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Abstract— The most important factor limiting the efficiency of Lithium-ion (Li-ion) batteries is their thermal
performance. Therefore, the analysis of battery thermal management (BTM) of this type of batteries is of a great
interest. This work aims at evaluating the effectiveness of different types of passive and active BTM systems. The
electro-thermal behavior of the battery pack is characterized using 3D finite element method (FEM) modeling. The
heat generation rate of battery cells during utilization is determined, so that the thermal behavior of the battery
pack can be evaluated. The different BTM solutions are evaluated to determine the improvements in the pack
thermal behavior. For further improvements, a new mixture of phase-change materials (PCM) is proposed and
simulated. The mixture contains 75% of hydrogel and 25% of paraftin wax (PW). The results show that the
mixture enables reducing the weight of the BTM material while slightly reducing performance. The end result is
reducing the operating cost of the system especially for acrospace applications due to the reduced weight, which is
the most important factor. In addition, cooling can be enhanced by the wind.
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L. INTRODUCTION

Li-ion battery is a popular type of rechargeable batteries. It has high energy density, low self-
discharge and light weight [1]. It is used in vehicles, laptops, mobile phones, cameras, etc.
Energy density and power density are two key battery parameters. Energy density is defined
as the amount of energy stored in the battery per unit mass, whereas power density is the
amount of power in a given volume. Li-ion batteries provide a compromise between energy
density and power density. In batteries, the chemical energy is converted into electrical
energy. According to the second law of thermodynamics, any conversion between two forms
of energy occurs with an energy loss, which produces battery thermal problems. Therefore,
heat is one of the main factors that affect battery efficiency.

It is proven that the temperature of the battery should not be high enough to cause damage. In
the meantime, if the temperature of the battery is too low, it would adversely affect its
performance. Due to the aforementioned reasons, it is vital to control battery temperature.
Due to the importance of this subject, it has received considerable attention from researchers;
Anderson [2] investigated how temperature can significantly affect performance and
durability of batteries. Ramadass et al. [3] studied the capacity fade of Li-ion cells due to
cycling at different temperatures.

Various types of PCMs have been studied by researchers; Javani et al. [4] conducted Finite
Volume simulations for n-octadecane wax as a PCM for Li-ion cells; the maximum
temperature in the system is decreased by replacing dry foam with PCM-soaked “wet foam”.
The addition of PCM also makes temperature distribution more uniform across the cells. The
BTM of a cylindrical Li-ion battery is investigated by Greco ef al. [S] who used compressed
expanded natural graphite (CENG) as the PCM. The transient thermal behavior is described
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with a simplified 1-D model. The PCM shows superior transient characteristics to force
convection cooling. A BTM system for LiFePO4 battery using expanded graphite matrix as
the PCM is developed by Lin et al. [6]; a 3-D model of the battery is constructed using
ANSYS Fluent®. The PCM cooling significantly reduced temperature during short-time
intense use. An experiment as well as two models (lumped and FEA) were conducted by
Schweitzer et al. [7] who studied the thermal response of a Li-ion battery pack with PCC™ as
the PCM. The results predicted a minimal temperature variation for this PCM.

The thermal behavior of Li-ion batteries was studied experimentally by Rui Zhao et al. [8]
who investigated BTM using different PCMs. They found that the best BTM material is
hydrogel. However, since this material is based on water, it is heavier than other alternatives.
In an attempt to reduce weight while minimizing the effect on performance, this work
proposes a new PCM mixture consisting of 75% hydrogel and 25% paraffin wax. The
performance and weight of the proposed mixture are compared to those of rival methods, as
weight reduction can lead to cost savings.

1I. THEORETICAL BACKGROUND

According to Bernardi [9], battery heat is generated due to two main reasons: irreversible
resistive heating and reversible entropic heat. The irreversible ohmic heat loss occurs from
internal resistances when the current flows during both charge and discharge. The general
equation for the generated heat is [10]:
av,

Q=I?R-1 Td—T" (D
Where QO is the heat generated in the battery; [ is the cell current, which is positive during
discharge and negative during charge; R is the resistance; 7 is the cell temperature; and V, is

L . dav, . .
the cell open circuit voltage. The discharge occurs when />0; and the term d—? is negative. As

a result, the second term on the right-hand side of (1) is positive during discharge. If the
generated heat in the cell is not removed, it will increase the temperature of the cell, which
affects the battery’s life and ability to deliver energy. On the other hand, lower battery
temperatures lead to decreasing power capability. BTM systems use many techniques for heat
dissipation such as: air cooling, liquid cooling, PCMs, heat spreaders and heat sinks. Since the
thermal capacity of air is low, the effectiveness of dissipating heat by air cooling is reduced
[11].

In order to obtain optimum performance and maximize the useful life of a Li-ion battery cell,
the temperature of the cell should be in the range of 20-40 °C. Another critical issue for
battery pack is the difference in the temperatures of the cells, which may lead to variations in
the charge/discharge performance between cells in the same pack, which may result in
electrical imbalance [12]. An effective BTM system must minimize the differences in
temperatures between different battery cells in the same pack. An ideal BTM system should
be able to maintain the desired uniform temperature in a pack by rejecting heat in hot climates
and adding heat in cold climates. BTM system may rely on liquid cooling, which would be
more effective than air cooling because it has a higher heat capacity. However, both of these
systems involve increasing the complexity and weight of the cooling system [13].

In an effort to simplify the cooling system and reduce its weight, latent heat of the coolant is
exploited, converting the heat energy to phase change of the cooling medium. The latent heat
exchanged does not affect the temperature of the medium. One of the PCMs used for cooling
is paraffin wax. Paraffin waxes are cheap with good thermal energy storage density but low
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thermal conductivity. Because of the low thermal conductivity, PCM could be liquid at some
places inside the pack while being mushy or solid at some other places. From the above
discussion, it is noted that BTM systems are divided into two types: active and passive.
Active cooling uses fans or pumps which need external power, while passive cooling
consumes no power [14].

111. CHARACTERISTICS OF COOLING MEDIA

Different materials can be used as cooling media; the most common one is water. It has high
heat capacity, high density and high thermal conductivity, which allow it to transmit heat over
greater distances with much less volumetric flow. Water parameters are shown in Table 1 [15].

TABLE 1
THERMAL CHARACTERISTICS OF WATER
Density, kg/m®> | Thermal Conductivity, W/m C | Specific Heat Capacity, J/kg C
997.4 0.604 4179

Water is normally used for active cooling because of the need for pumps to circulate it.
Pumps need power which is provided by the battery. This will increase the load on the battery;
and affect its performance. Additional heat will be produced as a result. To solve this problem,
water can be used for passive cooling if Sodium polyacrylate (PAAS) is added to it. The
recommended ratio of PAAS to water is 1%. This operation helps to increase water viscosity,
converting it to hydrogel. The hydrogel serves as a passive cooling system or jacket for a
battery. The thermal characteristic of the hydrogel is expressed by (2) and (3):

CPget = €CPpaas + (1 — €)CPu2o ()

Kget = €Kpaas + (1 — €)Kuzo (3)

Where Cpis the specific heat capacity; ¢ is the mass percent of PAAS in water (1%); and K is
the thermal conductivity. The subscript ge/ stands for the hydrogel. Since the PAAS percent
in water is too small, the thermal effect of the PAAS is neglected; and the hydrogel is
considered as water in a passive cooling system. In general, PCMs melt and solidify at a fixed
temperature. Therefore, they are capable of storing and releasing large amounts of energy.
Heat storage in PCM can be achieved through (solid-to-liquid), (solid-to-gas), (liquid-to-gas)
or (solid-to-solid). However, since (solid-to-solid) phase change is the slowest, it is used in
BTM. Solid-to-solid PCMs change their crystalline structure from one lattice configuration to
another at a fixed temperature. Therefore, there are no problems associated with handling
liquids. The temperature range of solid-to-solid PCM solutions spans from 25-180 °C. An
example of PCM is paraffin wax; depending on the Carbon content, the melting point of
paraffin wax can be 10-76 °C [16]. The thermal characteristics of paraffin wax are shown in
Table 2.

TABLE 2
THERMAL CHARACTERISTICS OF PARAFFIN WAX
Density, kg/m®> | Thermal Conductivity, W/m C | Specific Heat Capacity, J/kg C
900 0.25 2500

Air is considered one of the main methods for BTM, whether as a passive system such as
ambient air, or as an active system such as the air forced by a fan. The difference between air
passive cooling and air active cooling is the convective heat transfer coefficient (4). In this
work, both cases are considered; in the active case, the fan has a diameter of 8 cm at one side
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of the battery pack with a distance of 5 cm. The rotation speed of the fan is 1500 rpm. The
thermal characteristics of air for the two cases are shown in Table 3.

TABLE 3
THERMAL CHARACTERISTICS OF AIR
Parameter/System Density, CO?(;ZT:;:L Specific Heat Convection Heat Transfer
¥ kg/m® ¥ Capacity, J/kg C Coefficient, W/m? C
W/mC
Passive 1.1614 0.026 1007 1.25
Active 1.1614 0.026 1007 2.5
IV. MODELING OF BATTERY PACKS

Thermal behavior of Li-ion batteries was studied experimentally by Zhao et al. [8] who
investigated BTM using different methods and materials. They used two types of battery
packs: five cells and two cells. The characteristics of the packs differ in operating voltage,
capacity, current, size and spacing between cells as shown in Table 4. In this work, FEM is
used to build models for the two types of battery packs using ANSYS®. The FEM models
shown in Fig. 1 and Fig. 2 are based on data obtained from Zhao et al. [8]. These models are
validated by comparing the simulation results with experimental data obtained from the same
reference. The models are used to calculate internal heat generation for each cell. The heat
amounts depend on the characteristics of the batteries.

TABLE 4
BATTERY PACKS CHARACTERISTICS

Battery/Property

5-Cells Pack

2-Cells Pack

Pack operating voltage

3.0-4.2V/Cell
(15 - 21 V/ pack)

3.0-4.2V/Cell
(6 — 8.4 V/ pack)

Pack capacity 8000 mAh 1300 mAh
Cell size 0.9x 4.5 % 17.5 cm’ 0.4 x2.5x7cm’
Spacing between cells 0.45 cm 0.2 cm

0.025
Fig. 1. FEM model for 5-ce
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Fig. 2. FEM model for 2-cells battery pack

A) Air Cooling Simulation

Air cooling simulation is made in two stages: passive and active. Passive simulation involves
ambient static air surrounding the battery, where transient thermal analysis is conducted so as
to determine the air convection heat transfer. The results are shown for the 5-cells pack in Fig.
4. Active air simulation is conducted, where air is driven by a fan. Therefore, the convective
heat transfer coefficient will be higher than the passive case because it depends on air velocity.
The comparison of simulation results with the experimental data [8] is shown in Fig. 3, which
shows the average cell temperature as a function of time. The two curves in Fig. 3 show that
the simulation results agree very well with the experimental data [8].
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Fig. 3. Comparison of active air simulation and experimental data for 2-cells pack

B) Paraffin Wax Simulation
Paraffin wax is a PCM which is considered a passive cooling system. The average cell
temperature as a function of time for the 5-cells pack is shown in Fig. 4.

C) Hydrogel Simulation
In this case, because the PAAS quantity in water is very small (1%), hydrogel is considered to
behave thermally like water. The average cell temperature as a function of time for the 5-cells
pack is shown in Fig. 4.

V. ASSESSMENT OF BTM METHODS

In this section, the obtained results for different BTM systems are evaluated. The results are
plotted in Fig. 4 for the 5-cells packs. The curves show the detailed temperature vs. time
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profiles for the packs. Heat dissipation capacities of the BTM systems are evaluated based on
the temperature rise of the packs. In the figure, the four BTM strategies are plotted together. It
is observed in the figure that hydrogel performs much better than other BTM systems in
suppressing the temperature rise. It is worth mentioning that these simulation results agree
very well with the experimental data obtained by Zhao et al. [8].
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Fig. 4. Comparison of BTM methods for 5-cells pack

VI PERFORMANCE-WEIGHT TRADE FOR BTM SYSTEM

In this work, a new BTM system is proposed. The proposed system is designed by mixing
paraffin wax with hydrogel, where paraffin wax particles are suspended within the hydrogel.
Different ratios were investigated in order to find the ratio that has the highest thermal effect
on the battery pack and the lowest weight. Thermal characteristics of the proposed mixture
are obtained from (4), (5) and (6).

Pmix = APgel +(1- a)pPW “4)
CPmix = angel + (1 — a)Cppw (5
Knix = angl +(1- a)KPW (6)

Where p is the density; a is the hydrogel ratio; C, is the specific heat capacity; and K is the
thermal conductivity. The subscript "mix" stands for the paraffin wax-hydrogel mixture; and
the subscript "PW" stands for "paraffin wax". Three different ratios were investigated. The
thermal characteristics of these ratios are presented in Table 5.

TABLE 5
CHARACTERISTICS OF THE PROPOSED BTM SYSTEM
Composition/ 75% gel + 50% gel + 25% gel +
Property 25% PW 50% PW 75% PW
Density, kg/m® 973.1 948.7 924.4
Thermal Conductivity, W/m °C 0.516 0.427 0.339
Specific Heat Capacity, J/kg °C 3759 3340 2920

The three mixtures were simulated on the 5-cells and the 2-cells packs. Temperature
distributions corresponding to the (75% Hyd + 25% PW) mixture for the 5-cells and the 2-
cells packs are shown in Fig. 5 and Fig. 6, respectively. For comparison purposes, the average
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cell temperature as a function of time for each of the three mixtures is plotted in Fig. 7 for the
5-cells pack.
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Fig. 5. (75% gel + 25% PW) effect on 5-cells pack
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Fig. 6. (75% gel + 25% PW) effect on 2-cells pack
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Fig. 7. The three mixtures effects on average cell temperature for 5-cells pack

It is noted in Fig. 7 that the best proposed mixture is the (75% gel + 25% PW). However, this
mixture must be compared to the previous results presented in Fig. 4, which showed that
hydrogel was the best option. The proposed mixture is compared to hydrogel for 5-cells pack
in Fig. 8. In the figure, it is noted that hydrogel is slightly better than the proposed mixture.
However, the difference between them is always less than 0.7 °C. On the other hand, hydrogel
is heavier than paraffin wax. Using (4) to calculate the density of the mixture yields the data
presented in Table 6. The size of BTM material is calculated using Table 4. After calculating
the weights of the alternative BTM materials, weight savings are shown in Table 6.
Considering the proposed mixture, weight reduction is 3%, while performance loss is 2%.
This amount of weight reduction is greater than performance loss.
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Fig. 8. Proposed mix versus hydrogel for 5-cells pack

TABLE 6
ANALYSIS OF BTM MEDIA FOR 5-CELLS PACK
. | Density, | Volume, . Weight Weight Performance | Performance
Property/Material kg/ m’ cm?® Weight, g Reduction, g | Reduction, % | Loss, °C Loss, %
Paraffin wax 900 496 447 48.3 11 1.5
Proposed mix 973.05 496 483 12.1 3 0.7 2

VII. CONCLUSIONS

The electro-thermal behavior of the battery packs is characterized using 3D FEM modeling.
The heat generation rate of the battery cells during utilization is determined; and the thermal
behavior of the battery packs is evaluated. The different BTM solutions were simulated in a
comparative study to determine the improvements in the pack thermal behavior. In an effort
to reduce the operating cost while maintaining the same level of performance, a new mixture
of PCMs is proposed and simulated. The mixture consists of 75% of hydrogel and 25% of
paraffin wax. The effectiveness of the mixture in heat dissipation was simulated. The results
show that the mixture enabled reducing the weight of the BTM material by 12.1 g, which
corresponds to 3%, while slightly reducing performance by 0.7 °C, which corresponds to 2%.
The amount of weight reduction is greater than the corresponding performance loss.
Therefore, this is one positive point for the proposed mixture. Weight reduction will be
reflected on reducing the operating costs of the system, especially in applications where
weight is critical such as in aviation. In the meantime, for paraffin wax, performance loss is
5%, which may be unacceptable for some applications, while weight reduction is 11%, which
is higher than the proposed mixture. However, the heat conductivity of the paraffin wax is
low, which may cause electrical imbalance, whereas the heat conductivity of the proposed
mixture is higher, enabling better electrical balance. Further research is needed to optimize
BTM materials in terms of cooling efficiency, cooling uniformity and weight, simultaneously.
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