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ABSTRACT 
 

 

The future of mobility is electric. And the heart of electric vehicles is the battery pack, which powers the 

vehicle. It is the equivalent of the I.C. Engine in a conventional vehicle. As the need for improvements and 

innovation in the battery packs is increasing, so is the need for designing an efficient cooling system for optimal 

performance of the batteries. As electric vehicles are predominantly run on Lithium-Ion cells, we have studied 

the various cooling techniques for Lithium-Ion battery packs in detail. As fast charging and high power output 

batteries are gaining momentum in the EV market, it is extremely important that engineers address the need 

for an efficient cooling system. In this study, we have researched in detail on the various cooling technologies 

and have come up with a new and innovative technology combing two of the most efficient cooling methods - 

Liquid Cooling and Heat Pipe Cooling, combining them for cooling the next generation battery module made 

of the Tesla 4680 cells. The designing of the battery pack and the cooling system has been done in Creo 

designing software. 
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LIST OF NOTATIONS USED 
 

 

 

EV - Electric Vehicle 

BTMS – Battery Thermal Management System 

PCM – Phase Change Material 

MTD – Maximum Temperature Difference 

TEC – Thermo Electric Cooling 

C-Rate – Charge Rate 

CFD – Computational Fluid Dynamics 

LiB – Lithium-Ion Battery 

T -  Temperature [°C] 

t - Time [s] 

k - Thermal Conductivity [W/m°C] 

I - Discharge/ Charge Current [A] 

V - Voltage [V] 

V - velocity [m/s] 

ρ - Density [kg/m3] 
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INTRODUCTION 

 

Objective of the Research Paper  

 

The need for this study has risen as the use of electric vehicles is going to increase manifold in the coming 

time. The global EV market is growing at a rate of 23.1 % [1]. As Electric Vehicles will be used extensively, 

so will we need to address the various challenges associated with their performance. In regard to this, the 

battery performance of the Electric Vehicle is the most vital factor to be taken into consideration. As the need 

for shorter charging times and subsequently, fast charging of the battery pack becomes more apparent, 

managing the thermal system in the battery will become extremely important. 

In this study, we have taken into consideration the most widely used battery type of Lithium Ion battery 

chemistry. As the battery pack is charged to increase the driving range of the Electric Vehicle, the cells in the 

battery pack heat up due to the chemical effects of the reaction taking place within the battery and because of 

the internal resistance of the cells. 

The cell chemistry performs at the optimum level in a temperature range of 15-35°C. With increasing heat 

during the charging process, there arises a need to quickly cool down the temperature of the cells of the battery 

pack within the optimum temperature range. To reduce the temperature of the cells to bring it to optimum 

working condition is the major challenge from the perspective of a Thermal Engineer. 

If the temperature remains high, the battery will not perform to its optimum level, can even lead to a condition 

called Thermal Runaway and in worst case scenario, it can lead to an explosion because of the Anode and 

Cathode coming in contact with each other [2]. For the longevity of battery life and for the immediate safety 

of the passengers, it is extremely important that the battery temperature should remain within the normal 

working range. Of the various ways in which cooling is done in batteries with the aid of a Battery Thermal 

Management System (BTMS), this study has been done with a special focus on Liquid Cooling and Heat Pipe 

cooling to Enhance the Cooling and reduce the time required to attain the working temperature of the battery. 

The objective of this research is to study the cooling methods and to bring out the most efficient way of cooling 

the cells in TESLA 4680 cells to enable optimum battery performance. In this pursuit, we have designed a new 

and innovative cooling system combing the Liquid Cooling and Heat Pipe Cooling systems to enhance the 

cooling and reduce the time required for bringing the battery temperature in the optimum working range. The 

design has been done using CREO. 
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The Need for EV Battery Thermal Management System (BTMS) 

 

When converting potential energy into kinetic energy, there is an energy loss in the form of heat. This means 

that in any type of engine, there will be heat generated; heat, or too much heat, causes the battery’s performance 

to degrade, and may even cause the machine to break. 

One common example of this is in the internal combustion engine in which if the engine gets too hot, part of 

the cylinder will melt and fuse in place. If this cylinder gets stuck in one place while the others keep moving, 

the rod that it’s connected to will break—this leads to a condition known as “throwing a rod”. 

These problems can arise in other engine types as well. In electric cars, discharging as well as charging the 

battery generates heat; the more rapidly a battery is discharged, the higher the power output and the more heat 

it generates. Batteries work on the principle of a voltage differential, and at high temperatures, the electrons 

inside become excited which reduces the difference in voltage between the two electrodes of the battery. 

Overheating is one of the major causes that accelerates battery degradation rate in electric vehicles. Heat 

generation makes the battery work hard and causes its performance to deteriorate with time. Also, the direct 

current (DC) fast charging and rapid charging of battery are detrimental to the battery health because the 

accelerated currents cause higher temperatures. This high temperature in turn causes the battery fluid 

evaporation and damage to the internal structure of the battery, which cannot be overturned after a period of 

time. At optimal temperatures, discharge power availability, charge acceptance during regenerative braking, 

and battery health are at the best. The battery life, the drivability, and fuel economy degrade as the temperature 

increases. Considering the overall thermal effect of the battery, a battery cooling system is of great importance 

in the battery pack of an electric vehicle. 

To balance the power output and the temperature, Battery Thermal Management Systems, popularly called 

BTMS are an essential part of any electric vehicle. The Battery Thermal Management System is a highly 

researched topic and there isn’t any universal system in place in the global market. For instance TESLA’s 

“skateboard” battery pack uses a liquid cooling system, whereas the Nissan Leaf’s battery pack is air cooled. 

[4] The battery pack shape and size are chosen according to the selection of the cooling system, as the battery’s 

functionality depends on the effective cooling of the battery system. Most of the car manufacturers like Ford, 

BMW, Chevy and Jaguar are opting for the liquid cooling systems for their Lithium-Ion battery packs. 

Traditional liquid coolants can be used in these vehicles.  

The battery is emerging as the most prominent energy storage device, both in consumer electronics as well as 

in electric mobility. In fact, all the major Original Equipment Manufacturers (or OEMs) are moving towards 

aggressively electrifying their fleets, adding Electric and Hybrid Electric Vehicles to their car models. Some 
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are even promising to go fully electric in the coming years. As a result, many engineers who have traditionally 

worked on Internal Combustion Engine vehicles are opting to work on electric mobility. And the backbone of 

this battery market in electric vehicles is the Lithium-Ion battery.  

Thermal Management is essential for battery performance and its service life. While deciding how to package 

and integrate a battery pack into a vehicle, the most important consideration that should come to any engineer’s 

mind in its thermal management system. Batteries need to maintain a temperature that is in the right range for 

their best performance, reliability and safety that is desired by the OEMs. Poor thermal management has 

multiple effects- it affects the battery charging and discharging power, service life, capacity, cell balancing and 

fast charging capability of the battery pack. [5] The proper cooling strategy ensures a uniform temperature 

distribution and eliminates potential hazards from un-regulated battery temperatures. Moreover, it is not an 

easy task to balance the thermal management design trade-offs when OEMs need solutions that are light-

weight, compact, reliable, low cost and easily serviceable. 

1.4: Battery Cooling Methods 

In order to prevent the hazards of prolonged heating and overheating of the cells, it is important that the 

Battery Temperature is maintained in the working range. Charlotte Roe, Xuning Feng et al. [6] have 

compiled the ways in which cooling is done is Electric Vehicle Battery.

 
Fig.1.1 Different Thermal Management Systems [6] 

The methods used in cooling the battery pack are -  

1. Air cooling  

2. Liquid cooling 

3. Direct Refrigerant cooling 

4. Phase Change Material cooling 

5. Thermoelectric cooling 

6. Heat pipe cooling 

 

http://www.ijcrt.org/


www.ijcspub.org                                             © 2023 IJCSPUB | Volume 13, Issue 1 January 2023 | ISSN: 2250-1770 

IJCSP23A1089 International Journal of Current Science (IJCSPUB) www.ijcspub.org 704 
 

 

The passive cooling system in the most straight forward approach to battery cooling. It makes use of conduction 

through mounts and brackets, as well as natural air convection in the pack, to transfer the heat generated within 

the cells with no additional hardware needed for increasing the heat transfer. Passive Cooling is cost-effective 

and energy efficient [7] as it requires no additional energy from the car. Even though it is an important cooling 

method seen in today’s vehicles, it is not capable of maintaining the temperature of the battery pack within its 

normal working range for high-performance applications and long-distance driving with multiple fast charges. 

But the usage of this method is reducing because manufacturers seek thermal management strategies that keep 

warranty claims to as low as possible and extend usability. 

Active Air-Cooling strategy uses fans with forced air passed over the batteries to remove the heat. This strategy 

extends the lifetime of the battery pack as compared to passive air cooling as it keeps the batteries at a more 

stable working temperature. This method of cooling is also cheaper and lighter than the liquid cooling method 

and is more manageable to design as it does not have to interface with other cooling networks in a vehicle. 

Moreover, it can be a challenge to develop battery packaging and mounting for the air flow. The bracing and 

mounting can get in the way of the airflow, and it can be a challenge to distribute the airflow to maintain a 

uniform temperature. Using modelling techniques such as Computational Fluid Dynamics (CFD) or fluid nodal 

networks can help engineers to solve such problems, but they can be tricky at times to overcome due to the 

given size and weight restrictions in designing a practical vehicle. However, even though air cooling is better 

than passive cooling at maintaining optimum temperatures, the best way to keep the temperature within a 

battery pack uniform in liquid cooling. 

Liquid cooling is the most used and most effective way to remove heat from the cells in a battery pack in an 

electric vehicle. It is better than active air cooling in keeping the pack within optimal working temperatures. 

Designing a system that keeps all the cells uniformly cool leads to better battery performance and lifetime. 

This type of cooling system also allows the battery pack to be operated at higher peak power loads as it 

dissipates more heat than other cooling methods. There are three main approaches to liquid cooling – serpentine 

ribbon-shaped cooling tubes around the cells, cooling plates with cooling channels inside them, and immersive 

or direct liquid cooling. The cooling tube method is the most effective at maintaining uniform temperatures 

throughout the battery pack but it is more challenging to manufacture and can result in high pressure drops. 

On the other hand, the cooling plate approach is reasonably simple to apply but this can lead to large 

temperature gradients across individual batteries. The immersive or direct liquid cooling method may come 

out as the most effective approach but is relatively new and requires more expensive dielectric coolants instead 

of conventional cooling fluids. This method also presents dangers for safety of the vehicle because of the direct 

contact of the cells with the coolant liquid. However, it can be much more challenge to design a system with 

liquid cooling as it has to be integrated with other electrical and fluid systems of the vehicle. The potential of 

a fluid leak should also be considered as it can lead to an electrical short. Liquid cooling systems are generally 

heavier, expensive and more complicated to repair. However, the trade-offs are worth it as liquid cooling 
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provides extended lifetime and higher performance for batteries as compared to air cooled and passive cooled 

packs of the same size. 

Despite the many benefits and drawbacks of every cooling method, one of them is generally the best for a 

given vehicle design and customer use. Battery lifetime and performance are significant indicators of success 

for car owners, so regardless of any particular vehicle model and customer usage pattern, the right thermal 

management strategy will always be important for success. 

 

 

LITERATURE REVIEW 

As the global interest in Electric Vehicles is growing at a fast pace; so is the research conducted on cooling 

methods of the battery packs in electric vehicles. During charging the cells in the battery pack, the cell 

temperature can rise up to levels beyond the working temperature range. There are many hazards that we have 

to face if the battery temperature remains as high as this. Sourav Singh Katoch and Eswaramoorthy M [12] 

have studied the impact of Thermal Runway on the battery pack. Thermal runaway is one of the primary risks 

related to lithium-ion battery packs. It is a phenomenon in which the Lithium-Ion cell enters an uncontrollable 

and self-heating state. In ideal conditions, the heat dissipates from the cell. But, in the case of thermal runaway, 

the lithium-ion cell generates heat at a rate several times higher than the rate at which heat dissipates from the 

cell. [13] Cell heating will continue until the rise in temperature exceeds the heat that can be dissipated to the 

surroundings. This released heat will start to affect other nearby battery cells. When the generation of heat 

becomes self-sustaining - the heat releases energy, & the energy in turn releases more heat – then the cell is 

said to be experiencing thermal runaway. When thermal runaway happens, the cell is undergoing an unstable 

chemical reaction that is hard to bring under control. Though Electric Vehicles are much safer than their I.C. 

Engine run counterparts, if overheating of cells is not prevented, the cells may explode leading to a serious 

damage to the vehicle and to the life of the passengers. [14] 

Substantial amount of research has been done on battery cooling techniques in the past keeping in mind the 

rapid pace of development in the electric vehicle market. Much research has been done in countries like China 

and Germany, funded by the institutes and the government. One of the significant works has been published 

by Sourav Singh Katoch and Eswaramoorthy M [12], where they have studied the Electric Vehicle Battery 

Thermal Management System in detail and have described the various ways in which an EV battery can be 

cooled during operation. In their work, they have also stressed on the importance of Heat Pipe cooling and 

have researched extensively on this method of cooling. They have declared that Indirect Liquid Cooling is the 

most effective cooling method in modern battery systems because of the comparatively compact cooling design 

than Air Cooling and safer operating manner as compared to Direct Liquid Cooling. 

Siqi Chen and Nengsheng Bao [15] proposed a neural network-based regression model based on 81 sets of 

experimental data, which consisted of three sub-models and considered three outputs: maximum temperature, 

temperature standard deviation, and energy consumption. Each sub-model had a desirable testing accuracy 
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(99.353%, 97.332%, and 98.381%) after training. The regression model was employed to predict all three 

outputs among a full dataset, which combined different charging current rates (0.5C, 1C, 1.5C, 2C, and 2.5C 

(1C = 5 A)) at three different charging stages, and a range of coolant rates (0.0006, 0.0012, and 0.0018 kgs-1). 

The regression model which they proposed resulted in the maximum temperature of the model at lower than 

33.35°C. The method they have proposed in their study can be in real fast-charging situations to design the 

cooling system efficiently. 

Florin M. et al [14] have studied Battery Thermal Management Systems in the current scenario and Design 

approach of Cooling Technologies. The article analyses the studies and researches carried out so far related to 

type, design and operating principles of BTMS. Among the Hybrid BTMS, they have listed the most important 

ones as – 

 PCM + air/liquid 

 HP + air/liquid 

 PCM + HP (+air/liquid) 

 TEC + others 

They enlisted the advantages and the disadvantages of each cooling system in a tabular form. According to 

them, the advantages of Heat Pipe cooling system are very high thermal conductivity, compact size, no need 

for maintenance and long life cycle.  

Teng Liu, Shanhai Ge, Xiao-Guang Yang and Chao-Yang Wang [16] studied the effect of thermal environment 

on fast-charging Li-Ion batteries and they found out that the battery temperature should be maintained at a 

moderate level of about 30°C to minimize the thermally exacerbated degradation. They used 3 types of thermal 

environments – one at 30°C, one preheated to 60°C and one in adiabatic fast charging. They concluded that 

preheating the battery module to 60°C will reduce the cooling need to 1/15 of the original need of cooling, 

while the maximum charge rate doubled. 

Teng Zhang, Yatish Patel, Gregory J. Offer and Laura Bravo Diaz [17] have contributed by optimising cell 

design using a thermally coupled model. Their study showed that increasing the cross-sectional area of the tab 

in the cell can increase heat transfer between cell-stacks and tabs. Increasing the width of tab from 30 mm to 

70 mm can cause a 14% reduction in cell peak temperature. However, it also showed that tab cooling was still 

less capable of removing heat than the surface cooling for the cells. They proposed that for this, the existing 

cell design needed to be changed to make tab cooling as efficient as surface cooling while maintaining the 

benefits of increased thermal uniformity. 

The experimental analysis of a liquid-based cooling system for the fast charging of a Li-Ion cell was carried 

out by Mohsen Akbarzadeh, Joris Jaguemont, Joeri Van Mierlo and Maitaine Berecibar [18] and they 

investigated the behaviour of the cell at a high C-rate. The results indicated that cooling system can keep the 

battery temperature close to the maximum desired temperature for Lithium Ion cells. Moreover, good 

temperature uniformity was observed on the battery surface. The results of their study demonstrated that the 

proposed liquid cooling system was as efficient solution in the design of battery systems for fast charging 
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applications. The tests were done at a high current of 8C and demonstrated that the heat generation during the 

fast charging was around 4 times higher than the discharge process and the increase in the temperature during 

charge was 6°C less than discharge because of the liquid cooling. The maximum temperature of the cell during 

the charging process reached up to 43.5°C, which is close to the maximum desired temperature for Li-Ion 

batteries.  

You Lyu, Abu Raihan and others [19] from the University of Guelph, Canada have studied the effect of 

Thermoelectric Cooling for a new battery design in a copper holder. Solid-state thermoelectric refrigeration 

and heat pump can be integrated with battery packs in electric vehicles and hybrid electric vehicles. They 

created a BTMS with a thermoelectric cooling in combination with air cooling and found that the proposed 

system reached a temperature of 20°C lower when compared with the only liquid cooling system. Also, the 

battery temperature was under 60°C during continuous discharge conditions with a 50 V input, which is 

considered to be an extreme condition for the battery temperature. In this experiment, each cell was covered 

with a copper holder which protected it from the circulating coolant. Their experiment revealed the ability of 

the proposed BTMS to cool the battery from extremely high temperatures. 

Huanwei Xu, Xin Zhang and Hao Li [20] from the University of Electronic Science and Technology, Chengu, 

China have worked on the optimization of liquid cooling and heat dissipation system of Lithium-Ion battery 

packs. In this paper, the optimization design framework was proposed to minimize the MTD (Maximum 

Temperature Difference) of automotive Lithium-Ion battery pack. They compared the serpentine cooling 

channel and the U-shaped cooling channel (as shown in the Fig. 2.1) and found that the serpentine cooling 

channel has a better cooling effect. 

 

 

Fig. 2.1. The temperature distribution cloud diagram of different cooling channels [20] 
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Jialinag Wang and Yimin Zhang [21] conducted research on the cooling characteristics of power battery fast-

charging of refrigerant-based direct cooling system. They studied the temperature variation characteristics and 

control methods of power battery during rapid or fast charging. A refrigerant-based direct cooling battery 

thermal management system was built based on AMEsim one-dimensional simulation platform. The results 

showed that in the cooling process with the temperature as the threshold value, the temperature reduction was 

good under lower C-rate. As the C-rate increased, the temperature threshold could not meet the cooling 

response requirements. The results indicated that the final battery cooling temperature increased linearly with 

the increase of charging rate or (C-rate) and the maximum C-rate decreases linearly with the increase of the 

ambient temperature. 

The graduate project report by Jingwei Zhu [22] from the Univerity of Illinois at Urbana-Champaign evaluated 

the battery cooling systems using liquid cooling or refrigerant cooling for all electric vehicles. The design used 

refrigerant directly for battery cell cooling, which can keep the highest temperature of each battery cell in the 

range of 24.1°C – 25.4°C. The coolant used in liquid cooling was a 50-50% mixture of Glycol and Water the 

properties of which are given in the Table below. 

 

 

Table 2.1 Fluid Properties of Ethylene Glycol-Water Mixture (Coolant) 

 

The initial cost and the space cost of the liquid cooling system was found to be higher than that of refrigerant 

cooling system because of additional pump and the larger size of evaporator. He also analysed the cooling rate 

in different directions of flow, and found that cooling tubes in counter flow configuration generally have more 

uniform temperature distribution than cooling tubes in parallel configuration. 

Morena Falcone, Eleonora Palka Bayard De Volto and others [23] surveyed BTMS and new CFD results in 

their research paper. They presented analysis on different cooling systems and compared air cooling and liquid 

cooling, with water as the coolant. The best dimensions for air cooling and water cooling were estimated and 

they found that it is best to increase the width of the cooling channel while it is best to reduce the width of the 

cooling channel for more efficient cooling. 

Ben Ye, Md Rashedul Haque Rubel and Hongjun Li [24] designed and optimized the cooling plate for battery 

module of and electric vehicle. They proposed a methodology for the design and optimization of cooling plate 

for the battery module. A complex heat transfer model for the whole module was created. Orthogonal 

experimental design was implemented by numerical analysis and with the optimized geometry, the cooling 

plate was rebuilt in the thermal module for the analysis and it was found that maximum and minimum 

temperature difference in the cooling plate was reduced by 5.24% and pressure drop was reduced by 16.88%. 
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It was concluded from the orthogonal design that battery temperature difference and pressure drop decreased 

with the increase of the cross-section and number of channels when the coolant flow was constant at the inlet. 

The research paper by Bastian Mayer, Michael Schier and Horst E. Freidrich [25] from the German Aerospace 

Centre presented a thermal interface for cylindrical cells by using a busbar-integrated cooling system in which 

channels were used for cooling. Though this was from the perspective of electric 2-wheelers, the results are 

relevant for our study as well. The symmetric channels provided a good compromise between battery 

temperatures and homogeneity. Average cell temperatures of 22°C with a maximum temperature spread of 8 

K was achieved. The simulations of an electric 2-wheeler battery system showed that the busbar cooling can 

maintain the required temperature and temperature homogeneity to extend the Li-Ion battery life. A solution 

was provided to decrease the inner channel width and increase the channel height simultaneously to improve 

the cooling performance. This would additionally improve the volumetric energy density while maintaining a 

moderate pressure drop. 

The effect of size and location of liquid cooling system on the performance of square-shaped battery modules 

was elaborated in a study by Qing-Zhu and Chul-Ho Kim [26]. They presented a fundamental study of battery 

module liquid cooling through a 3-dimensional numerical analysis, CFD numerical model. The temperature 

distribution and thermal conductivity were analyzed qualitatively and quantitatively by using Simcenter STAR 

CCM+ version 2016. The results of the study indicate that the bottom cooling system shows a better module 

temperature difference that is approximately lesser by 80% than the side cooling system. However, the side 

cooling system is better in terms of maximum temperature of the battery module, which is approximately 20% 

lesser than that in bottom cooling system. But it also shows that this system does not offer a good temperature 

difference control, which is the greatest disadvantage as compared to the bottom cooling system. From this 

study, we have taken the cooling system in our study to be that of side cooling system and not bottom cooling 

system. This study showed that the cooling system position and the coolant channel area are very important 

design parameters for the cooling system of a battery module. The cost and volume of the cooling system needs 

to me minimized for optimum performance and less cost of the vehicle. It is also necessary to improve the heat 

dissipation from the cells. From this study, it is clear that for side cooling system, the maximum temperature 

reduced by 23% compared to that in bottom cooling system. Also, the temperature performance was better in 

side cooling system but the temperature uniformity was not better than that in bottom cooling system.  

From the point of view of this thesis, perhaps the most important contribution is by Nan Mei, Xiaoming Xu 

and Renzheng Li [27] who have studied the heat dissipation analysis on the liquid cooling system coupled with 

a flat heat pipe of a Lithium Ion battery. They inferred that the liquid cooled thermal management system based 

on a flat heat pipe has a good thermal management effect on a single battery pack. This study analysed the 

effect of different coolant inlet temperatures, coolant flow rates and different discharge rates on the temperature 

distribution uniformity. Although the acceptable operating temperature for Lithium Ion batteries is in the range 

of -20°C to 60°C, it is recommended to keep the temperature within 15°C-35°C for optimum performance. 

This study also reiterates that the maximum temperature and temperature difference of battery are the main 

parameters to assess the heat dissipation performance in a battery thermal management system. Many 
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researchers have proved that the liquid cooling is much more suitable than air cooling in battery packs, although 

air cooling has certain advantages such as the production cost, utility rate of space and structure complexity. 

In this study, comparison of air cooling, liquid cooling and heat pipe cooling was also done under the same 

discharge rate and it was found that the heat pipe cooling proved the most efficient in reducing the highest 

temperature of the battery module in the same amount of time as compared to liquid and air cooling. The 

maximum temperature of the battery module with flat heat pipe was calculated to be 23.69°C and this is 

because of the excellent longitudinal heat transfer capacity of flat heat pipe thermal management system. The 

temperature distribution characteristics of the battery system were found to be the same under different 

discharge rates. However, this paper establishes that the maximum temperature, the maximum temperature 

difference of the average temperature of each battery cell gradually increases with the increase of discharge 

rate, and it reaches its maximum value at 3 C. The uniformity of temperature distribution varies less under 

different operating conditions. This study also establishes that the increase in the flow rate of the coolant inlet 

liquid and the decrease in the temperature of coolant inlet liquid can effectively reduce the maximum 

temperature of the battery system. Also, the uniformity of temperature distribution remains good in spite of a 

large maximum temperature difference (which is on the lower side), which verifies that the flat heat pipe 

efficiently provides heat to the liquid-cooled thermal management system, which shows effectiveness of 

balanced performance.  

Dr. James Edmondson [28] has published an article on the Immersive or Direct Cooling technology for electric 

vehicle batteries. He has stated that the liquid coolants for direct immersion of battery into the fluid are made 

by a few companies such as 3M, Solvay, M&I Materials and Engineered Fluids. These fluids are all dielectrics 

but they vary in their properties with factors such as weight, thermal conductivity, environmental 

considerations and cost. Immersion cooling is just one of the emerging technologies covered in the report from 

IDTechEx on Thermal Management for Electric Vehicles 2020-2030 which analyses the currently utilized and 

emerging strategies for thermal management in the electric vehicle market, with primary information obtained 

from interviews with relevant companies. 

As regards Direct Refrigerant Cooling is concerned, Haowen Wu [29] has studied the effect of Direct 

Refrigerant Cooling fir Lithium-Ion batteries. The Figure 2.2 given below shows the Direct Refrigerant 

Cooling system where the battery cooling circuit is connected in parallel to the air conditioner refrigeration 

circuit.  
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Fig. 2.2 Direct Refrigerant Cooling [29] 

 

The refrigerant enters the battery evaporator through battery branch for direct heat exchange with the cells. 

When the battery temperature is less than 298 K, the battery does not need cooling. When the battery 

temperature reaches beyond 308 K, the expansion valve starts to operate and the battery cooling circuit starts 

to work. The refrigerant flows through the battery cooling module, and heat of the battery module is taken out 

by the evaporator. In this study, it was found that R1234yf refrigerant can be used in the BTMS with minor 

modification. 

The results of this study are important for DRC. It shows that this system of cooling is excellent in high 

temperature environments and the maximum temperature of the battery can be reduced to less than 313 K in 

614 seconds and remains in the working range.  

As far as the use of Phase Change Materials is concerned, E Grimonia, M.R.C. Andhika and others [30] from 

Indonesia and Philippines have studies the Thermal Management System using Phase Change Material for a 

Lithium-Ion Battery. The simulation showed that as the thickness of the PCM increases, the battery temperature 

decreases. This happens because the greater the volume and mass of the PCM, greater is the heat absorbed by 

the PCM from the battery. Also, PCM Hexacosane has better cooling performance than PCM Capric Acid. 

The authors concluded that the use of a 9 mm thick PCM Hexacosane is best for optimum heat absorption in 

passive cooling in batteries. When examined in terms of heat transfer, the good PCM is one which has high 

values of melting temperature, density, specific heat, and thermal conductivity. 

 

Kawtar Benabdelaziz, Badreddine Lebrouhi and others [31] conducted research on the use of an external 

cooling solution for electric vehicle battery pack. This paper proposes a new external cooling solution for 

cooling EV battery pack at higher temperature conditions especially for those without an embedded effective 

cooling system. A 3D thermal model was developed to analyse the effectiveness of the proposed battery pack. 

The temperature distribution over the battery module is shown in the Figure 2.3 below. 
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Fig. 2.3 Temperature distribution over the battery Module [31] 

Furthermore, a 3D-thermal model was developed for the Lithium-Ion battery pack for EVs, as shown in the 

figure below; which is able to investigate and to analyse the temperature distribution of the battery at 

discharging conditions. The ANSYS software was used to solve the model development. The simulation result 

shows that the battery surface temperature is nearly uniform, except in the middle where the maximum 

temperature is located (48°C). 

 

 

Fig. 2.4 Influence of the cold plate on the battery pack [31] 

 

Manuel Weiss, Raffael Ruess and others [32] have reviewed the materials aspect in fast-charging of Lithium-

Ion batteries when more than 12 senior battery and supercapacitor expert scientists, and around 30 postdoctoral 

fellows from Israel and Germany gathered in 2019, at the 4th German-Israeli Battery School (GIBS) in Berlin, 

Germany. They discussed the issues hindering the fast charging in current Lithium-Ion batteries from a 

physiochemical and materials’ point of view. Ye and co-workers performed numerical modelling predicting 

the temperature of a battery undergoing a charging process at 10C. When a liquid cooling plate is applied to 

the system, the battery temperature may reach 64.6°C. The researchers and scientists derived the conclusion 

that optimum heat dissipation should be employed by Thermal Management Systems to reduce degradation 
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and elongate battery life. Furthermore, they also opined that an innovative fast charging Lithium-Ion battery 

pack combining liquid cooling and phase change material cooling has presented promising simulation results. 

In this case, the temperature of an 8C charging process was maintained at a maximum temperature below 40°C. 

In this case, the phase change material heat absorption was less than 10% while the heat absorption rate of 

liquid cooling was around 80%. For this very reason, we have taken into account the liquid cooling system and 

heat pipe cooling system for maximum heat dissipation from the Lithium-Ion battery module in a short time 

duration. 

 

 

LIQUID COOLING COUPLED WITH HEAT PIPE IN A 4680 CELL 

MODULE – METHODOLOGY, RESULT AND CONCLUSION 

 

Design of Battery Module 

 

The designing of the parts of the Battery Module has been done in the software package CREO. Part modelling 

and assembly has been done meticulously and keeping every fine detail in mind. First, the structure of the 

individual cell was created by using the ‘Circle’ and ‘Extrude’ commands.  The diameter of the individual cell 

has been given as 46 mm and the length of the cylinder is given as 80 mm based on the dimensions of the Tesla 

4680 cell.  
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Fig. 3.1 Design of a Single 4680 Cell 

 

Fig. 3.2 Dimensions of a Cell 
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To make a row of these cells, 29 more cylinders were duplicated using the initial cylindrical cell. The row of 

cells consisting of 30 cells is shown in Fig. below. As the cells are kept adjacent in contact with each other, the 

total length of the single cell row is 1380 mm, as shown in Fig. 

 

 

Fig. 3.3 A Single Row of Cells 

 

 

Fig. 3.4 Dimensions of a Single Cell Row 

 

 

Design of Coolant Channel 

 

The design of the liquid coolant channel was a complicated part as it involved the use of surface modelling. 

To make the maximum surface area of the coolant channel in contact with the cells for maximum heat transfer, 

the coolant channel was made in the form of a “serpentine channel” instead of a straight tube. The serpentine 

wavy shape from the top view is apparent in Fig. 3.5. 
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Fig. 3.5 The Liquid Coolant Channel  

 

As shown in the Fig. 3.6 below, the outer radius of the coolant channel curve is 33 mm and the inner radius is 

taken as 23 mm. The thickness of the coolant channel tube is 10 mm. As the coolant channel will carry the 

mixture of Ethylene Glycol and water across all the cells in the module, it was designed first designed for a 

single row and then 7 more such rows were duplicated and connected by sections of curved channels in 

between. 8 such rows were designed in the geometry around the cell row and then the entire coolant channel 

geometry was completed. From the front view, as shown in Fig. 3.6, the distance between the two farthest 

points of the geometry of the coolant channel is 1436 mm and in the side view, the distance between the two 

farthest points of the geometry is 651.31 mm. The Fig. 3.5 above shows the solid body of the channel and the 

Fig. below shows the wireframe model of the coolant channel design, one end of which is the coolant inlet and 

the other end is the coolant outlet. 
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Fig. 3.6 Dimensions of the Liquid Coolant Channel 

 

 

Design of Heat Pipe 

 

The Heat Pipe was made by extruding two circles of 12 mm and 11.5 mm diameter to make a hollow cylinder, 

then two hemispheres were attached to the ends of the cylinder to make it a hollow closed volume. The total 

end-to-end length of the heat pipe is 90 mm, as shown in Fig. 3.8. The heat pipe was duplicated to make a total 

of 7 heat pipes. The heat pipes were geometrically placed on the hot plate at the position where the serpentine 

cooling channel was open in two adjacent cell rows, to amplify the heating effect where coolant flow is 

minimal. The heat pipe has been designed in such a manner that the evaporation will take place within the 

portion which is attached to the hot plate and the condensation will take place within the portion which is free. 

  

 

Fig.3.7 Heat Pipe 
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Fig. 3.8 Dimensions of the Heat Pipe 

 

Complete Design Assembly 

One more component i.e. the base plate was modelled by making a rectangle of length 1500 mm and width 

680 mm. This rectangle was extruded to a length of 15 mm to create the thickness of the plate. The heat pipes 

are directly attached to this base plate so that the conduction of heat takes place effectively. Finally, all the 

parts are assembled together to form the final design. The cell rows are fitted between the serpentine coolant 

channels. This makes the cells arranged in a ‘honeycomb’ structure so that the battery module is made as 

compact as possible. There are a total of 420 cells arranged in 30 cells in a row and 14 rows, with two rows 

packed in each coolant channel curve. This design has been made keeping in mind the need for a compact, 

lightweight, and thermally well-managed battery pack. 

 

 

Fig. 3.9 Top View of the Complete Assembly 
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Fig. 3.10 Side View of the Complete Assembly 

 

 

Fig. 3.11 The Final Design 
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THERMAL ANALYSIS OF THE PROPOSED COOLING SYSTEM 

 

Design for Analysis 

The existing model as shown in Fig. 3.11 was imported to Ansys. The geometry was defined, and geometry 

cleanup was done. The engineering data was entered and material was defined. The contact regions were 

defined as bonded contact. Finally, when we tried Meshing the model, the system stopped to respond after 

some time and it would hang up several times. The Meshing step was tried several times on systems of various 

high configurations, but the meshing could not be completed because of the complex geometrical structure. As 

such, we took a simpler model for analysis. The design that was created for analysis is shown in Fig. 4.1. In 

the new modified design, only 6 cells were considered for simplified analysis and simpler meshing of the 

geometry, as shown in the Fig. 4.2. 

 

 

Fig. 4.1 The Modified Design 
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Fig. 4.2 The Final Modified Design for Analysis 

 

 

     Thermal Analysis  

As mentioned earlier, the Thermal Analysis was carried out in licensed Ansys Workbench version R18. The 

system configurations of the computer used for the analysis are Intel i3 6th generation processor with a 6 GB 

RAM. The thermal analysis was carried out as Transient state to obtain the temperature difference at the end 

of the time. 

The physical properties of the materials taken for the analysis have been enumerated in the Table 4.1. 

 

 

 

Metal/Alloy Young’s Modulus Density Poisson’s Ratio 

Aluminium Alloy 

1100 

69 GPa 2.71 x 103 kg/m3 0.33 

Nickel Steel 145 Gpa 8.20 x 103 kg/m3 0.3 

Copper 130 GPa 8.960 x 103 kg/m3 0.34 

 

Table 4.1 Physical Properties of Metals and Alloys 
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The base plate has been made of Copper and the Heat Pipes are also made of Copper. The Coolant Channel 

has been given the properties of Aluminium Alloy 1100. The cells are made of Nickel Steel. 

The Coolant has been selected as a mixture of Ethylene Glycol and water, as has also been used in the previous 

battery liquid cooling systems. [33] It was selected after comparing its thermal properties with various base 

oils as shown in Fig. 4.2. As the Thermal Conductivity and the Specific Heat Capacity of the Ethylene Glycol 

is very high, it has been considered as a coolant component in our study. 

 

Fig. 4.2 Thermal Properties of Various Base Oils [33] 

The Coolant’s (Water-Ethylene Glycol 50-50% mixture) properties were taken at a temperature of 20°C and 

are shown in Table 4.2. 

Name of the Property Value 

Viscosity 0.0001538 kg/m-s 

Thermal Conductivity 3.7e-004 W/mm/°C 

Specific Heat 2.415e+006 mJ kg -1C -1 

Density 1087 kg/m3 

 

Table 4.2 Properties of Coolant 

The sizing of the Mesh was done as shown in Table 4.3 below. There are a total of 69266 elements and 75290 

nodes in the design with 17 active bodies. The Meshing was done a total of 7 times to clearly find the most 

optimum value of the mesh size. 

Name of the Part Optimum Size of Mesh 

Base Plate and Cells 10mm 

Coolant Channel 5 mm 

Coolant 10 mm 

Heat Pipe 1 mm 

 

Table 4.3 Size of the Mesh 
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The Boundary Conditions considered for the analysis are shown in the Table 4.4. 

Boundary Condition Value 

Initial Temperature of Coolant 20 °C 

Initial Temperature of the Cells (uniform) 50°C 

Film Coefficient 1.2 x 10-3 W/mm2 °C 

Coolant Channel-Coolant Heat Transfer Convection 

Coolant Channel-Cell Heat Transfer Conduction 

Base Plate-Heat Pipe Heat Transfer Conduction 

Thermal Conductivity of Copper 385 W/mK 

Thermal Conductivity of Aluminium 1100 218 W/mK 

Thermal Conductivity of Nickel Steel 17 W/mK 

Critical Temperature of Ethylene Glycol 333.85 K 

Density of Air 1.225e-009 kg mm -3 

Thermal Conductivity of Air 2.42e-005 W mm-1 C -1 

Viscosity of Air 1.7894e-011 MPa-s 

Reference Temperature of Air 25°C 

 

Table 4.4 Boundary Conditions for the Analysis 

 

 

RESULTS & DISCUSSION  

 

The solution of the thermal analysis is very reassuring as it gives a perspective to the solution of the original 

design. The analysis was carried out 9 times to get optimum solution, changing the size of the mesh and other 

important boundary conditions as needed for the analysis. The most optimum solution has been included in 

this thesis for discussion. The initial temperature of the cells for taken at 50°C as the temperature during fast 

charging reaches this value. During the analysis of the modified design, it was found that the temperature 

reduced from 49.405°C to 45.773°C as shown in Figure 5.1. This shows a temperature drop of 3.632°C for the 

short length of the coolant channel coiled around the cells. The temperature initially drops upto 48°C due to 

the conduction through the coolant channel wall and the convection through the coolant, but it increases beyond 

48.5°C. The reason for this is the bend in the coolant channel. As the coolant channel surface area decreases, 

the temperature increases slightly as continuous charging leads to heat generation in the cell. But the 

temperature then steadily dropped to 45.773°C due to the combined action of the heat pipe and the coolant 

mixture of glycol and water.  
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Fig. 5.1 Graph of Temperature vs Time for the Cells 

 

The initial coolant temperature was taken to be 20°C. From the Fig. 5.2, it is clear that the coolant temperature 

increases due to convective heat transfer from the walls of the coolant channel to the coolant. The temperature 

rises from 22.409°C to 31.895°C due to the heat transfer in the wavy coolant channel. The serpentine or wavy 

coolant channel has ensured a higher surface area in contact with the cells than it had been in a straight U-

shaped cooling channel. 

 

 

Fig. 5.2 Graph of Temperature vs Time for the Coolant 
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The simulated depiction showing the contours in the temperature distribution in the analysis have been shown 

in Fig. 5.3. It is clearly visible from the simulation that the temperature of the coolant channel is higher at the 

contact surface with the cells. Also, the temperature distribution on the base plate is clearly visible.  

 

Figure 5.3 Temperature Distribution in the Design 

 

 

CONCLUSION 

 

Through this detailed study of the various cooling systems used in a lithium-ion cell, we were able to design 

the final model for the coupled combination of indirect liquid cooling system and heat pipe cooling system. It 

is clear that this design can be replicated in the real world scenario in the BTMS of the 4680 battery module 

in a Tesla car. The innovative design of the hybrid cooling system was created with the objective of 

providing an effective solution to the problem of thermal management in the Tesla 4680-type cell.  The 

temperature change in the cells is obtained as per expectations. As a smaller modified design was considered 

for the analysis, it is possible that the original design will lead to a larger drop in temperature of the cells due 

to greater length of the coolant channel, higher surface area in contact, more number of heat pipes to 

facilitate greater heat transfer and greater area for conduction through the base plate. The original design is 

likely to give expected outcome as the simplified model has effectively reduced the temperature of the cells 

by up to 3.632°C in a short length of the coolant channel. It is highly likely that the temperature reduction in 

using the bigger model would be much higher due to the above mentioned reasons and therefore, the model 

could be replicated in a real-world scenario for actually cooling the cells in a Tesla car. The combination of 
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the Indirect Liquid Cooling system and the Heat Pipe Cooling system has proved effective for cooling a high 

capacity cell battery. As we have considered the temperature of the cells as it reaches in fast-charging, which 

is usually done for shorter charging times, this design will also prove effective for normal charging in which 

the maximum temperature of the battery is comparatively lower. 
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