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Abstract
This research work starts with experimental investigations of the heat generation
characteristics and the effectiveness of passive cooling of commercially available LiFePO4
batteries (7.25mm×160mm×227mm, 19.5 Ah) using different cooling materials. The specific
heat capacity and the entropy coefficient of the battery are experimentally measured. The heat
generation rate of the battery at 1-4C current rates are also determined using three different
methods: 1) the heat absorption calculated from the temperature increase of cooling water; 2) the
energy loss calculated from the difference between the operating voltage and open circuit voltage
and 3) the energy loss during a charge-discharge cycle calculated using the over-potential
between charging and discharging. Results show that the heat generation rate estimated from
heat absorbed by the water can be underestimated by up to 42.8% because of the temperature
gradient within the battery and on the surface. The effectiveness of different passive cooling
materials is compared at discharge current rates of 1-3C. The average increase of the battery
surface temperature is 22.5, 17.1, 7.6, 7.2 and 6.3ºC at 3C using air, aluminum foam, octadecane,
water with aluminum foam and water. Water, octadecane and water with aluminum foam could
always maintain lower average temperature and temperature gradient on the battery surface.
In addition to that, this research also presents a simplified electrochemical-thermal coupled
battery model to predict the electrochemical and thermal behavior of a lithium ion battery. The
model predicts the current density distribution, electrolyte concentration, overpotential,
temperature distribution and total heat generated by the battery at 1C, 2C and 3C current rates.
The electrolyte concentration in the battery changes with the change in the applied current rate,
which results in the change of the current density distribution throughout the electrodes. It is also
observed that the internal resistance of the battery contributes significantly to the total heat
generation and cannot be neglected. Higher increase in the battery surface temperature was
observed using air as the cooling material compared to water. The model overpredicts the battery
surface temperature by an average of 14.4% and 33.1% using air and the water as the cooling
material because of the losses that occur during the experimental measurements.
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1. Introduction
A battery is an electrochemical device used for energy storage. They can be used to power
electrical devices such as cellphones, computers, cars etc. Batteries store electrical energy in the
form of chemical energy during charge and then convert the chemical energy back to electrical
energy during discharge. There are two types of batteries available in the market: primary and
secondary batteries. They are available in different shapes, sizes, and chemistries [1].
1.1

Types of battery

1.1.1

Primary batteries:

Primary batteries need to be discarded after complete discharge because the chemical
reactions inside the primary batteries are not reversible. Primary batteries have high energy
densities and commonly used in military and industrial systems [2]. They tend to lose 8 to 20%
of their original charge every year at the room temperature. Primary batteries are usually small in
size and are not suitable for heavy load applications.
1.1.2

Secondary batteries

The secondary batteries, also known as rechargeable batteries, can undergo multiple charging
and discharging cycles with required power/current. The electrode compositions during
discharging and charging cycle experience performance degradations due to the loss of active
materials, loss of electrolyte, internal corrosions etc. after multiple charging and discharging
cycles.
1.2

Battery shapes
Batteries are available in different shapes depending on their applications. Some of the most

widely used battery shapes are:
1.2.1

Cylindrical cell
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Figure 1.1: A cylindrical cell [4].
A cylindrical cell (Fig. 1.1) is the most widely used battery shape due to its good mechanical
stability and easy manufacturing process. Most of these cells also contain pressure relief
mechanism that is used as a safety feature in case of any unusual pressure build up inside the
battery. Cylindrical cells offer long life and are economical though they are heavy and have less
packing density. It is most widely used in power tools, medical instruments, laptop etc.
The size of cylindrical cells may vary depending on the application. They are numbered
based on their size. The 18650 cylindrical cell is the most widely used and optimized cylindrical
type of cell. The first two digits stand for the battery diameter in millimeters. The third and the
fourth digit stand for the length in millimeters. The last digit zero is always there in all battery
sizes. There are also some other commercially available cylindrical cell sizes like 20700, 21700,
22700, 26650 etc [3].
1.2.2

Button cell

Figure 1.2: Button/Coin cells [3].
Button cells (Fig. 1.2) also known as coin cells are small, compact design of batteries. These
cells can also be stacked up into a tube to achieve higher voltages. Although small and
inexpensive, it does not include any safety feature and has limited applications. Most of the
button cells are non-rechargeable and are used mostly in wrist watches, hearing aids, car keys
etc.
1.2.3

Prismatic cell
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Figure 1.3: A prismatic cell [3].
Prismatic cells (Fig. 1.3) are thin battery cells with the optimal use of space. Each component
is layered and wrapped in packages resembling a box. They are widely used in smartphones,
tablets, laptops etc. Prismatic cells are expensive to manufacture, have a less efficient thermal
management system and short cycle life. Various sizes of prismatic cells can be manufactured
based on the application requirement.
1.2.4

Pouch cell

Figure 1.4: A pouch cell [4].
Pouch cells (Fig. 1.4) are flexible and lightweight battery design that has conductive
tabs/terminals welded to the electrode available for external connections in a completely sealed
way. There is some allowance kept in case swelling might occur. Pouch cells can deliver high
current loads but perform best under light or moderate conditions. It makes the most use of space
and has the best packaging efficiency of 90-95% among all battery shapes. Small pouch cells are
used in drones etc. and large cells are used in energy storage systems and electric vehicles.
Prismatic and pouch cells are being more widely used than cylindrical cells recently and the
technology is moving towards the reduction of their manufacturing cost.
1.3

Battery chemicals

3

Battery chemicals i.e. the materials used for building the battery components play a crucial
role in determining battery performance and safety. Different chemicals of primary and
secondary batteries are available in the market. Extensive research works are being conducted on
the study of various battery chemicals so as to find the optimal chemical for the majority of the
applications.
Some of the popular chemicals of primary batteries are alkaline manganese, zinc carbon, zinc
air, zinc manganese dioxide, lithium copper oxide, mercury oxide, lithium iron disulfide
(LiFeS2), lithium thionyl chloride (LiSOCl2), lithium manganese dioxide (LiMnO2) and lithium
sulphur dioxide (LiSO2), silver oxide etc. Some of the primary battery chemicals with their
nominal voltages are listed in Table 1.1.
Table 1.1: Primary battery chemicals [5].
Chemistry

Nominal voltage (V)

Energy density (Wh/kg)

Zinc carbon

1.5

36.1

Zinc chloride

1.5

-

Alkaline zinc manganese dioxide

1.5

111.1-163.9

Zinc manganese dioxide/oxy nickel

-

hydroxide
Zinc air

1.7
1.35-1.65

441.6

Silver oxide (silver zinc)

1.55

430.5

Lithium iron disulfide

1.5

-

Lithium manganese dioxide

3.0

230.5-280.5

Zinc carbon and zinc chloride are inexpensive chemicals. Zinc-chloride batteries have
storage life up to 2 years [6]. Lithium chemicals are expensive but have longer shelf life than
zinc chloride batteries and a lower rate of self-discharge. Lithium manganese dioxide batteries
are the most popular chemistry with high energy density up to 280.5 Wh/kg and shelf life of
about 10 years. They are also environment-friendly, leak proof and cost effective. The lithium
iron disulfide is a relatively new chemistry and offers better performance than alkaline batteries
with higher capacity and low internal resistance. It features better low-temperature performance,
superior leakage resistance, lower self-discharge and storage life of 15 years [5]. The silver oxide
cell is the most expensive chemistry [5], and are mostly used for heavy duty applications. Zinc
air batteries are commonly used to power hearing aids. Silver oxide cells are used for button cells
4

applications. There are several unwanted hazards such as fire and explosion resulted by primary
batteries due to the reaction between electrode and electrolytes, melting of lithium etc [7].
Hence, detailed studies of thermal behaviors and other properties of primary batteries are
essential to create more efficient and safer batteries. Similarly, there are several chemicals of
secondary batteries available in the market. Some of the chemicals along with their properties are
listed in Table 1.2.
Table 1.2: Secondary battery chemicals.
Li-ion

Reusable

polymer

Alkaline

90-250

100-130

80 [11]

[9,10]

[11]

5 [9]

5-10 [12]

10 [11]

0.3 [11]

300-500

200-300

500-2000

300-500

50 [11]

[9]

[9]

[9]

[11]

Property

NiCd

NiMH

Energy Density

45-80 [8]

60-120

(Wh/kg)
Self-discharge/month

Acid
30-50 [8]

[8,9]
15-20 [9]

(%)
Cycle Life (upto 80%

Lead-

20-30

Li-ion

[9,12]
1000 [9]

of initial capacity)
Nominal Voltage (V)

1.25 [13]

1.25 [13]

2 [13]

3.6 [13]

3.6 [11]

1.5 [11]

Maximum discharge

10C [10]

10C [10]

5C [10]

>30C

>2C [11]

0.5C [11]

current rate
Operating

[9,10]
-40 to 60

-20 to 60

-20 to 60

-20 to 60

0 to 60

0 to 65

temperature (oC)

[13]

[13]

[13]

[13]

[11]

[11]

Coulumbic efficiency

70%-slow charge

90% [11]

98% [15]

-

-

150 [9]

300-2000

-

-

90%-fast charge [11]
Cost per kWh ($)

400-800

250 [9]

[9]

[9,14]

Secondary batteries have higher self-discharging tendency compared to primary batteries.
Especially nickel based batteries self-discharge rapidly with a rate of 20-30% per month whereas
modern lithium ion batteries have comparatively lower self-discharge rates of 5-10% per month.
Lead-acid batteries are the oldest rechargeable batteries, and are still widely used in automobiles.
However, it is not very environment-friendly because of the use of lead. Nickel metal hydride
batteries were also extensively used in hybrid electric vehicles but they are being replaced by
lithium ion batteries. Lithium ion batteries can achieve up to two times as high specific energy
5

and energy density [16] as nickel metal hydride batteries. Hence, lithium ion batteries show good
scope in development of desired high power batteries with better safety for automotive
application [17].
Lithium ion batteries provide longer life, better safety, and higher energy/power densities
though they are slightly more expensive compared to other battery chemicals [18,19]. They are
also called rocking chair battery or swing battery due to the two-way movements of lithium ion
during charge and discharge process [1,16]. They require less maintenance compared to other
battery chemicals. Despite being widely used in electric vehicles as well as portable electronics,
lithium ion batteries are not yet advanced enough so as to perfectly meet every need for
automotive applications. Different chemicals of lithium ion batteries are available for various
applications. Some of the lithium ion chemicals along with their properties are listed in Table
1.3.
Table 1.3: Chemicals of lithium ion batteries.
Formula
LiCoO2
LiMn2O4

Material
Lithium Cobalt Oxide
Lithium Manganese

Energy density

Nominal

(Wh/kg)

Voltage (V)

150-250 [17]

3.7 [9]

100-150 [9]

3.8 [9]

Oxide
LiNiCoAlO2

Lithium Nickel Cobalt

100-150 [22]

3.7 [23]

Aluminum Oxide
LiNiMnCoO2

Lithium Nickel

100-170 [22]

3.7 [23]

Manganese Cobalt Oxide
LiFePO4
Li2TiO3

Lithium Iron Phosphate
Lithium Titanate Oxide

250 [9]
60-75 [22]

3.3 [9]
2.4 [18]

Cycle life

Cost
($/kg)

500-1000

55

[18]

[19]

500-1000

12

[22]

[19]

2000-3000

35

[22]

[19]

2000-3000

33

[22]

[19]

1000-2000

20

[18]

[19]

3000-7000

-

[18]
Extensive works have been performed in order to find the best suitable lithium ion chemistry
for automotive and other electronic application. Conventional LiCoO2 batteries comprising of
cobalt oxide cathode, graphite anode and electrolyte have an issue with the release of oxygen
from the cathode at extreme conditions, which can react with the electrolyte during local
6

overheating and cause the thermal runaway [24]. On the other hand, Li2TiO3 batteries have a
long cycle life of more than 5000 cycles, fast charging capability, wide temperature range, and
better safety but are expensive to manufacture and have relatively low capacity. The LiFePO4
batteries have flat discharge voltage, high power, and better safety [2,16,18,25]. Therefore, the
LiFePO4 batteries have emerged as one of the most promising batteries among all commercially
available lithium batteries.
1.4

Battery terminologies

1.4.1

State of Charge

The state of charge (SoC) is the ratio of present charge of the battery and the total charge. It
is expressed in percentage. 100% SoC means fully charged and 0% SoC means fully discharged.
1.4.2

Depth of Discharge

The depth of discharge (DoD) is the percentage of battery capacity that has been discharged
with respect to the maximum capacity. It can be evaluated as:
DoD = (1- SoC)
1.4.3

(1.1)

Capacity

A battery’s capacity is the amount of electric charge it can deliver at the rated voltage, which
is the maximum voltage specified by the manufacturer beyond which a battery might show
unexpected behaviors. It is measured in Ampere-hours (Ah). A battery of 20 Ah capacity can
supply 20 A current for an hour at the ambient temperature. The capacity of a battery depends on
the electrode material contained in it. The more active material in the electrodes leads to a higher
battery capacity. The amount of stored charge that a battery can deliver depends on the battery
chemical, current rates, required battery voltage, storage period, operating temperatures etc.
1.4.4

Current rate (C rate)

The current rate is a measure of the rate at which the battery is charged or discharged. It is
defined as the applied charge/discharge current divided by the theoretical current drawn at which
the battery would deliver its rated capacity in 1 hour. For example, for a battery of 20Ah,
charging/discharging the battery using a current of 20 A, is equivalent to a 1C current rate. The
charging/discharging process at 1C current rate takes 1 hour to reach the full battery capacity.
Similarly, a 40 A current would be equivalent to 2C current rate that can charge/discharge a
20Ah battery in 30 minutes. It is better for a battery to discharge at a lower current rate in order
to obtain a higher capacity. In addition, fast charging and discharging at high current rates
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induces unwanted changes in the battery components such as heating issues, and capacity
degradation that reduce the overall battery life.
1.4.5

Battery life

Battery life for non-rechargeable battery refers to the length of time a device can run on a
fully charged battery. For rechargeable batteries, the battery life is the number of chargedischarge cycles that a battery can undergo without failing to meet its specific performance
criteria [26]. The cycle life of a battery is greatly affected by the current rate, depth of cycles,
operating temperature etc.
1.4.6

Self-discharge

Batteries tend to lose the original charge with time at different rates when stored for long
periods. It is known as self-discharge and it occurs due to non-current-producing side chemical
reactions occurring inside the cell. The rate of such side reactions reduces at lower temperatures.
1.4.7

Voltage

There are different types of voltage present in a battery cell. They are explained with the
help of a plot presented in Fig. 1.5. In Fig. 1.5 (a) and (b), we can see the current density as a
function of potential at the positive and the negative electrode during discharging and charging
respectively. The current densities at the anode and the cathode is represented by ia and ic
respectively. The absolute value of the current densities at each electrode is equal to the applied
current density [27]. Different types of voltage related terms present in the battery are described
below:

(a)

(b)
Figure 1.5: The (a) Discharge current density and (b) Charge current density as a function of
electrode potential.

1.4.7.1 Terminal voltage and cut-off voltage
The difference between the potential of the two electrodes when the load is applied i.e. when
there is some current applied to the battery is known as its terminal voltage as shown in Fig. 1.5.
8

The voltage across the battery terminals depends on the chemical reactions occurring inside the
battery. A typical charge and discharge curve of a commercial 2.5Ah LiFePO4 cell at C/6 current
rate (±0.417 A) is shown in Fig. 1.6. The cell is charged from 2.5 V to the upper limit of 4.2 V.
The discharge was then conducted until the lower limit of 2.5 V was reached. The safe voltage
limits (2.5 V and 4.2 V in Fig. 1.6) selected to stop the charging and discharging process is
known as the cut-off voltage of the battery.

Figure 1.6: Charge and discharge curves of a commercial LiFePO4 cell [28].
1.4.7.2 Open Circuit Voltage
The voltage of a battery when it’s not connected to any external source (i.e. when no current
is applied to the system) is called the open circuit voltage (OCV) of the battery. We can tell from
the Fig. 1.5 (a) and (b) that the OCV of the battery is always larger than its terminal voltage
while discharging. The positive electrode is polarized negatively giving a negative cathodic
current density and the negative electrode is polarized positively giving a positive anodic current
density during discharging resulting in a lower terminal voltage than the OCV [29]. Whereas
during charging, the negative electrode is polarized negatively resulting in negative current, and
the positive electrode is polarized positively to generate positive current. This results in a higher
terminal voltage compared to the OCV during the charging process [29].
1.4.7.3 Overpotential
Overpotential is defined as the difference between the potential of the electrode with and
without current [27]. In other words, overpotential is the potential difference between the
theoretical voltage and the actual voltage under operating conditions. Both anode and cathode
have their own overpotential values and are termed as anodic overpotential and cathodic
overpotential, respectively.
1.5

Working mechanism
9

A LiFePO4 battery cell is used as an example (Fig. 1.7) to understand the working
mechanism of a lithium-based rechargeable battery. The reactions taking place inside the battery
electrodes of LiFePO4 battery half-cells are as follows:
!"#$%&'()

  Li!!! C! + 𝑧  Li!    +     𝑧  e!

Negative electrode: Li! C!   

(1.2)

!"#$%&
!"#$%&

  Li!!! FePO! + 𝑧  Li!    +     𝑧  e!

Positive electrode: Li! FePO!   

(1.3)

!"#$%&'()

Where x is the number of moles of lithium present in the graphite/carbon (C6) structure, y is the
number of moles of lithium present in the iron phosphate (FePO4), z is the number of moles of
lithium taking part in the electrochemical reaction and Li+ is the lithium ion. The 4 major
components of a lithium ion battery are: the cathode electrode, the anode electrode, the
electrolyte, and the separator, which are discussed in detail below.

Figure 1.7: The schematic illustration of a LiFePO4 battery.
1.5.1

Cathode

The cathode is the positive electrode of a battery that is made of lithium composite
(LiFePO4). It emits lithium ion to the anode during charging and receives lithium ion during
discharging. The cathode is made up of porous material to obtain better cycle life, capacity, and
current rate application compared to the bulk non-porous materials. A porous electrode may
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comprise of a single reactive electronic conductor or a mixture of two solids [30]. Some of the
commercially available cathode materials for a lithium ion batteries are listed in Table 1.3.
1.5.2

Anode

The anode is the negative electrode of a battery made of graphite powder (carbon). It receives
lithium ion from anode during charging and emits lithium ion during discharging. The anode is
also made of a porous material for the similar reason as the cathode. There are mostly 2 types of
commercially available anode materials, which are graphite/carbon and lithium titanate oxide
(Li4Ti5O12) [31]. Graphite is abundant and has longer cycle life but can only provide low energy
density (37.2 Wh/kg). Lithium titanate oxide has better efficiency, higher voltage, and higher
energy density (262.5 Wh/kg).
1.5.3

Electrolyte

The electrolyte can be solid, liquid or polymer depending on the type of battery. Solid
electrolytes are mostly used with gaseous or liquid electrodes. Polymer electrolytes are used
instead of solid electrolytes where good electrode-electrolyte contact cannot be achieved using a
solid state electrolyte [32]. Liquid electrolytes are common in portable electronic applications
since they offer high electrochemical stability, high voltage and excellent energy density [33].
The electrolyte used in lithium ion batteries is typically made from lithium salts dissolved in a
mixture of organic solvents [33]. The electrolyte is present throughout the space between anode
and cathode to conduct lithium ions between the two electrodes.

Due to the lower ionic

conductivity of the electrolyte compared to the electronic conductivity of the electrodes, a thin
layer (~25 µm) of electrolyte is typically applied in the battery to reduce the ohmic resistance.
1.5.4

Separator

A separator is a micro-porous membrane present in between the anode and cathode
electrodes to prevent short circuit and to allow the flow of lithium ion only through the
electrolyte that saturates the separator. The separator also helps in preventing mixing of
electrolytes if two different electrolytes are used in a battery [34]. A separator needs to absorb
and retain a significant amount of electrolyte to achieve low internal resistance and high ionic
conductivity. It must be chemically and electrochemically stable to electrodes and electrolytes,
and does not produce any unwanted materials. Moreover, it should also be able to withstand
corrosive nature of the electrolyte at higher temperatures [35]. Separators are generally made of
non-woven fibers (cotton, nylon), polymer films (polyethylene (PE), polypropylene (PP)),
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ceramic etc [36,37]. Some of the commercially available separators are Celgrad 2324, Celgrad
2340, Tonen-1 and Tonen-2. Tonen-1 and Tonen-2 are made of PE whereas Celgrad 2325, and
Celgrad 2340 are made up PP-PE-PP chain. The thicknesses of the commercially available
Celgrad 2325, Celgrad 2340, Tonen-1, and Tonen-2 are 25 µm, 38 µm, 25 µm, and 30 µm
respectively.
As seen in Fig. 1.7, each battery consists of two half cells connected in series by the
electrolyte. One-half comprises of negative electrode (anode) filled with electrolyte and the other
half comprises of positive electrode (cathode) filled with electrolyte. Anode acts as the negative
electrode, and cathode acts as the positive electrode during discharge and vice versa. In lithium
ion batteries, lithium ions move between the anode and cathode. When connected to an external
device, the movement of electrons occur and complete the chemical reaction so as to deliver
energy. This results in a flow of electron through the external connection, which provides power.
In the discharging process, the lithium ion in the anode (carbon) is ionized and dissolved into the
electrolyte. Then, the lithium ions move through the separator and insert into atomic size holes in
the cathode (LiFePO4). The anode is the source of the electron from where they flow through the
external connection to the cathode. Since this process is reversible, current is carried by lithium
ions from the positive electrode (cathode) to the negative electrode (anode) during charging [38].
The lithium ions are small and lie within the electrode materials without causing any sort of harm
to the battery [39]. Each half cell has their own potential and the net potential of the cell is the
difference between the potential of two half cells.
1.6

Research focus
Although lithium ion batteries are a promising energy storage technologies because of their

stability, high energy density, safety etc. for future electrification of vehicles, there are plenty of
spaces left for improvements [2,18]. Several accidents have been reported over time due to
lithium ion battery hazards, thus, raising concerns on commercializing them in automobile
industry [40,41]. Some of the major problems associated with commercializing lithium ion
batteries in electric vehicles are their safety, cost and temperature issues which are all somehow
related to the thermal effect of the battery [32,42].
During charging/discharging cycles, changes in the electrode volume, electrode-electrolyte
reactions and electrode decomposition occur that can result in capacity loss [42]. Researchers are
working on the use of advanced materials such as nano-particles etc. for the anode, cathode, and
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electrolytes in order to further improve the energy, power, cost, reliability, time and safety factor
of a lithium ion battery [1,17,25,43-45]. The temperature of a battery also plays an important role
in its capacity fade and power degradation due to loss of active material and impedance rise
respectively [42,46,47]. Battery over discharging leads to the reduction of electrolyte that results
in the production of combustible gas and thus poses potential hazards. Similarly, overcharging
will cause the positive electrode to decompose and produce high heat leading to unwanted
hazards [43]. The safe operating temperature for most of the batteries, in general, would be -20oC
to 55oC for discharging and 0 to 45oC for charging [48]. Above the safe temperature limit, the
exothermic reaction between electrodes and electrolyte come into play that can raise the internal
temperature of a battery abnormally [41].
Without a proper thermal management even local heat spots generated in a battery can pose a
serious hazard. Thus, the proper thermal management of a battery is one of the major concerns in
the field of battery research since it plays a crucial role in improving battery performance as well
as safety. This work focuses on the experimental determination of battery heat generation
characteristics at high current rates up to 4C, comparison of different heat generation estimation
methods and comparative study of the effectiveness of several passive cooling materials. These
studies are all crucial for designing of a proper thermal management system. The battery used for
the experimental study is a commercially available 19.5Ah LiFePO4 with the size of 7.25
mm×160 mm×227 mm provided by Smith Electric Vehicles (located in Kansas city). In addition
to that, this study also presents a simplified electrochemical-thermal coupled model of a battery
that can be used for simulating the electrochemical as well as the thermal behavior of a battery.
The temperature distributions within the battery components, at the battery surface as well as
within the cooling material surrounding the battery can be estimated using this model. Detailed
estimation of temperature can be used for proper heat generation estimation by the battery at
different current rates.
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Nomenclature
SoC

State of Charge

DoD

Depth of Discharge

OCV

Open Circuit Voltage

C rate

Current rate
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2. Experiment
2.1

Literature review
Present energy sources that are mainly based on burning fuels pose a serious concern about

carbon dioxide emission related issues that cause global warming [1-3]. Fossil fuels are nonrenewable energy source and are likely to come to an end in near future [3]. Hence, efforts are
aimed at ensuring proper use of renewable sources to replace internal combustion engines with
electric motors for sustainable use. Among all the possible choices, the most suitable source of
power as well as energy storage is batteries [2]. Thus, most research works on lithium ion
batteries are directed towards commercializing their use in the automobile industry.
Electro-vehicular application of batteries requires them to undergo charging and discharging
process at very high current rates for long periods. This results in high heat generation and
temperature increase within the battery and on its surface. The elevated temperatures during the
charging and discharging have detrimental effects on battery life and efficiency. It may even lead
to unwanted fire hazards [4,5]. Battery hazards such as explosion or fire in addition to leakage or
irreversible damage may happen due to several misuse or malfunction such as overcharging, use
of very high current rates, short circuit etc. Car batteries are most likely to explode when a short
circuit generates very large currents.
Thermal stability of a battery depends on the amount of heat it can dissipate. Effective heat
dissipation is required in both cell and pack level. Some studies have experimentally measured
the basic important thermal properties such as specific heat, entropic heat coefficient of certain
types of lithium-ion batteries in order to estimate the heat generation [6-11]. The specific heat
capacity plays an important role to determine the temperature increase in a cell with a given
amount of heat generation [7-13]. Similarly, the rate of entropy change with temperature, which
depends on the battery chemistry and temperature, is also crucial to determine the reversible heat
generation rate.
Lin et. al [7] characterized the heat generation of a prismatic battery cell using an accelerated
rate calorimeter. The heat generated by the battery was calculated using the measured specific
heat capacity and temperature increase data. Specific heat capacity was measured using an
assembly where the heater with a constant heat flux was sandwiched between two cells placed
into an adiabatic chamber. The specific heat of the battery was determined to be 1067 J kg−1 K−1.
The battery changed from an endothermic state initially to an exothermic state when it was
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charged and discharged at the current rate of 0.33C due to the effect of the reversible heat. The
trend of heat generation at 1C and 2C current rates during discharging also showed endothermic
followed by exothermic thermal behavior. Charging at 1C and 2C current rates, however, did not
exhibit the endothermic behavior. They concluded that, even for well-designed large batteries,
Joule heating in the current collectors is higher than reversible heat. It was seen that the trends of
heat generation rate during both charging and discharging were nonlinear and S-shaped. To
determine the reversible heat rate, the entropy coefficient was determined by measuring the open
circuit voltage (OCV) values at different temperatures. The entropy coefficients changed from
negative to positive at SoC of 0.4.
Bandhauer et al [9] also calculated the reversible heat generation using the entropy
coefficient. It was determined from the slope of OCV with temperature (with the temperature
range of 15–55°C) at a required SoC. The irreversible heat generation rate was evaluated using
the cell over-potential. The heat generation rate increased with an increase in current rate. The
entropy coefficients were found to be within the range of ±9.93 µV K-1 and ±13.43 µV K-1 for
the two battery samples they tested. They concluded that the heat generation rate is a strong
function of ambient temperature between 15°C and 5 °C, especially at high current rates because
both transport properties and kinetics are functions of temperature in lithium-ion batteries. At
low temperature, the irreversible heat increased with the decrease of temperature due to mass
transport and kinetic limitations, whereas the reversible potential is not a strong function of
temperature.
Chen et al. [14] investigated the heat generation rate as well as the efficiency of 20-Ah
LiFePO4 lithium-ion pouch cell at different temperatures (-10–40°C). The battery was
sandwiched between two high-density polyethylene plates 4 times thicker than the battery. A 10W heater was used to calibrate the calorimeter. They illustrated that the heat generation increased
with the increase of the discharge current rate. At low discharge current rate (0.25C), the heat
was endothermic. The heat generation was found to decrease with the increase in temperature
due to the increased rates of mass transport and reduced activation loss which reduced overpotential during discharge. They also showed that the battery capacity increased with the
increase of the temperature due to the higher ionic conductivity at higher temperature. The
preferred operating temperature of the prismatic lithium-ion battery was between 30°C and 40°C.
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Chen et al. [15] studied the effect of several passive cooling materials on lithium-ion battery
performance. They compared the performance of air with the mixture of water and ethylene
glycol (50-50 vol). The battery capacity decreased by 0.95% when the ambient temperature was
lowered from 20°C to -10°C due to decrease in ionic conductivity and slowdown of
electrochemical reactions of the battery. The optimum operating temperature was found to be
around 20°C to 30°C, where the capacity of the battery was near the maximum and the
performance degradation was minimized. A comparison between the battery capacity using
water-ethylene glycol and air at 20°C showed that though the water ethylene glycol mixture
helped in maintaining lower battery surface temperature, higher capacity was obtained when the
battery was cooled by air because of higher temperature of the air-cooled battery.
Alipanah et al. [16] numerically studied passive thermal management systems of lithium-ion
batteries made from pure octadecane, pure gallium and octadecane-aluminum foam composite
materials at different heat fluxes and metal foam porosities. They concluded that convective heat
transfer was one of the most important factors affecting the battery surface temperature
uniformity.
Many studies [6-11,17] reported in literature are based on cylindrical or prismatic cells. We
know that pouch cells have better compactness and packing efficiency compared to other type of
cells (cylindrical cell, coin cell, and prismatic cell) and are widely used in vehicular operations.
Hence, higher capacity pouch cells have also been an interest of study. In the case of high
capacity cells, many experimental studies are limited to a maximum current density of 2C, which
might not be enough for high power applications during acceleration and fast charging of electric
vehicles.
The approach towards estimating the heat generation rate of a battery is also very important.
Heat generation estimation using different methods could vary significantly based on the
accuracy of experimental approaches, errors and uncertainties of measurements, and accuracies
of used instruments. Thus, proper comparison of different approaches and identification of the
most accurate method to predict the heat generation during charging/discharging cycles at high
current rates is essential. Various heat generation estimation methods are comparatively studied
as an important objective of this work.
This study also investigates the entropy coefficient and heat capacity of a pouch cell.
Moreover, this work also includes a comparative study of 5 different passive cooling materials
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on batteries, which are crucial to maintaining proper operating temperature and low temperature
gradients without significantly increasing the weight, volume, and cost of the battery system. The
obtained data and information are important for designing the thermal management systems for
batteries and also to build accurate battery models and estimate the heat generation and
temperature increase of lithium-ion batteries with better understanding.
2.2

Experimental Apparatus and Procedure

2.2.1

Measurements of the entropy coefficient

The experimental setup comprises of battery cycling equipment (Arbin Instrument MSTAT4)
and a temperature controlled water bath (Fisher Scientific’s Isotemp 4100H7). The computer
managed Arbin software for measurement of charging/discharging current, charging/discharging
energy and charging/discharging capacity, maximum/ minimum voltage and voltage at each time
point. The battery cycling equipment could be programmed to charge and discharge a battery cell
at constant current rates from 1 A to 5 A or at constant voltage as per the requirement. The water
bath was set up to maintain the constant water temperature ranging from 5 °C to 85 °C for the
desired time interval.
A commercially available LiFePO4 pouch cell of 19.5 Ah capacity provided by Smith
Electric Vehicles was kept inside the water bath with the active area completely immersed in
water and only the electrode outside the water surface in order to avoid short circuit and maintain
required uniform temperature on the battery surface throughout the experiment. The battery has
the dimension of (7.25× 160 ×227) mm3, active area of (7.25×152.4×203.2) mm3, nominal
voltage of 3.3V, and energy density of 247 Wh/L.
Battery’s cut-off voltage for discharging and charging was set to be 2.5 V and 3.7 V,
respectively. The cut-off voltages were determined by running the cell for a full charging and
discharging cycle at a very low current of 1A (0.05C). The battery was charged and discharged
with a current rate of 5 A (0.25C) to the SoC of 0.0, 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 in the
abovementioned voltage range. At each SoC, the battery was allowed to rest in the water bath for
30 minutes and the OCV of the battery was measured every 10 seconds using the Arbin battery
tester. The temperature of the water bath for the test was maintained at 20°C, 25°C, 30°C, 35°C,
40°C, 45°C and 50°C respectively. The battery was then allowed to rest under room temperature
for at least 5 hours after the temperature cycle. The battery was then charged to the next SOC
and the same procedure was repeated. All the tests have been repeated at least three times.
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Entropy coefficient, which is the change of OCV with temperature, was calculated and averaged
at various temperature points:
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Where ∂OCV/∂T is the entropy coefficient, T is the temperature and n is the number of
temperature points in which the experiment was performed.
2.2.2

Measurement of the specific heat capacity

The experimental setup for specific heat capacity measurement of the battery comprised of a
silicon heater (Omega SRFG-608/2) sandwiched between two battery cells enclosed in an acrylic
container with the specific heat of 1470 J/kg/K and density of 1150 kg/m3. The heat radiated by
the heater on both sides was observed using a FLIR A300 thermal camera (model 48201-1001).
The thermal camera could produce the thermal image of an object with details of the temperature
along its surface. Hence, the equal amount of heat radiated from both sides of the heater could
be observed during the operation.
The rectangular enclosure with inside volume of 240×155×22 mm3 was made of acrylic
sheets (Makrolon polycarbonate manufactured by BAYER) of thickness 12.5 mm. A 3 mm
width groove with 4 mm depth was cut off on the mid-width of the side and bottom walls in
order to place the battery in the middle of the container to minimize the heat loss through the
container. The enclosure was covered by foam rubber insulation to reduce the heat loss to the
surroundings during experiments. T-type thermocouples (Omega Engineering Inc., USA) were
used to measure temperature inside the container and on the battery surface. Three
thermocouples were attached on each side of the battery. One thermocouple was inserted through
a small hole drilled on each side of the container to measure the temperature and estimate the
heat loss through the container. One thermocouple was also used to record the temperature of the
air inside the container to account for heat absorbed by the air.
Temperature data was recorded at 1-minute time intervals using KEYSIGHT 34972A LXI
Data Acquisition/Switch Unit. A digital weighing scale NV4101 manufactured by OHAUS was
used to measure the weight of the batteries and the container. Also a DC power-supplying device
GPR-30H10D manufactured by GWINSTEK provided constant power to the heater to generate
uniform heat flux until the temperature of the battery surface reached 60ºC. Using the
temperature data at the battery surface, temperature of the air inside the container, as well as
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temperatures of the container walls, the specific heat capacity of the battery is evaluated based on
the energy balance using eq (1.2):
Q = (mcpdT) battery + (mcpdT) walls + (mcpdT) insulation + (mcpdT) air gap

(1.2)

It is also estimated that the amount of heat absorbed/lost through the insulation was
negligible compared to the heat absorbed by the battery and container.
2.2.3

Heat generation measurement

Fig. 2.1 shows the experimental setup used to study the heat characteristic and passive
cooling of lithium-ion batteries using different materials. The experimental setup consisted of
five parts: a rectangular enclosure with the cooling material, a data acquisitions system, a
lithium-ion battery, a battery discharger (BK PRECISION-8150), and a TDK-Lambda battery
charger (UPS-132). The thickness of the battery is 7 mm and the space between the battery and
wall at each side has a width of 7.5 mm.

Figure 2.1: The experimental setup for heat generation measurement.
A total of 13 T-type thermocouples (Omega Engineering Inc., USA) with an accuracy of
±0.5ºC were used to record the temperature change. Five of those thermocouples were used to
track the battery surface temperatures (Fig.2.2) and the rest were used to track the temperature of
cooling material, container walls, air gap in the container and ambient temperature of the
laboratory.
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Figure 2.2: Thermocouple locations on the battery under heat generation test.
Temperatures measured by the thermocouples were recorded every 20 s by a KEYSIGHT
34972A data acquisition/switch unit. Before the start of the experiment, the setup was placed in
the laboratory overnight to reach a uniform atmospheric temperature throughout the battery.
Discharge and charge tests of batteries at given current rates (1, 2, 3, and 4C) were conducted.
The following procedures were repeated for each test:
Discharging:
a) Pretest: Charge the battery cell with 2.5 A current and 3.9 V cut-off voltage.
b) Rest the battery for at least 5 h at environmental temperature.
c) Discharge the battery from 0.0 to 0.8 SoC at a constant current rate.
d) Repeat the above procedure at least three times at each current rate.
Charging:
a) Pretest: Discharge the battery cell with 2.5 A current and 2.5 V lower cut-off voltage.
b) Rest the battery for at least 5h at environmental temperature.
c) Charge the battery from 0.0 to 0.8 SoC at a constant current rate.
d) Repeating the above procedure at least three times at each current rate.
The experimental error of the heat generation test was determined using a flexible heater
(Omega SRFG—608/2). The calibration tests were performed using two flexible heater outputs
of 600 W/m2 attached on the front and back sides of the battery. The test was performed until the
maximum battery surface temperature reached 60°C. The test was repeated three times and the
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temperatures were recorded. Using equation (1.2), the heat absorbed by the setup was
determined. It was seen that the obtained value of heat absorption was in 90% agreement with
the actual heat supplied by the heater and the remaining 10% was due to some instrumental error
and heat lost to the atmosphere through natural convection.
2.3

Results and Discussion

2.3.1

Measurement of voltage and the entropy coefficient

The OCV of the battery cell is measured at various SoC and temperature. OCV has almost
linear relations with temperature at 0.0, 0.2, 0.4 and 0.6 SoC whereas non-linear behavior was
observed at 0.8 and 1.0 SoC [7,12]. The slopes of OCV with respect to temperature were used to
find the entropy coefficient as given in eq (1.1). The calculated entropy coefficients as a function
of SoC are shown in Fig. 2.3.

Figure 2.3: The entropy coefficient (mV/K) of the battery as a function of SoC.
As shown in Fig.2.3, the entropy coefficient is negative when the SoC is low and positive
when SoC was 0.8 and above. The least and highest value of the entropy coefficient is obtained
as -0.416 mV/K to 0.029 mV/K at 0.4 SoC and 1 SoC respectively. The entropy coefficients at
different SoCs are of the similar magnitude as reported in other studies and also exhibit similar
trends [7-9,12].
2.3.2

Specific heat capacity measurement

Constant heat fluxes of 30 W, 40 W and 50 W were supplied through the heater until the
temperature of the battery surface reached 60°C. Eq (1.2) was used to calculate the specific heat
capacity of the battery. The average of the heat capacities obtained at 30 W, 40 W and 50 W
power flux resulted to an average specific heat capacity of the battery as 932.5±78 J/kg/K. The
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obtained value of specific heat capacity is close with the value reported in previous studies for a
battery of the same chemistry but different capacity [7].
2.3.3

Heat generation measurement

2.3.3.1 Charging vs discharging
The heat generation rates measured and estimated using temperature increase approach
between charge and discharge of the battery at the current rates of 1, 2, 3 and 4C current rates as
a function of SoC and depth of discharge (DoD) ranging from 0.0 to 0.8 in steps of 0.1 are shown
in Fig.2.4. The heat generation rates of the battery in both charge and discharge increase with
increasing SoC during charge and DoD during discharge.

(a)

(b)
Figure 2.4: Heat generation rates (a) as a function of SoC during charging and (b) as a

function of DoD during discharging at various current rates by temperature increase approach.
Both irreversible and reversible heat generation rates increase with the increase of current
rate. Fig.2.4 is used to study the trend of heat generation rate with respect to SoC/DoD. The
fitted equation of heat generation rate at various current rates are:
Q̇ (1C) = -9.05DoD3 - 8.62DoD2 + 20.02DoD - 0.41 [W] discharge

(1.3.a)

Q̇ (1C) = 128.43SoC3 - 124.63SoC2 + 25.14SoC + 1.96 [W] charge

(1.3.b)

Q̇ (2C) = 116.28DoD3 - 105.71DoD2 + 24.46DoD + 10.25 [W] discharge

(1.3.c)

Q̇ (2C) = 210.14SoC3 - 253.28SoC2 + 93.01SoC - 0.67 [W] charge

(1.3.d)

Q̇ (3C) = 293.87DoD3 - 253.11DoD2 + 68.50DoD + 11.51 [W]

(1.3.e)

discharge
Q̇ (3C) = 148.60SoC3 - 198.34SoC2 + 96.67SoC + 1.13 [W] charge

(1.3.f)

Q̇ (4C) = 439.05DoD3 - 439.80DoD2 + 141.74DoD + 20.37 [W] discharge

(1.3.g
)
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Q̇ (4C) = 183.64SoC3 - 255.79SoC2 + 150.44SoC + 6.48 [W] charge

(1.3.h)

It can be seen that the heat generation rate increases with the increase of current rate [13]
during both charge and discharge. The increase of current rate increases both irreversible and
reversible heat. The increase in irreversible heat with the current rate is higher than that of the
reversible heat. All the trends of heat generation are non-linear and S-shaped as obtained in
previous studies on lithium-ion batteries [7].
The rate of heat generation during charging is always lower than rate of heat generation
during the discharging process by up to 47.8%. The difference may be due to the reversible heat,
which is endothermic during charging and exothermic during discharging [7]. Fig. 2.5 shows
averaged heat generation rate growth in terms of current rate. The figure depicts that the heat
generation increases with increasing current rate for both charging and discharging.

Figure 2.5: Comparison of averaged heat generation rate at various current rates for charging
and discharging.
The fitted equation for the increase in average heat generation with current rate is given in eq
(1.4):
Q̇average = 1.87C2 + 1.10C [W] for discharge

(1.4.a)

Q̇average = 2.27C2 - 0.78C [W] for charge

(1.4.b)

Where Q̇average is the average heat generation and C is the current rate.
2.3.3.2 Comparison of heat generation characteristics using different methods
According to Bernadi model [12], the heat generation rate in the battery is determined by
irreversible and reversible heats:
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𝑄    =   𝐼 ∙ 𝑉 − OCV − 𝐼 ∙ 𝑇 ∙

!!"#

(1.5)

!"

Where I is the current, V is the operating voltage and OCV is the measured open circuit
voltage. The irreversible heat I·(V-OCV) is generated by the ohmic loss, charge transfer
resistance and mass transfer limitation, and the reversible heat (-I·T·∂OCV/∂T) is generated from
the entropy change [9,18,19].
Besides the temperature increase method, this study also obtained heat generation
characteristic using eq (1.5) for both charging and discharging at various current rates. The value
of OCV was obtained as from the experiment described in section 2.1. Using the OCV values
obtained using the experiment at each SoC and temperature, a look up table was created with
recorded OCV values at each SoC and temperature. Hence, based on the known SoC and the
temperature of the battery surface, OCV has been interpolated. As cited in literature, at higher
current rates, the change in the magnitude of reversible heat is relatively small in comparison to
the irreversible heat [12,14]. The reversible heat for both charging and discharging were equal in
magnitudes and opposite in signs, which led to zero reversible heat generation in the cell over a
cycle. Hence, only irreversible heat is considered in our study of the charge/discharge cycle at
each current rate.
The heat generation is also evaluated using the over-potential between the charging and
discharging voltages during a charging and discharging cycle at each SoC. This method provides
an additional estimation of the heat generation during charge-discharge cycles. Fig. 2.6 shows
the heat generation rate over a whole charge-discharge cycle at 1C, 2C, 3C and 4C current rates.
The total heat generated by the battery using the above-mentioned methods at various discharge
rates is summarized in Table 2.1.

(a)

(b)
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(c)

(d)
Figure 2.6: Comparison of heat generation characteristics of the battery for a charging and
discharging cycle as a function of SoC at (a) 1C (b) 2C (c) 3C and (d) 4C current rates.
Table 2.1: Summary of the total heat generation using various methods at the end of cycle.
Rates

Overpotential using

Overpotential using charge-

Temperature

OCV (kJ)

discharge voltage (kJ)

increase (kJ)

1C

30.34 ± 1.37

29.81 ± 0.75

17.58 ± 0.97

2C

54.29 ± 3.60

53.32 ± 6.66

30.66± 7.23

3C

68.71 ± 2.48

68.73 ± 10.58

42.13 ± 10.62

4C

110.66 ± 6.07

110.04 ± 8.76

52.06 ± 8.71

Results listed in Table 2.1 and Fig. 2.6 indicate that the heat generation rates obtained from
the over-potential using OCV and overpotential using charge-discharge voltage are very similar.
The total heat generation rates calculated by these methods have less than 3% difference at every
SoC of the cycle. Both account for the total irreversible heat generation inside the battery cell
using various voltage information.
At high current rates, the high heat generation rate leads to a significant temperature gradient
within the battery [9] and on the surface of large batteries. The temperature gradient, as well as
the time delay of temperature increase, results in significant experimental errors to estimate the
amount of heat generation based on the heat absorption rate using the temperature increase of the
battery surface and the cooling material. Hence, the temperature increase method underestimates
the heat generation rate since it cannot completely consider the temperature gradient within the
battery. In our following discussion, we can see that the temperature difference on a battery
surface could be very significant, especially at high current rates. The amount of heat generation
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results estimated by the temperature increase method underestimates the heat generation by 40.4,
43.1, 36.4 and 51.6% at 1, 2, 3 and 4C current rate respectively.
2.4

Maximum temperature difference on the battery surface
An important impact of the heat generation of a battery is the temperature difference on its

surface, which affects the lifetime and efficiency of the battery [16]. Hence, the maximum
temperature differences on the battery surface using air, aluminum foam, PCM, water and water
with aluminum foam as cooling materials were studied at 1, 2 and 3C current rates and are
shown in Fig. 2.7. The properties of each cooling materials are listed in Table 2.2. The
maximum temperature on the battery surface was obtained near electrodes i.e. at thermocouple
location 4 and 5 on Fig. 2.2 and the minimum temperature was obtained at the bottom of the
battery (thermocouple location 1).
Table 2.2: Summary of the properties of various cooling materials.
Specific heat

Total heat

Thermal conductivity

capacity (J/kg/K)

capacity (J/K)

(W/m/K)

Material

Mass (kg)

Air

2.45×10-5

1000

0.024

0.026

Foam + air

8.08×10-2

895

72.31

6.85 [20,21]

PCM

0.4911

2160

1060.98

0.36

Water

0.637

4200

2679.26

0.60

0.57(water)

4200 (water)

2466.31

-2

895 (foam)

Water+foam

(a)

8.08×10 (foam)

(b)
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7.66 [21]

(c)
Figure 2.7: Comparison of surface temperature difference on the battery as a function of SoC
using different cooling materials at (a) 1C (b) 2C and (c) 3C discharge.
All three results in Fig. 2.7 show that water, water with aluminum foam and PCM exhibit the
lowest temperature differences throughout the battery surface for all discharge rates. Air results
in the highest temperature difference on the battery surface followed by the foam at each current
rate. The temperature differences between air and aluminum foam differ by around 2 to 3°C. The
maximum temperature difference as seen in Fig. 2.7 increases significantly at higher current
rates. In Fig. 2.7(a), maximum temperature difference of 7.7oC is obtained using air as the
cooling material. While the maximum temperature increase of 28.1oC and 33.3°C was observed
at 2C and 3C current rate respectively using air in Fig. 2.7(b)(c).
The battery cooled by PCM has slightly higher maximum temperature difference than the
battery cooled by water and water with foam because of its lower total heat capacity as well as
the lower thermal conductivity compared to the other two as shown in Table 2.2. At 2C and 3C
current rates, the PCM melted and the melting of PCM could store a large amount of heat
through the latent heat of PCM. The maximum temperature differences on the battery surface
using PCM was 6.3, 9.1 and 13.1oC respectively at 1, 2 and 3C current rate. The maximum
temperature differences using water are 4.7, 8.4 and 12.9oC at 1, 2 and 3C current rate
respectively. Water with foam also resulted in similar maximum temperature differences with
that using water i.e. 4.8, 8.4 and 15.3oC at 1, 2 and 3C current rate respectively.
2.5

Average temperature increase of the battery surface
In order to study the effectiveness of various passive cooling materials, the increase of

average surface temperature of the battery with SoC is also measured at different current rates.
Average surface temperature of the battery refers to the average value of the readings from the 5
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thermocouples attached on the battery surface. Fig. 2.8 shows the trend of temperature increase
with different cooling materials at each current rate.

(a)

(b)

(c)
Figure 2.8: Comparison of average temperature increase on the battery surface as a function of SoC
using various cooling materials at (a) 1C (b) 2C and (c) 3C current rates.
It can be seen from Fig. 2.8 (a) that, the increase in average temperature of battery surface
increases with the increase in the current rate [22]. The average temperature increase with air is
the highest i.e. approximately 6.5°C at 1C, 15.5°C at 2C and 22.5°C at 3C current rate due to the
very low thermal conductivity as well as the low heat capacity of the air. Aluminum foam
maintains an average temperature lower by approximately 4°C since it has relatively higher
thermal conductivity and heat capacity.
Initially, PCM results in a higher increase in average temperature compared to water or water
with foam due to its slightly lower thermal conductivity as seen in Fig. 2.8 (c). Later, it can be
seen that the average temperature of the battery using PCM slows down as soon as the phase
change temperature is reached. The phase change of PCM helps to store heat as latent heat and
maintain lower average temperature on the battery surface. This behavior is similar to the result
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obtained in references [22-25]. PCM shows promising application especially at high discharge
rates and/or in battery packs composed of multiple single cells because of its phase change
property [22,24-26].
Fig. 2.8 also shows that the average surface temperature of the battery using only water is
slightly lower than the average temperature using water with aluminum foam. Use of aluminum
foam (0.9 porosity) with water results in about 10% volume decrease of water compared to the
setup with only water. As it can be seen in Table 2.2, the heat capacity of water is higher
compared to aluminum. The total heat capacity using the water with foam as cooling material is
7.9% lower than the heat capacity of pure water. As a result, the average temperature of the
battery when cooled using water with foam is slightly higher than using only water. The loss in
quantity of water used affects the overall heat dissipation. With the same volume, water, water
with aluminum foam and PCM exhibit the desired property to maintain lower average
temperature and lower temperature gradient on the battery surface compared to air and aluminum
foam.
2.6

Conclusion
Fundamental thermal properties of the lithium-ion battery along with the heat generation

characteristic of the battery were studied. The heat generation rate during discharging process
was higher than the heat generation rate during charging process, which can be attributed to the
slightly endothermic behavior observed during the charging process. The heat generation rate as
well as the total heat generated by the battery increased with the increase in the current rate. The
effectiveness of several cooling materials used in passive thermal management system to
maintain lower battery surface temperature and low surface temperature gradient has been
studied. Results showed that cooling by natural convection of air only might result in high
temperature increase and high temperature gradient on the battery surface (up to 60oC at 3C
current rate). Aluminum foam showed better cooling effects than air while water, PCM and
water with aluminum foam are more desirable. Using PCM, water or water with aluminum foam
as the cooling material, the average temperature increases at the surface are less than 8oC and the
maximum temperature differences at the surface are less than 16oC even at the current rate of 3C.
For such low average surface temperature increases on the battery surface using PCM, water and
water with aluminum foam for cooling, the inside temperature of the battery will also stay within
the safe limit despite the 42.8% underestimation of heat generation that we obtained using the
34

temperature increase method considering only the battery surface temperature for heat generation
estimation.
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Nomenclature:
Acronyms
SoC

State of Charge

DoD

Depth of Discharge

OCV

Open Circuit Voltage

PCM

Phase Change Material

Variables
∂OCV/∂T Entropy coefficient
T

Temperature

Q

Heat generated

Q̇

Heat generation rate

m

Mass

cp

Specific heat capacity

I

Current

R

Resistance

V

Voltage
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3.
3.1

Modeling

Introduction
Battery modeling is crucial to design an optimum cell with desired configurations. The heat

generation in a battery is a complex process that couples with electrochemical reactions [1].
Experiments help to understand the physical chemistry of materials used in the battery whereas
the electrochemical model help in understanding the internal transport phenomena that cannot be
assessed through the experiments. All these information aid in the optimization of battery design
[2]. The electrochemical model can also be used to estimate essential battery parameters like
current, voltage and temperature in order to regulate them through proper battery management
systems [3]. These estimations help researchers to better understand the design limitations and
internal electrochemical behavior of batteries [4].
Fundamental battery models as used in the current work is derived from the porous electrode
theory that describe species and charge transport in the solid matrix and the liquid electrolyte
phase across a simplified 1D structure. It can be then solved numerically in a computational fluid
dynamics framework by discretizing the coupled partial differential equations to a set of ordinary
differential equations to be solved iteratively [5]. In order to build a robust battery model that can
accurately predict the electrochemical and the thermal properties of a battery, the proper
estimation of the model parameters is necessary [6].
The thermal management of a battery is one of the major concerns affecting the performance
and lifetime of a lithium ion battery. Thus, researchers are working on developing various types
of electrical and electrochemical models that are coupled with the thermal model in order to
better understand the electrochemistry and its effect on the thermal behavior of a battery.
Several models such as pseudo-2D models, single particle models are constantly studied and
simplified to predict a battery's electrochemical and thermal characteristics. The thermal model
combined with single particle models and assuming constant local reaction current are more
efficient when the current rate is below 1C [7]. With suitable assumptions and parameter
estimation, the combined model can also be used for predicting the battery behavior above 1C
current rate. More complex model such as pseudo-2D porous model and polynomial
approximation porous model are considered more efficient in characterizing battery behavior
above 1C current rate [7].
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The temperature of a battery in a model is obtained based on the heat generation and
dissipation rates. The heat generation, active polarization, entropy change, and resistance in a
battery is mainly contributed by electrochemical reactions [6,8]. The overpotential and resistance
due to the electrochemical reactions contribute towards the irreversible heat generation and the
entropy change inside the battery contribute towards the reversible heat generation. Ye et al. [6]
developed a quasi 2D mathematical model for an 11.5Ah LiMn2O4 prismatic battery by coupling
electronic conduction, mass transfer, energy balance and electrochemical mechanism. This study
found that the influence of reversible heat on battery discharge was negligible for high current
rates.
The heat generation across a large battery is not uniform throughout. Without proper cooling
systems, hot spots can build up within a battery and result in possible thermal runaway. Huang et
al. [9] studied the thermal behavior of each electrode based on the reversible heat generation
during the discharge process of a fully charged LiCoO2 battery. It was seen that the cell discharge
process is an exothermic reaction with entropy change of −29.78 J K-1 mol−1 and reversible heat
generation of 8.874 kJ mol−1. The heat produced at the positive electrode was found to be higher
than that of the negative electrode. This phenomenon should be taken into consideration to
design thermal system when batteries operate at high current rates.
Typical thermal models require several information related to heat transfer based on
geometry and thermal properties of a battery such as the convection coefficient, Nusselt’s
number etc in order to simulate proper heat dissipation from the surface at different conditions.
Similarly, solving for the solid and electrolyte concentrations, solid and electrolyte potentials,
and the overpotential of a battery requires proper estimations or experimental measurements of
several electrochemical properties such as the diffusion coefficient, ionic conductivity etc. Thus,
a battery model without simplification requires long computational time because of the
complexity involved in solving the discretized equations, and the large number of parameters
involved. This also limits the use of an electrochemical model in simulating the behaviors of
battery packs [10]. Thus, reliable and fast models are desired for the real time applications
[5,11].
The model presented in this work is a simplified 1D electrochemical-thermal coupled model
along the thickness of a LiFePO4 battery that is capable of providing the required
electrochemical and thermal details with good accuracy. The model couples the battery
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electrochemical model with the thermal model, and the computational domain includes not only
the battery but also the passive cooling material around the battery. The lithium ion
concentration and its gradient in the electrolyte phase is one of the important factors governing
the heat generations characteristics of a battery especially at high current rates [7,8]. Therefore,
the electrolyte concentration across the battery components is solved and coupled with the
Butler-Volmer equation to predict the overpotential and the current density distribution inside the
battery. The overpotential and the current density information are then used to predict the
temperature within the battery and the cooling material as well as the heat generation
characteristics of the battery.
The heat conduction throughout the entire modeling domain, which includes the battery as
well as the passive cooling material, does not require additional estimations or assumptions of
the heat dissipation at the interface of the battery and the cooling material. Thus, the heat
generation characteristic of the battery only requires the thermal physical properties such as
thermal conductivity, density, and specific heat capacity of each component. The model can also
be used to study the temperature change of the cooling material and the battery's surface
temperature in order to study the effectiveness of a desired cooling material at any current rates.
Unlike other models reported in the literature, the electrochemical-thermal model presented in
this work requires solving of fewer governing equations that helps to reduce the complexity and
computational cost of the model without compromising the accuracy. This characteristic of the
model is desired for the real-time application of the battery model to battery management
system.
3.2

Model development
This electrochemical-thermal coupled model first solves the electrochemical equations in

order to obtain the overpotential, which is later incorporated into a thermal model to solve for the
temperature. A 1-D domain along the thickness of lithium ion battery is developed. A schematic
diagram showing various components of a lithium-ion battery configuration considered for the
modeling purpose is shown in Fig. 3.1. Five different components of a battery are included in the
model: two current collectors (CC), two electrodes, and a separator. The anode current collector
is made of copper whereas the cathode current collector is made of aluminum. A layer of cooling
material is considered on each side of the battery for the purpose of passive cooling. The
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thickness of each layer is listed in Table 3.1. The total length of the setup is L and each
consecutive x represents the length from zero to that point

Figure 3.1: The computational domain of a lithium-ion cell (not to scale).
In Fig. 3.1, xCMAC, xACA, xAS, xSC, xCCC, xCCCM are the locations of the cooling material-anode
current collector interface, the anode current collector-anode electrode interface, the anode
electrode-separator interface, the separator-cathode electrode interface, the cathode electrodecathode current collector interface, and the cathode current collector-cooling material interface
respectively. The performance of a battery is characterized by four different partial differential
equations describing the time evolution of lithium concentration in the electrode and electrolyte
phases under charge conservation. The energy balance equation is solved to calculate the
temperature distribution at each layer. The heat generation (source term) in each layer required
for the thermal model is estimated by calculating the over-potential using the Butler-Volmer
equation at each electrode (i.e. cathode and anode) as well as the ohmic resistance. No heat
generated in the separator since there is no reaction. All governing equations and boundary
conditions are listed in the section below.
3.2.1

Electrochemical model

The electrodes are modeled using the porous electrode theory, where the solid and electrolyte
phase are considered to exist superimposed to each other. The electrolyte phase is continuous
along the entire battery whereas the electrically conducting phase (solid) exists only in the
electrodes. The current density in anode and cathode electrodes can be expressed by eq. (3.1) and
(3.2) respectively,
!
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Where I is the total current (A), A is the geometric area (m2), j is the current density (A/m2), and
the subscripts ‘a’ and ‘c’ denotes anode and cathode respectively. The Butler-Volmer equation as
listed in eq (3.3) couples the current, concentration, and overpotential distribution at the
solid/electrolyte interface [4,8]. The current density distribution along the battery electrodes can
be then obtained using eq (3.3) in each electrode.
𝑗  (𝑥) = !
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Where Ce,ref is the reference electrolyte concentration (1500 mol/m3), j0 is the exchange current
density (A/m2) [10,13], as is the active surface area (m-1), α is the charge transfer coefficient, η is
the overpotential (V), F is the Faraday’s constant (96,487 C/mol), R is the universal gas constant
(8.314 J/kg/K), and T is the absolute temperature (K). The active surface area of each electrode is
is determined by [12-17].
as = 3ɛs / Rsp

(3.4)

Where ɛs is the solid phase porosity of the electrode, and Rsp is the radius of the solid particle in
the electrode (m). Conservation equation of lithium ion in the electrolyte phase is
! ɛ! !!
!"

!
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!!!!
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Where ce is the electrolyte concentration (mol/m3), Ɛe is the electrolyte phase volume fraction,
Deeff is the effective lithium ion diffusion coefficient in the electrolyte phase (m2/s), t+0 is the
lithium ion transference number, and j is the current density (A/m3). The initial electrolyte
concentration, Ce,0 is assumed to be 1500 mol/m3. The solution is constrained by no flux
boundary conditions at the electrode-current collector interfaces:
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The effective diffusion coefficient is calculated using Bruggman relation given by
𝐷!!"" = 𝐷! 𝜀!!.!
3.2.2

(3.7)

Thermal model

The energy equation is used to estimate the temperature distribution, which utilizes the
overpotential and reaction rates obtained from the electrochemical model as a source term. The
heat generated due to overpotential in the anode and cathode electrodes, 𝑞! and 𝑞!   can be
estimated by:
𝑞!    =   

!!"
𝑗
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(3.8)
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𝑞!    =   

!!!!
𝑗!
!!"

(3.9)

∙ 𝜂!   𝑑𝑥

The internal resistance of the battery (Rint) also contributes to the heat generation in the
battery as the ohmic loss. The heat generation rate due to the internal resistance in the battery is
given by eq (3.11) [10].
𝑞Ω   = I2Rint

(3.11)

Where 𝑞Ω    is the heat generation rate due to the internal resistance (W/m3) of the battery. The
total heat generation rate (𝑞) in both electrodes can be expressed as in eq (3.12).
𝑞    =    𝑞! + 𝑞! +   𝑞Ω   

(3.12)

The temperature distribution in the cell along each component is estimated by solving the
transient one-dimensional heat conduction equation as listed in eq (3.13).
!! !

!"

(3.13)

𝜌𝑐! !" = 𝑘 !! ! + 𝑞  

Where ρ is the density (kg m-3), cp the specific heat capacity (J kg-1 K-1), T is the temperature
(K), k is the thermal conductivity (W m-1 K-1) of each component. The initial battery surface
temperature is T0. The boundary conditions on the left and right boundaries i.e at the end of the
cooling materials are assumed to be insulated as our experimental setup design.
!"

−𝑘 !"  

!!!

!"

−𝑘 !"  
3.3

!!!

=0

(3.14)

=0

(3.15)

Solution approach
The model was solved using the finite volume method for each governing equation and

boundary conditions using a self-developed Matlab code. The finite volume method is
advantageous when rigorous conservation equations are very important in simulating a physical
system. This is often the case in transient simulations of internal flows or thermally isolated
systems. The finite volume method uses volume integral formulations with finite partitioning set
of volumes to discretize the governing equations.
The solution method used to solve the model applying the finite volume method is discussed
in detail in the Appendix. A few simulations were also run to validate the model using different
node numbers to check for the grid independence. In addition to that, the model was also
validated by comparing the results obtained at different time steps and tolerance values between
two consecutive iterations. The details of the validation are also discussed in the Appendix.
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Each battery component as well as the cooling material are of different lengths. Hence, each
component was discretized using different number of nodes to get a constant node length
throughout the entire modeling domain. The total number of nodes used across the entire
modeling domain was 2,691 with the node size of 8.26×10-6 m. The tolerance of 10-7 and time
steps of 7.2 s, 3.6 s and 2.4 s at 1C, 2C and 3C current rate respectively were used in the code.
Fig. 3.2 is a flowchart showing the steps used to solve the model.

Figure 3.2: The flowchart of the steps to solve the model.
3.4

Parameters
All the parameters used in equations discussed above are listed in Table 3.1 below.
Table 3.1: Electrochemical and thermal parameters of the battery components
Property

Thickness (m)

Anode
3.28×10-3

Cathode
2.11×10-3

Separator Anode CC
0.93×10-3
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4.63×10-4

Cathode CC
4.63×10-4

α

0.5

0.5

-

-

-

jo (Am-2)

0.5

0.05

-

-

-

0.85×10-5 [2]

1.25×10-5 [2]

-

-

-

0.036

0.036

-

-

-

k (W m-1 K-1)

1.04 [18]

1.48 [18]

1[18]

400 [19]

160 [189]

ρ (kg m-3)

2660 [19]

1500 [19]

492 [19]

8900 [19]

2700 [19]

cp (J kg-1 K-1)

1437 [19]

1260 [19]

700 [19]

385 [19]

903 [19]

εe

0.3 [19]

0.28 [19]

0.4 [19]

-

-

εs

0.435 [19]

0.56 [19]

-

-

-

9.2×10-7

9.2×10-7

9.2×10-7

-

-

R (J mol-1K-1)

8.314

-

8.314

-

-

F (C/mol)

96487

-

96487

-

-

t+

0.363

0.363

0.363

-

-

Rc (Ohms)

0.0006

0.0006

-

-

-

Rs (m)
2

A (m )

De (m2/s)

The properties of the cooling material considered for the model is listed in Table 3.2.
Table 3.2: Properties of various cooling materials.
Property

3.5

Air

Water

k (W m-1 K-1)

0.026

0.607

ρ (kg m-3)

1.185

997.1

cp (J kg-1 K-1)

1005

4180

Results and discussion
Fig. 3.3 shows the electrolyte concentration inside the battery at various current rates. In the

plots below: A indicates the anode region, S indicates the separator region, C indicates the
cathode region, and CM indicates the cooling material region. From eq. 3.3 it can be seen that
the gradient of the electrolyte concentration increases proportionally with the increase of the
current rate. The lithium ion concentration in the anode is always higher than the cathode (Fig.
3.3) because the lithium ions are generated in the negative electrode and diffuse to the liquid
phase. The lithium ions then intercalate to the positive electrode and decrease the liquid phase
lithium concentration in the cathode. Based on the concentration gradient at each current rate, the
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current density distribution at each electrode is evaluated using eq. (3.3). The current density
distribution along the length of anode and cathode are shown in Fig. 3.4 (a) and (b), respectively.

Figure 3.3: The electrolyte concentration along the battery components using various current
rates at 0.8 DoD.

Figure 3.4: The current density distributions at the anode electrode (left) and the cathode
electrode (right) at different current rates.
During the discharge process, anode releases electrons through the oxidation process, which
are accepted by the cathode to complete the circuit for the electron flow. Thus, as seen in Fig.
3.4, the current density has positive value in the anode and negative value in the cathode. Also,
the current density across the anode and cathode increases with the increase in the applied
current and vice versa since they are directly related to the applied current as shown in eq. (3.1)
and (3.2). Based on the same equations, the absolute value of total current density in both anode
and cathode are always equal to the total applied current density of the battery. The distribution
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of the current density across the electrodes is directly related to the electrolyte concentration.
Therefore the current density has a more uniform distribution at 1C current rate because of the
smaller concentration gradient at 1C current rate (Fig. 3.3). With the increase in the current rate,
the current density has a higher gradient due to the higher concentration gradient of lithium ion
obtained at higher current rates.
Using the current density distribution, the overpotential value at each electrode was estimated
by solving eq (3.3) iteratively. The estimated values of overpotential at the anode and the
cathode electrodes are shown in Fig. 3.5. Since the overpotential is directly proportional to the
current rate as shown in eq. (3.3) by the Butler-Volmer relation, the overpotential in the anode
and cathode have a positive and a negative sign respectively. The absolute value of the
overpotential in each electrode also increases with the increase of the current density.

Figure 3.5: The variations of overpotential with the DoD at the (a) anode and (b) cathode at
different current rates.
The heat generation rate caused by the overpotential is considered along the battery
electrodes to determine the temperature. Similarly, the heat generation rate due to the internal
resistance of the battery is considered on the entire electrode regions. The overpotential account
for the activation loss and concentration loss while the internal resistance accounts for the ohmic
loss in the battery. The resistance value of 0.6 mΩ was used for thsis simulation, which is the
internal resistance of our battery measured in the lab. Fig. 3.6 shows the contribution of the
internal resistance and the overpotential in the total heat generated by the battery.
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Figure 3.6: Comparison of the percentage contribution to the heat generation by the
overpotential and ohmic loss.
As seen in Fig. 3.6, the ohmic loss contributes an average of 12.4% of the total heat
generation and the rest is contributed by the activation and concentration overpotential. The total
heat contribution by each loss increases with the increase in the applied current rate. Hence,
ohmic loss does have a significant contribution in the total heat generated by the battery and
cannot be neglected. Thus, proper measurement and understanding of the internal resistance of a
battery is crucial. Both the heat generation rate due to the overpotential and the internal
resistance comprise the irreversible heat generated inside the battery. The reversible heat
generation rate was ignored in the simulation process also because they are negligible at high
current rates as observed and discussed in the experimental chapter. The heat generation rate
obtained at each electrode is shown in Fig. 3.7. As we can see in Fig. 3.7, the heat generation rate
in electrode increases proportionally with the increase in the current density. Higher heat
generation rates are obtained in the cathode region due to the higher current density and
overpotential in the cathode region. Considering the heat generation rate as the source term (𝑞) in
our energy equation listed in eq. (3.13), the temperature distribution at each node along the entire
modeling domain was obtained at various current rates and DoDs.
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Figure 3.7: The heat generation rate at the anode electrode (left) and the cathode electrode
(right) at different current rates.
Fig. 3.8 shows a comparative plot of the temperature distribution along our modeling domain
at different current rates. As we can see from eq. (3.5), (3.6) and (3.7), that the heat generation
rate due to both the overpotential and the internal resistance is directly proportional to the
applied current to the battery. In Fig. 3.8 (a) and (b), we observe a higher increase in the
temperature across the cooling material as well as within the battery with the increase in the
current rate irrespective of the cooling material used. In Fig. 3.8 (b), the temperature increase in
the case with air as the cooling material is higher because of the lower density and specific heat
capacity of the air as listed in Table 3.2. The lower density and specific capacity result in a lower
heat absorption capability that in turn results in a faster increase in the temperature of the
surrounding as well as the battery when using air as the cooling material

(a)

(b)
Figure 3.8: Comparison of the distribution of temperature increase (a) using water as the
cooling material and (b) using air and water as the cooling material at 0.8 DoD.
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Fig. 3.9 shows the comparison of the battery surface temperature at each current rate and
various DoD using air and water as the cooling materials. The surface temperature of the battery
is measured at the cathode current collector-cooling material interface (𝑥 CCCM) in the modeling
domain as shown in Fig. 3.1. The battery surface temperature using air as the cooling material is
always higher than the battery surface temperature using water as the cooling material due to its
lower heat absorbing capacity. The model always over predicts the temperature value at the
battery surface than the experiment, which might be because of the losses present in the
experimental setup. During the experimental measurements, using air as the cooling material,
high temperature values and a large temperature gradient is observed on the battery surface. Such
high value of surface temperature and temperature gradient results in higher heat losses during
the experiment at high current rates. This might be the reason for the over prediction of the
battery surface temperature using air as the cooling material. Tables 3.3, 3.4, and 3.5 lists the
temperature on the battery surface at several DoD using air and water as the cooling material at
1C, 2C, and 3C current rate respectively.
Table 3.3: The battery surface temperature using air and water as the cooling material at 1C
current rate
DoD at

Experiment

Simulation

%

Experiment

Simulation

%

1C

(Air)

(Air)

Error

(Water)

(Water)

Error

0.0

21.5

21.5

0.0

20.8

20.8

0.0

0.2

24.2

28.0

16.0

21.4

22.6

5.8

0.4

25.3

34.2

35.4

21.8

24.2

10.9

0.6

26.3

40.5

54.0

22.1

25.7

16.2

0.8

28.1

46.7

66.2

22.7

27.2

19.6

Table 3.4 : The battery surface temperature using air and water as the cooling material at 2C
current rate
DoD at

Experiment

Simulation

%

Experiment

Simulation

%

2C

(Air)

(Air)

Error

(Water)

(Water)

Error

0.0

21.1

21.1

0.0

21.3

21.3

0.0

0.2

26.6

30.0

12.8

22.4

24.2

8.3

0.4

30.7

38.3

24.8

23.1

26.3

13.6

0.6

33.8

46.6

37.9

24.0

28.3

17.9
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0.8

39.1

54.9

40.2

25.3

30.3

19.8

Table 3.5: The battery surface temperature using air and water as the cooling material at 3C
current rate
DoD at

Experiment

Simulation

%

Experiment

Simulation

%

3C

(Air)

(Air)

Error

(Water)

(Water)

Error

0.0

20.5

20.5

0.0

19.8

19.8

0.0

0.2

28.1

31.3

11.6

21.5

23.6

9.6

0.4

33.8

41.1

21.6

22.8

26.1

14.5

0.6

38.5

50.8

32.0

24.1

28.5

18.0

0.8

43.1

62.5

45.0

26.2

30.9

17.9

From tables 3,3, 3.4, and 3.5 it can be seen that the model over predicts the battery surface
temperature by an average of 19.1% and 50.5% using water and air as the cooling materials
respectively. The increase in surface temperature was then obtained for each current rate and
DoD, which was then compared with the experimental results as shown in Fig. 3.9(a) and (b). As
seen in Fig. 3.9, the model overestimates the temperature increase at each current rate because of
the losses occurring during the experimental measurements at such high currents. There is an
average overestimation of the surface temperature increase by 141% and 152.1% in case with the
water, and the air as the cooling material respectively.

(a)

(b)
Figure 3.9: Comparison between the temperature increase obtained by experiments and
simulation at various current rates using (a) water and (b) air as the cooling material.
The heat generated from 0.0 to 0.8 DoD at different current rates using simulation results

were evaluated using eq (3.16).
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q=

!
𝜌
!

(3.16)

∙ 𝐴 ∙ 𝑐! ∙ ∆𝑇 ∙ 𝑑𝑥

Where ∆T is the change in temperature (K) and A is the area of the battery (m2). The validation
of the thermal model is discsussed in the Appendix. Fig. 3.10 shows the comparison between the
total heat generated obtained by the simulation with the experimental results using the
temperature increase approach and the overpotential (OCV) [21].

Figure 3.10: Comparison of experimental and simulated total amount of heat generation.
The values of the heat generation obtained by all three approaches and the percentage
difference between them are listed in Table 3.6. Experimental result using the temperature
increase and the experimental result using overpotential are labeled in the table as Expt. 1 and
Expt. 2 respectively.
Table 3.6: Estimated total heat generation values using simulation and experiments
Current rate

Expt. 1

Expt. 2

Simulation

(C-rate)

(kJ)

(kJ)

(kJ)

% error

% error

(simulation and

(simulation

Expt. 1)

and Expt. 2)

1

14.9

8.8

15.6

4.4

43.5

2

26.7

15.3

20.7

22.4

25.9

3

34.4

21.1

24.3

29.2

13.4

We can see that the heat generation predicted by the simulation are always higher than the
heat generation estimated by the temperature increase method in the experiment. Based on our
experiments, an average of 33.6% of the heat generation estimated by the temperature increase
approach during the experiment is actually lost to the surrounding materials through the
experimental setup itself. Most of this losses are accounted for by considering the temperature
increase of the hosting frame, and insulation material around the battery. The heat loss to the
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surrounding material increases with the increase of the applied current. Since, we have tried to
incorporate the effect of the heat losses during the experiment, we observe lesser difference in
total heat generation prediction by the model and the experimental setup at 2C and 3C current
rates than at 1C current rate despite 141% over prediction of the surface temperature increase.
Finally, when we compare the heat generation predicted by the model to the value estimated
by the experiment using the overpotential method, only 4.4% different in the heat generation
estimate at 1C current rate and a 22.4% and 29.2% at 2C and 3C current rate were observed
respectively. This increase in the percentage difference in the heat generation using the model
prediction and the experimental estimation using the overpotential approach may be related to
the instability of the voltage at higher current rates. At higher current rates, though we measure
quick increase in the battery voltage, the full capacity of the battery is never reached because of
the slower chemical reactions occurring inside the battery. Thus, the measured battery voltage
at such high current rates is not stable and we can observe a quick voltage drop in the battery.
This might be the reason for the higher estimation of heat generation at higher current rates using
overpotential method than the model heat generation estimates.
3.6

Conclusion
Electrochemical properties and heat generation characteristics of the lithium-ion battery

along with the heat generation characteristic of the battery were studied. The electrolyte
concentration gradient inside the battery increased with the increase of the current rate.
Similarly, the overpotential increases with the increase of the current rate. The heat generation in
the battery is contributed by the overpotential and the internal resistance of the battery. It was
observed that the internal resistance contributed to 12.4% of the total heat generation. The
simulated temperature increase is 141% and 152.1% higher than the experimental measurement
to accsount for the losses that occurs during the experimental study. The total heat generation
predicted by the simulation on average is 27.6% higher than the heat generation estimation by
the experiments using the temperature increase approach after accounting for the experimental
losses.
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Nomenclature:
Acronyms:
SoC

State of Charge

DoD

Depth of Discharge

OCV

Open Circuit Voltage

Variables
A

Area

a

Specific area

Brugg

Bruggman coefficient

C

Concentration

cp

Specific heat capacity

D

Difffusion coefficient

dx

Node size

F

Faraday’s constant

I

Current

j

Current density

jo

Exchange current density

k

Thermal conductivity

L

Battery thickness

m

Mass

𝑞!   

Heat generation rate due to overpotential

𝑞Ω

Heat generation rate due to contact resistance

𝑞  

Total heat generation rate

R

Universal gas constant

Rint

Internal resistance

Rsp

Radius of the spherical particle

t

Time

t+

0

Transference number

T

Temperature

U

Open circuit potential

x

Length from 0 to a particular point
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α

Charge transfer coefficient

η

Overpotential

ε

Porosity

ρ

Density

Subscript
a

Anode

c

Cathode

e

Electrolyte phase

s

Solid phase

0

Initial value

Superscript
eff

Effective
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Appendix
Solution method:
An example of the solution method followed to develop the MATLAB code in order to solve
the presented model is presented below with the help of an example shown in Fig. A1 and eq
(A1).

Figure A1: Discretized internal nodes.
!"
!"

!! !

(A1)

= 𝛼   !! ! + 𝑠

Where Ψ represents the variable being evaluated and α can be any material property such as
conductivity, density etc. The integral form of the equation is discretized using the finite volume
method is given by:
!

!

𝜕𝛹
  𝑑𝑉  𝑑𝑡   =   
𝜕𝑡
!

!

!
𝜕!𝛹
  𝑑𝑉  𝑑𝑡 +   
𝜕𝑥 !
!

𝑠  𝑑𝑉  𝑑𝑡    

(A2)

The final discretized equation is represented by:
∆!
∆!

∆𝑉 = 𝛼   −

∆!
∆! !

+

∆!
∆! !

(A3)

𝐴! + 𝑠  ∆𝑉

Where subscript ‘W' and ‘E' represents the west and east boundaries respectively. ∆ψ /∆x is
the flux passing through the boundaries and their direction at respective boundaries is shown in
the Fig. A1 with an arrow. Due to their direction of flux transmission with respect to the area of
the boundary, the flux at the west boundary is negative. ∆t is the time step. Ax is the area
perpendicular to the flux given by (∆x·∆y). ∆V is the volume given by (∆x·∆y·∆z). ∆x, ∆y, and ∆z
is the length of the nodes in x, y, and z direction respectively. In our case, ∆y and ∆z are
considered to be 1 since the model is one dimensional. The rate of accumulation of field variable
within the control volume can be represented as:
!!! !  !!!!!   ∆!

(A5)

∆!
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Where superscript ‘n’ represents the value of the variable at current time step and superscript ‘n1’ represents the value of the variable at previous time step. The flux crossing the boundaries is
given by:
𝛼 −

!! !!!!!
∆!

+   

!!!! !!!
∆!

(A6)

𝐴!   

Hence, the final discretized equation using the finite volume method for each cell is
!!! !  !!!!!   ∆!
∆!

=   𝛼 −

!! !!!!!
∆!

+   

!!!! !!!
∆!

(A7)

𝐴! + 𝑠  ∆𝑉  

The value of the variable α might be different for each battery component. Assuming αi and
αi+1 are the values of α at the nodes ‘i’ and ‘i+1’ respectively as shown in Fig. A2, we have to
adjust the value of α at the interface between the two components while discretizing the
governing equation.

Figure A2: Discretized node with different property.
Using flux matching, i.e. the flux passing through the right and left boundary equals each
other, we can evaluate α at the interface, α12 as
𝛼!!!/! =

∆!! !∆!!!!
!
!! ∆!!!! !! ∆!!
! !
!

(A8)

!! !!!!

Where ∆xi and ∆xi+1 are the lengths of the nodes ‘i’ and ‘i+1’ respectively. Hence, the discretized
equation at the interface with non-uniform grid at node 2 to the left of the interface is given by
𝛹!! −    𝛹!!!!   ∆𝑉
𝛹! − 𝛹!!!
𝛹!!! − 𝛹!
=    −𝛼!
+ 2𝛼!!!/!   
∆𝑡
∆𝑥!
∆𝑥! +    ∆𝑥!!!

𝐴! + 𝑠  ∆

(A9)

Hence, the discretized equation at the interface with non-uniform grid at the node 3 to the
right of the interface is given by
!
!!!
!!!!
!  !!!!
  ∆!

∆!

=    −2𝛼!!!/!

!!!! !!!
∆!! !  ∆!!!!

+ 𝛼!!!   

Parameter estimation:
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!!!! !!!!!
∆!!!!"

𝐴! + 𝑠  ∆𝑉

(A10)

The exchange current density for the battery was estimated by equating the overpotential at
1C current rate using experimental calculation with our model result. In the model, the anode and
cathode exchange current density of 0.5 A/m2 and 0.05 A/m2 were determined by an iterative
process to get the total overpotetial in the anode and cathode equal to 2.5V at 1C current rate,
which is the average overpotential value obtained by the experiment at 1C current rate.
Then, in order to find the effective diffusion coefficient for our battery, the electrolytic
concentration gradient obtained by the simulation was matched with ref [23] for the 20s
discharge process using 30A current using an iterative process. The electrolyte concentration in
the battery using different diffusion coefficients are shown in Fig. A3.

Figure A3: Comparison of simulated and reported value of electrolyte concentration using
30A discharge current for 20s.
As seen in Fig. A3, the diffusion coefficient of 9.2×10-7 m2/s best fit with the reported result.
With % difference of less than 0.2% difference at each point between the reported and the
simulated curve shown in Fig. A3.
Model validation:
After finalizing the exchange current density and the diffusion coefficient, several
simulations were run to validate the model using different node numbers to check for grid
independence. In addition to that, the model was also validated by comparing the solutions
obtained using different time steps and tolerance values between two consecutive iterations. Fig.
4 compares the electrolyte concentration along the battery width using various number of nodes.
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Figure A4: Comparison of the electrolyte concentration at 0.8 DoD using 3C current rate
using various number of nodes.
In Fig. A4, the electrolyte concentration with 2691 (dx = 8.26×10-6 m), 13455 (dx = 1.65×106

m), and 26910 (dx = 8.26×10-7 m) nodes in the entire modeling domain are compared. Less

than 0.02% difference was observed between the electrolyte concentration distribution obtained
using 2691 nodes and 26910 nodes. Fig. A5 (a) and (b) compares the electrolyte concentration
along the battery width using different time steps and different tolerance values respectively.

(a)

(b)
Figure A5: Comparison of electrolyte concentration at 0.8 DoD using 3C current rate along
the battery using (a) different time steps (b) using different tolerance values.
The maximum difference of 0.2% was observed between the electrolyte concentration

obtained using various time steps and no difference was obtained in the electrolyte concentration
value using various tolerances other than the longer computation time required to complete the
simulation.
Finally, in order to validate the thermal model, the heat generated obtained using air and
water as the cooling material obtained from eq. (3.24) was compared with the total heat
61

generated obtained using the overpotential and contact resistance value. We can see in Fig. A6
that, the heat generation rate obtained using each method is equal to each other.

Figure A6: Comparison between the heat generation rate obtained using overpotential and
contact resistance with the temperature increase method using air and water as the cooling
material.
As seen is Fig. A6, the heat generation rate by the battery increases linearly with the increase
in current rate. In addition to that, the total heat generated by the overpotential, temperature
increase method with air and temperature increase method with water are all equal to each other.
Thus, proving the validity of the results obtained by solving the thermal model.
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4.

Future work

The experimental and model study presented in this thesis can be further explored. Many
such adaptations have been left for the future work due to the lack of time. Future work concerns
the deeper analysis of battery behavior and new proposals to try different methods, and curiosity
to learn more. The following experiments can be carried out:
•

The experimental study can be conducted for pulsed charging-discharging cycles up to higher
current rates such as 10C in order to study the heat generation characteristic of the battery in
actual driving conditions.

•

The temperature testing can also be further done using other various composite cooling
materials such as Al foam + PCM, and also by incorporating nano-materials to the cooling
material. It can be an interesting study on the thermal management of the battery to further
explore and find other alternative materials for passive cooling.

•

In addition to that, study of the change in the internal resistance of the battery along with the
heat generation characteristics during the charge-discharge cycle can be done. It can provide
better insight on the effect of thermal management on the internal resistance that directly
affects the battery performance and the battery life.
In addition, the simplified model presented in this work can be further modified and

developed to explore larger breadth and depth of lithium ion battery characteristics. Some of the
suggested works include:
•

Modifying the model to simulate the battery characteristic during the charging process. The
charging model, when incorporated into the discharging model presented in this work, can
help us better understand the electrochemical and thermal properties of the battery during a
charge-discharge cycle as conducted in our experimental study. It can also be used for
studying the behavior of a battery pack.

•

Creating a simplified model capable of simulating the battery performance using pulsed
current can be very useful for the study of battery behavior. Such model can be used to
simulate actual driving conditions and understand the real-time electrochemical and thermal
behaviors of batteries.
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