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Abstract: The design of an optimized thermal management system for Li-ion batteries has challenges
because of their stringent operating temperature limit and thermal runaway, which may lead to an
explosion. In this paper, an optimized cooling system is proposed for kW scale Li-ion battery stack.
A comparative study of the existing cooling systems; air cooling and liquid cooling respectively, has
been carried out on three cell stack 70Ah LiFePO4 battery at a high discharging rate of 2C. It has been
found that the liquid cooling is more efficient than air cooling as the peak temperature of the battery
stack gets reduced by 30.62% using air cooling whereas using the liquid cooling method it gets reduced
by 38.40%. The performance of the liquid cooling system can further be improved if the contact area
between the coolant and battery stack is increased. Therefore, in this work, an immersion-based liquid
cooling system has been designed to ensure the maximum heat dissipation. The battery stack having
a peak temperature of 49.76 ◦C at 2C discharging rate is reduced by 44.87% to 27.43 ◦C after using the
immersion-based cooling technique. The proposed thermal management scheme is generalized and
thus can be very useful for scalable Li-ion battery storage applications also.

Keywords: Li-ion battery; thermal behavior; discharge rate; cooling techniques; liquid cooling

1. Introduction

In today’s world of transportation technology, electric vehicles (EVs) have drawn an increasing
demand because of the impending challenges the world is facing due to the heavy exploitation of
existing fuels. The electric vehicles are powered primarily by batteries. Lithium-ion batteries claim to
be one of the most suitable batteries for the EVs because of their high energy density, long cycle life,
modular and low maintenance and eco-friendly features. The reliable operation of these batteries in
EV applications requires an efficient battery management system [1]. So far in many research articles,
it has been found that the surrounding temperature has a high impact on the battery life cycle and
its state of health (SOH). In tropical climates, under contentious conditions, the battery lifetime can
undergo degradation by 66% [2]. In cold climate countries, batteries working under frigid conditions
result in a significant decrement of its state of health (SOH) [3]. Also, under some abnormal charging
and discharging conditions, if a battery undergoes thermal runaway then the heat released can cause a
catastrophic thermal failure [4] leading to a hazardous explosion.

Therefore, it is evident that the battery operating temperature is one of the vital parameters that
determine the life cycle of it. Li-ion batteries, have such stringent operating temperature band to
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ensure reliable performance in the field. Several research works have been done on how to improve
the performance of Li-ion batteries even under high temperatures so that it has stable operation and
reduces the chances of thermal runaway. The main approach is to devise the necessary components
that can control the thermal instability of batteries, also called the battery thermal management system
(BTMS). For Li-ion batteries a BTMS is an essentially required sub-system while being operated under
high surrounding temperatures. The BTMS controls the battery temperature rise to stop the occurrence
of a thermal runaway leading to safe operation and improved cycle life of the battery. Several cooling
techniques [5] that have been proposed over the years such as air cooling, liquid cooling, phase
change of material (PCM) etc. Zolot et al. [6–8] implemented the air cooling technique for NiMH
battery packs of hybrid electric vehicles (HEVs) and estimated the thermal behavior of the battery.
Choi and Kang [9] demonstrated a model controlling the temperature, evaluating the required capacity
of cooling by investigating most of the cooling methods which are in practical use. They analyzed
the variation of temperature of the battery with the application of these various cooling methods.
Pesaran, Kim et al. [10,11] evaluated the benefits and the deficiencies of both liquid and air cooling.
Chacko et al. [12] assessed the merits of indirect cooling using liquid for batteries and derived that this
method has a strong potential to achieve the thermal management system for a battery. Yeow et al. [13]
considered finned cooling and found the use of air to be effective in the removal of heat from fins
concerning liquid cooling. Wu et al. [14] introduced a design that used heat pipes to reduce the
temperature rise.

Of all the above-mentioned cooling techniques, the simplest one is the direct air-cooling method [15].
Air cooling method is based on the fundamental concept of convection to dissipate heat from the battery
cells into its enclosing environment. Often the forced air-cooling system is used in a controlled manner
aiming cooled air into the battery cells. Under the lower rate of charging/discharging, the temperature
rise is low and this will work efficiently. However, an increased rate of charging/discharging results in
a sudden rise in temperature which requires a considerable amount of air to be directed towards the
battery module to abate the enhanced temperature [16,17].

The second most commonly used method for cooling is the liquid cooling method [18], generally
implemented in two ways, direct cooling and indirect cooling method. The indirect cooling method
is the most widely used method where a nonconductive liquid flows through vents which are in
contact with the battery module and absorb the heat from it and release it to the outer environment
through a heat exchanger or a radiator fan. Since it is an indirect method of cooling it works on the
principle of conduction. The other forms of liquid cooling include the direct cooling method where the
coolant is directly placed in contact with the battery. This method requires a coolant that should be
nonconductive in nature and should have a low coefficient of expansion. Because of these stringent
requirements, this method is still in the research stage. There are some other forms of cooling methods
used in some EV models; one of them is the refrigerant based cooling [19] which is a sub-class of the
liquid cooling system. The refrigerant coolant allows for flow precisely through the cell inside the
attached cooling plate. The generated heat is then dissipated through the coolant during its change
of phase. In this method, the loss occurred during the heat exchange is minimized in comparison to
other methods and the process is more dynamic and administrable. Also, the coolant used here has a
lower electrical conductivity which results in a reduced chance of short circuit. Despite more power
consumption, results have shown it to be a promising method. Nevertheless, air cooling, indirect
liquid cooling are the most implemented techniques in the EVs.

A subclass of the liquid cooling method called the immersion-based cooling system is used in
applications where the heat dissipation is the maximum. The efficiency of the cooling technology
should be the maximum as it should remove the maximum amount of heat within a short period of
time. This method has been implemented for cooling of lithium ion batteries [20]. In this method,
the battery is immersed directly inside a liquid coolant where the heat can be dissipated through the
coolant directly. In spite of higher cooling efficiency, this method has not been implemented yet for the
Lithium batteries used in electric vehicles (EVs) as the coolant to be used should not expand with the



Energies 2020, 13, 5695 3 of 21

increase in temperature and should have less electrical conductivity. Some coolants are engineered
with these properties and are in the research stage.

In this paper, a COMSOL Multiphysics based LiFePO4 battery stack has been modeled and the
temperature rise inside the stack has been observed under different discharging rates. Considering the
temperature at a fixed discharging rate, the air cooling and liquid cooling technique have been applied
to the Li-ion battery. Simulation studies are performed under different flow rates of air and liquid
and the variation of temperature under each case is analyzed. An optimized liquid immersion-based
cooling system has also been proposed in this work and the performance of this method is compared
with the conventional liquid cooling methods. To validate the simulated models a practical 4.2 Volts/cell,
three cell 70Ah LiFePO4 battery specifications has been considered in this paper.

Rest of the paper contains the following sections. Section 2 comprises of thermal behavior study
and analysis. Section 3 shows thermal management techniques. Different modeling aspects have been
shown in Section 4. Section 5 describes the result and discussion. Section 6 introduces the proposed
modified liquid cooling technique. Section 7 describes the performance of the proposed thermal
management technique. Finally, Section 8 includes the conclusion of the paper.

2. Thermal Behavior Study and Analysis

The efficiency of a battery is decided by the operating temperature and the charging and discharging
rate. The life cycle of a battery improves if it operates under the desired working temperature. However,
if, the temperature exceeds it may trigger spontaneous reactions inside the cells which will result in
thermal runaway. The main cause of rising in temperature of a battery is its charging and discharging
rate. Under high charging/discharging rate an increased inflow and outflow of current occurs resulting
in high power dissipation causing a temperature rise. The first modeling of a battery to determine the
thermal behavior was done by Bernardi et al. [21]. The heat generated in a battery has been modeled
as a function of both reversible and irreversible heat [22,23]

Qtot = Qirr + Qrev, (1)

Qirr = RintI2, (2)

Qrev = −IT
(
∂Eeq/∂T

)
(3)

where Qtot is the rate of heat generated in the battery; Qirr and Qrev are the irreversible heat generated
and the reversible heat generated respectively; Rint is the resistance of the battery; I current flowing;
Eeq is the electromotive force at a certain state of charge under equilibrium.

2.1. Case Study for Temperature Rise under Different Discharge Rates

To analyze the thermal behavior of a battery and the effect of the rate of charging/discharging a
Li-ion battery cell of 70 Ah having dimensions 127 mm width, 229 mm length, and 45 mm thick has
been considered as shown Figure 1.

All the required modeling and simulations have been performed using COMSOL Multiphysics
environment. Various modeling aspects of the Li-ion battery and the cooling methods have been
performed under a high discharging rate and results are obtained.

Figure 2 shows the discharge curve for the battery at different C rates at an ambient temperature
of 25 ◦C. The battery cell is generally used for realizing the EV battery packs having an energy density
of 130.5 Wh/kg. Anode material of the battery is of graphite whereas LiFePO4 as the cathode material.
In this paper, for estimation of the heat produced inside the battery pack comprising of three cells
to form a rectangular (prismatic) shape stack. A T-type thermocouple has been integrated over the
battery surface to observe the temperature.
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Figure 1. Cross sectional view of a 4.2 Volts/cell, three cell, 70 Ah LiFePO4 battery stack.

Figure 2. Discharge characteristics of LiFePO4 battery at different ‘C’ rates.

Figure 3a shows the battery voltage profile at 2C discharge rate. Figure 3b shows the temperature
rise in the battery stack under different discharging rates. Under 2C discharge rate, the battery
temperature reaches to a maximum value of 49.76 ◦C and this could lead to a thermal shutdown of the
battery by the protection circuit. Similarly, under 1C discharge rate temperature rises to 44.87 ◦C and
under 0.5C maximum temperature value is found to be 34.58 ◦C. In this work, the battery thermal
management has been done considering the battery voltage characteristic and the temperature rise
under 2C discharge rate. At higher discharge rate the Li-ion battery temperature rapidly increases
which can cause damage to battery health and hence it needs to be controlled.
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Figure 3. Temperature and voltage characteristics of the Li-ion battery: (a) Battery voltage during
discharging at 2C rate; (b) Battery temperature rise during discharging at three different rates.

2.2. Thermal Runaway

The primary requirement of a thermal management system is to ensure the safe operation of
a battery under dynamic working conditions. Different factors such as the cell composition [24,25],
working conditions, initial conditions [26–29], overloading conditions etc., affect the safety of a battery.
When Li-ion batteries are functioning under such extreme conditions it results in several internal
chemical reactions and produces a high amount of heat in a short time causing thermal runaway [30].
This discharge of excessive amounts of heat and gases results in battery fire and explosion [31].
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Generally, such conditions occur because of the detachment of cells from each other inside the battery
pack [32], and in certain conditions, short-circuit occurs in a battery because of overcharging [33].

In Ref. [34] it has been analyzed that in cold climatic conditions because of excess low temperature
the battery can freeze and a decline in its capacity whereas in hot and humid conditions the chemical
components responsible for reactions get damaged. Hence, for safer use of the battery, the causes
and effects of a thermal runaway have to be mitigated. To improve the thermal performance of a cell,
different parts of the cell are applied with layers of various materials [35,36]. These techniques can
be used at the cell level but a large number of cells in use will release an excessive amount of heat
and diffusion of the heat through the cells can cause thermal runaway [37]. Therefore, to restrict the
temperature rise inside the battery pack and dissipation of heat some thermal management systems
are implemented [31,38]. Figure 4 shows the temperature distribution inside a LiFePO4 battery cell.
The temperature appears to be the maximum at the core of the battery cell and confined within a
small space leading to an internal short circuit. This phenomenon occurs because of high current
densities forming when the two electrodes of the battery come in contact with each other. When
the current density increases faster at a confined space the temperature also increases which can
trigger spontaneous exothermic reactions thus causing a breakdown of the electrolyte leading to
thermal runaway.

Figure 4. Internal short-circuit in LiFePO4 battery resulting in thermal runaway.

3. Thermal Management Techniques

Different cooling techniques have been studied in various research papers such as air cooling,
liquid cooling, PCM, heat pipe cooling, etc. Each of these methods has its own merits and shortcomings.
If the performance of all these methods is considered, the liquid cooling method shows the immense
capability of controlling temperature. This section analyses the various advantages and disadvantages
of these cooling techniques.

3.1. Air Cooling

The air-cooling method is classified into two types forced and natural. The heat dissipates
through the convection type of heat transfer. The design of an air-cooling system is much simpler
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as Al-Hallaj [39] correlated the forced cookie method with the PCM and analyzed that at the low
surrounding temperature it has the same impact as that of PCM. In [40] two types of cooling models
were implemented i.e., the serial and the parallel structure. Most of the models implemented are based
on these two types of structures. In pouch batteries, silica plates [41] are used for cooling as the small
structure of the battery restricts any cooling channel. As derived from Newton’s cooling law three
types of heat transfer can take place: (i) rising the transfer of heat through convection (ii) expanding
the surface area so that maximum heat will be dissipated (iii) maintaining a maximum temperature
difference among the battery and the coolant.

ϕ = hA∆T, (4)

h = Heat transfer coefficient (W/m2K) A = Heat transfer area (mm2).
By increasing the airflow rate, the performance of air cooling improves and it reduces the internal

temperature but the uniformity of temperature is not maintained [42,43]. From the above analysis, it is
found that regardless of less complexity and low-cost batteries working under higher charging and
discharging rates, this technique can control temperature up to some extent [39]. The other methods of
cooling may be more efficient such as liquid cooling and PCM.

3.2. Liquid Cooling

In comparison to air cooling techniques, liquid cooling can be more efficient in reducing
temperature [44]. Liquid cooling can produce much better results when applying for cooling large
areas [5]. The performance of Li-ion batteries has been analyzed under different loads and the ability
of different coolants while keeping the ambient conditions for battery constant in [45]. Various types of
systems are built where a cooling plate is placed between two batteries such that the cooling could
be applied indirectly [46,47]. In Ref. [48] a liquid-based cooling model that contains a small-sized
channel has been used and it has been found that the temperature is very well maintained below 40 ◦C.
Another type of model having small-sized channel tubes has been considered in [49] where the battery
cell thermal performance is analyzed under varying flow rates and rate of discharge. In [50] a fluid
hydrofluoroether which is dielectric in nature has been tested for battery thermal management.

Another liquid-based cooling system [51] having a U-shaped channel has been investigated to
study the battery performance and consequence of cooling on it. Also, the thermal performance for a
battery stack has been studied with varying discharge rates, and heat flow between the battery cells is
analyzed in [52]. Zhao [53] in his research improvised two constraints of the design i.e., reducing the
flow path by expanding the flow channels and raising the contact area among the channel and the
battery. Rao [54] also analyzed a short-channel plate for cooling and found that overall temperature
first increased but with the increase in the flow rate of liquid the maximum temperature started
decreasing. But with this technique, another problem arose which is the increased rate of coolant led
to increased consumption of energy by the pump. Indirect cooling methods can be implemented by
using coolants such as Gallium [55]. Hence, it can be concluded that the liquid cooling technique has a
strong potential of providing an efficient cooling system.

3.3. Refrigerant Cooling

Refrigerant based cooling systems are a subclass of the liquid cooling system but components
design and operations are complicated [56]. With the implementation of this method batteries’ thermal
performance has been improved significantly. This method simply extends the existing air-conditioning
system used for maintaining the temperature inside the cabin by assimilating with the battery cooling
unit. [57] Kruger et al. were the first to employ a refrigerant-based cooling system into a battery and
investigated the utilization of energy under aggressive conditions and found that the refrigerants can
maintain the temperature well below 40 ◦C. Another study [58] where the allocation of the refrigerant is
recomposed for an air conditioning system but under increased loads resulted in increased demand for
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cooling and under varying loads the evaporators are forced to operate. So, from different studies of this
cooling method, the results seem to be encouraging despite more power consumption by the system.

3.4. Phase Change Material

This method has a stronger control for the temperature. The distribution of temperature is
more uniform throughout the battery and it can restrict the impact if a thermal runaway occurs to
the adjacent batteries [59]. To reduce the thermal conductivity, some research considered to amend
paraffin with other components such as the composition with nanoparticles [60], Carbon fiber [61],
and copper mesh [62]. If the latent enthalpy is larger for the PCM then it is best suited for higher
working temperature batteries. Although PCM exhibits uniformity in temperature distribution, if the
coolant is at a distance it is unable to dissipate temperature from batteries.

4. Modeling Aspects

In this work, mainly two types of cooling techniques have been simulated using a practical
LiFePO4 battery specification. Then the performance of these methods is evaluated based on how
efficiently the temperature is controlled under different air and liquid flow rates.

4.1. Air Cooling

The airflow model for cooling Li-ion battery has been shown in Figure 5. The battery module consists
of three cells and in between the cells two coolant passages having dimensions of 3 mm× 127 mm× 229 mm
are formed to diffuse the heat produced by the battery cells. Dimensions of the complete battery module
are 229 mm in length, 127 mm in width and 141 mm thick. Here, the coolant passages have been
designed considering the dimensions of the battery module. The direction of air flow [63] between
the batteries has been shown in the model. Through the inlet, air enters and then flows vertically
in between the battery cells thus absorbing the heat from cells and exits through the outlet passage.
In both the passages only the inlet and outlet sides are open and other two sides are closed such that air
will be directed to flow through the cells. Since, the heat capacity of air is very low the model has been
designed in such a way that at a particular instant of time the maximum air will enter through the inlet
passage. Radiator fans have been used to generate a large volume of air. It can be seen in Figure 5,
that the air flows from the lower portion of the battery stack across its walls to the top the lower
part of the battery first comes in contact with the cooler air, therefore, temperature at the lower edge
reduces faster than the other parts of the battery. Therefore, the battery gets cooled with a nonuniform
distribution of temperature from down to top.

Figure 5. Schematic of the air-cooling system for Li-ion battery stack.
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4.2. Liquid Cooling

In indirect liquid cooling for varying flow rates of the coolant, the temperature variation of the
battery pack has been analyzed. Coolant flows through channels of U-shape, which has been cut out
from an Aluminum sheet of 100 mm × 100 mm × 5 mm dimensions. Since the geometry of battery
cells has been considered here in a stacked shape, the Aluminum sheet is arranged in between the
battery cells of 100 mm × 100 mm × 15 mm with a cooling fin and two flow connector channels both in
the inlet and outlet side of cooling fins. The coolant used in this method is water [64]. The coolant is
pumped into the channels by a coolant pump from the inlet side and released through the outlet side.
It is then passed through a radiator fan assembly which cools down the water and again pumped into
the fins by the pump. The varying charging/discharging rates produce heat in the battery pack as here
a charge/discharge rate of 2C has been considered. Therefore, the heat produced is released from the
battery stack through the coolant flowing through the channels.

Since, the coolant enters through the inlet side of the battery stack, the lower part of the stack
closer to the inlet side starts cooling first. As, the coolant moves through the channels absorbing heat
the other parts of the battery cools at a slower rate than the inlet side. Therefore, the channels are
placed inside the battery stack in such a way that the contact between these channels and the battery
surface is maximum as shown in Figure 6c. The temperature in this case also reduces non-uniformly
from the left inlet side of the battery to the outlet side.

Figure 6. Cont.
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Figure 6. Liquid cooling setup: (a) Schematic of the liquid cooling arrangement for Li-ion battery stack;
(b) The geometry of the battery model with inlet and outlet connector channel; (c) coolant flow channels
inside battery stack.

5. Results and Discussions

5.1. Air Cooling

Since the coolant passages are responsible for the flow of air, an optimal design is built such that
there would be a uniform distribution of airflow across the battery surface. Simulation of the battery
has been performed under different flow rates where the velocity of the air is within the range of 0 m/s
to 10 m/s and a constant 2C discharge rate is considered. The battery has been simulated for three cases
when air flow rate of V = 0 m/s i.e., the uncontrolled temperature and when V = 4 m/s and 10 m/s.
The maximum temperature of the battery without any cooling is found to be around 49.76 ◦C from
Figures 3b and 7a shows the battery module under this condition. After the liquid cooling system is
applied, when the air flows at V = 4 m/s, the temperature of the battery drops from 49.76 ◦C to 43.36 ◦C
which is represented in Figure 7b. As the velocity is increased to V = 10 m/s maximum temperature
drops to 34.52 ◦C which is shown in Figure 7c. Therefore, after the cooling system is applied to the
battery the maximum temperature is reduced by 30.62% from 49.76 ◦C to 34.52 ◦C under different air
flow rates. The simulations are performed for a single cycle.

Simulations show that as the flow rate of air increases the battery temperature decreases but with
the rise in temperature, a larger volume of air is required to cool down the battery and the battery
surface should be exposed to air uniformly such that maximum heat can be dissipated. As the forced
cooling technique is used with increasing velocity of air, the power consumption of the system also
increases, making it less efficient.
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Figure 7. Cont.
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Figure 7. Comparison among the temperature variation inside the Li-ion battery stack under different
airflow rates: (a) Temperature distribution inside the LiFePO4 battery stack without air flow cooling;
(b) Temperature distribution inside the LiFePO4 battery stack at air flow of V = 4 m/s; (c) Temperature
distribution inside the LiFePO4 battery stack at Air flow of V = 10 m/s; (d) Temperature curve under
different air flow rate.
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5.2. Liquid Cooling

Since water has been considered here as the coolant, all the properties of the fluid are estimated
by the inlet temperature. The thermal performance of the battery is mainly affected by the flow rate of
the coolant. To observe the temperature variation of the battery simulations has been performed under
different flow rates. The velocity of the fluid is within the range of 0 m/s to 1 m/s and a constant 2C
discharge rate is considered. The battery has been simulated for four different values of coolant flow
rate. The maximum temperature of the battery without any cooling is found to be around 49.76 ◦C
from Figure 3b and represented in Figure 8a respectively. After the cooling system is applied, when
the coolant flows at V = 0.001 m/s the temperature of the battery drops from 49.76 ◦C to 45.36 ◦C which
is shown below in Figure 8b. Similarly, at V = 0.005 m/s maximum temperature is 34.46 ◦C and at
V = 0.01 m/s maximum temperature is around 30.65 ◦C and are shown in Figure 8c,d respectively.
Since the cooling system is applied to the battery, the maximum temperature is reduced from 49.76 ◦C
to 30.65 ◦C under different coolant flow rates.

Simulation results demonstrate that the flow rate of the coolant determines the performance of
the system as the flow rate increases more volume of coolant flows at a given time hence, more heat is
dissipated from the battery and the temperature reduces.

Hence, from the above results, it is evident that the liquid cooling method is more efficient than
air cooling method. The performance can further be improved if the contact area of the coolant with
the battery surface increases. Therefore, an improvised immersion-based cooling system has been
proposed here, where the battery module is immersed in the coolant such that maximum heat is
dissipated within a short period.

Figure 8. Cont.
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Figure 8. Cont.
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Figure 8. Performance of the liquid-cooling system under different coolant flow rates for a single cycle:
(a) Temperature distribution inside the LiFePO4 battery stack without any coolant flow; (b) Temperature
distribution inside the LiFePO4 battery stack under coolant flow rate of V = 0.001 m/s; (c) Temperature
distribution inside the LiFePO4 battery stack under coolant flow rate of V = 0.005 m/s; (d) Temperature
distribution inside the LiFePO4 battery stack under coolant flow rate of V = 0.01 m/s; (e) Temperature
variations under the impact of different liquid flow rates.
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6. Proposed Modified Liquid Cooling Technique- Immersion Based Liquid Cooling

The proposed model is a type of indirect liquid cooling system. In the liquid cooling system, the
coolant was flowing through the channels stacked between the battery cells whereas in this model
instead of using channels, the battery module is directly immersed inside a dielectric coolant such that
the discharge rate of heat from the battery will be faster and more efficient. Below is the figure of our
proposed model.

Figure 9 shows the immersion-based liquid cooling system. In this model, a Li-ion battery module
has been covered by a nonmetallic sheet of medium thickness to avoid direct contact of battery with
the coolant as it may result in short-circuit. The module has been immersed in a container that contains
a coolant having good thermal conductivity. Thermal sensors are attached outside the container as the
coolant absorbs the heat from the battery through the nonmetallic sheet it measures the temperature
of the coolant continuously and when the temperature increases up to a certain threshold degree the
control valve-1 gets initiated and opens. Then the coolant flows into the radiator fan assembly system
where it is cooled by a radiator fan and when it is cooled after a certain time the control valve-2 opens
and then the coolant is pumped back to the container by a coolant pump.

Figure 9. Proposed immersion based liquid cooling method for LiFePO4 battery.

The generated heat is directly dissipated through the liquid coolant by conduction method and
then the heat is transferred to a heat exchanger device. The liquid is further sent to the battery
stack by the pump and the cycle continues until the battery temperature comes under the safe limit.
In comparison to other cooling methods dissipation of heat occurs much faster and uniformly with the
same volumetric flow rate of coolant. The amount of heat to be dissipated from the battery depends
mainly on the thermal conductivity of the coolant, its viscosity and density. Because of having a higher
thermal conductivity, liquid coolants are able to discharge heat more effectively than air. The system
has also lessened intricacy as it does not require any additional heat sink because of the liquid coolant
being in proximity to the battery module. The coolant used here is dielectric in nature which provides
a greater advantage over other types of coolants by providing a safeguard to the battery from thermal
runaway, short-circuits or any hazards and have no safety issues as it is biodegradable [20] and are
safer than other conductive coolant solutions which are rather toxic in nature.
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7. Performance Analysis of Immersion Based Liquid Cooling Technique

In order to analyze the performance of the proposed immersion based liquid cooling technique,
the coolant which has been used in this work is the Ampcool Ac-100, designed by the ‘Engineered
Fluids’ laboratory, ChemFoundry, 4548 Cantina Drive, Tyler, TX 75708, USA. It has a dielectric constant
of 2.3 and much lesser value for the coefficient of thermal expansion ensuring that it won’t expand
under high temperature. Also, this coolant is biodegradable in nature thus eliminating any adverse
environmental issues. Simulation studies done in this work are based on the experimental analysis of
single-phase liquid immersion technology [20]. Figure 10 shows the cooling performance comparison
among the air cooling, liquid cooling and immersion-based cooling methods. The air cooling and
liquid cooling methods have been compared with immersion-based cooling system under the cases
where the coolant is flowing at its maximum applied velocity. At the steady-state, it has been found
that the LiFePO4 battery obtains a temperature of 27.43 ◦C for immersion based liquid cooling whereas
under indirect cooling the temperature comes down to 30.65 ◦C and 34.52 ◦C for air cooling. Thus,
the battery stack temperature difference in steady-state between the immersion based liquid cooling
and the air cooling becomes 7.09 ◦C. The difference between the immersion based liquid cooling and
indirect liquid cooling becomes 3.22 ◦C for the specified LiFePO4 battery.

Figure 10. Temperature rise comparison between the uncontrolled and the liquid immersion
cooling technique.

As in the case of the immersion based liquid cooling, the battery is directly immersed in the
coolant, the heat dissipation capacity is increased and the efficiency of the cooling system gets improved.
Therefore, the immersion based cooling system shows much better performance than both air and
liquid cooling.

8. Conclusions

In this paper, an optimized thermal management scheme is proposed for a kW scale Li-ion
battery stack. The cooling performances of two types of methods; air cooling and liquid cooling have
been analyzed by implementing them on a 70 Ah, three cell stack LiFePO4 battery at high discharge
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rates. Both of these methods have shown promising results but the liquid cooling method possesses
comparatively better performance. The modified cooling method i.e., immersion-based cooling model
has been described. As the battery module is immersed in the coolant maximum heat is dissipated
within a short period. This method will significantly improve the life cycle of the battery for long term
usage. Results have demonstrated that the Li-ion battery pack having the maximum temperature
of 49.76 ◦C at 2C discharging rate has been reduced by 44.87%, to 27.43 ◦C under the impact of the
immersion-based cooling system. The proposed thermal management scheme is a generalized one and
thus can be very useful for the scalable Li-ion battery storage applications also.
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