient simulation results of the battery pack with a cell

with 1C discharge with 1m/s air flux and 27�C initial temperature in alphabetic caption order. There is significant

temeperature gradient with the time evolution. (A) 0 sec (B) 7 min 30 Sec (C) 15 min (D) 22 min 30 Sec (E) 30 min (F) 37

min 30 Sec (G) 45 min 30 Sec (H) 60 min.
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of the thermal steady state problem with cooling is solved by considering the heat generation

as measured by a calorimeter. The method of cooling is through an air medium. The amount of

heat source generation is measured by an isothermal calorimeter. When the battery is func-

tioning, it releases a finite, uniform and constant quantity of heat energy. There is an

unhindered circulation of the heat in 3d (longitudinal (x), lateral (y) and normal (z) directions).

The outcome of the model simulation is the determination of temperature distribution [39].

The model details are explained in [39] and the results are presented on Figure 8.

Figure 9. Battery pack model development using calorimeter data [40]. Transient simulation results of the battery pack

with a cell with 4C discharge in alphabetic caption order. There is a significant temperature gradient with the time

evolution. (A) 0 sec (B) 1 min 52 Sec (C) 3 min 44 Sec (D) 5 min 36 Sec (E) 7 min 28 Sec (F) 9 min 20 Sec (G) 11 min 20 Sec

(H) 15 min.
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4.2. Pack model

The battery pack made of eight large-size is studied having the 13 Ah nominal capacity. The

model integrates the necessary parameters of the battery pack (cell dimensions, configurations,

and orientations, associated materials, pack dimensions and configurations) and relevant

physics (heat transfer (HT) and (CFD)). The battery cell and pack geometry are analyzed

extensively and generated for further investigation using computer-aided design(CAD) tools.

The input parameters are provided. The steady state and the time-dependent thermal problem

of the battery pack are solved. The numerical solution considers the heat generation in the

battery cell. The amount of heat generation is found by an isothermal calorimeter. The battery

cells in the pack have direct exposure to cooling medium air. When the battery is operational, it

suddenly releases a finite, consistent and constant quantity of heat energy in the homogeneous

carrier fluid air. There is an unobstructed propagation of the heat energy in the longitudinal

(x), lateral (y) and normal (z) directions. It is combined with the laminar fluid flow of the

system to integrate the fluid flow with the current heat transfer phenomena [40]. The effect is

the determination of temperature distribution as presented in Figure 9. The model details are

explained in [40].

5. Conclusions

The calorimetric experiments are used to determine efficiency and heat generation of the

battery cell. The key performance indicators (KPI) is found in the battery cell. It is found that

the magnitude of heat generation is associated with the corresponding current rate (charge or

discharge). This fact is used for thermal modeling. The heat generation in function of battery

current rate can be used as input (heat source) of the model. Using the developed methodol-

ogy, large battery cells can be tested safely and efficiently. The experimental platform has a

direct impact on the lifetime profiling of a battery cell. Utilizing the developed methodology,

the extensive full lifetime profile of a battery cell (e.g., efficiency, heat generation, temperatures

and different state of charge level, etc.) in different lifecycle states, i.e., aging levels (new or old

battery cell) can be found. The increasing heat loss is responsible for the decrease in efficiency.

The effect of charge-discharge events on heat generation and efficiency has nonlinear effects in

different temperature. The experimental technique is a very precise determination to profile

the battery cell characteristics. The developed data can be used to predict the thermal behavior

of the battery cell and pack by using corresponding cell and pack level.
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