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Abstract 

The efficiency of battery packs installed in electric vehicles (EVs) is greatly influenced by their 

operating temperature. Thus, it is paramount that an effective battery thermal management 

system be incorporated. While there are numerous existing battery thermal management 

systems out in the current market such as air, liquid, and refrigerant cooling systems, they 

require additional energy inputs. A novel solution to this predicament is through passive 

thermal management systems using phase change materials (PCMs) as a cooling medium. 

PCMs can absorb large quantities of heat passively and are able to regenerate themselves as 

they cool. The study conducted aims at designing a passive thermal management system that 

utilizes such PCMs for the purpose of regulating battery temperatures in EVs to improve their 

performance.  

The investigation first focused on designing a passive PCM thermal management system that 

would be able to house a standard 18650 battery, conduct heat away from the battery to the 

PCM material, enhance the thermal conductivity of the PCM, be structurally strong and 

conform to a honeycomb structure to minimize space wastage. PCM Rubitherm RT27, a type 

of paraffin, was selected as the PCM component for its high latent heat capacity and melting 

point of 27°C which is within the optimum temperature range of a lithium-ion battery. Upon 

conceptualizing an initial design to fit the aforementioned requirements, the design was then 

further optimized through computational fluid dynamics (CFD) based on the heat generated by 

the battery at varying discharge rates. The structure was further parametrized with the ideal of 

reducing its overall volume and weight while at the same time reducing the battery's maximum 

temperature as it goes through varying discharge rates. The final design was then simulated 

under varying ambient temperatures to determine its performance at various climates.  

The final design for the PCM thermal management system was determined to be an aluminium 

finned hexagonal structure with a circular core that utilizes RT27 as a PCM medium as it fulfils 

the criteria set. After further optimizing the structure with CFD, it was determined that a model 

with a width length of 35.0 mm and 10 internal fins had the greatest effect in lowering the 

battery's maximum temperature throughout varying discharge rates. It was also deduced that 

the prototype can perform well when ambient temperatures are between 15℃-27℃ which is 

sufficient for equatorial climates. Hotter weather would reduce the efficiency of the prototype. 

Future works on the prototype could potentially improve upon its performance for pack level 

design and analyse its manufacturability. 



3 
 

Acknowledgement 

 

The success of this project is attributed to several parties. The utmost gratitude is given to my 

supervisor, Thomas Confrey, who dedicated his time in providing guidance and direction for 

this investigation, as well as assisting me in revising several iterations of my paper and sourcing 

for both equipment and materials for the project. Without his assistance, this project would not 

have been successful. Additionally, I would like to thank Barrey Flannery from Xerotech for 

providing additional batteries for the project. Further gratitude is given to Dean Callaghan, 

Cathal Nolan, Darren Kavanagh, Stephen Scully and Andrew Keppel for sharing their 

knowledge and expertise with respect to the project. I would also like to further thank the 

Institute of Technology Carlow for awarding the President’s scholarship, which contributed 

financially to the project. And finally, I would like to express my heartfelt appreciation to the 

friends and family who have supported me throughout this entire journey.  

 

 

 

 

 

 

 

 

 



4 
 

Table of Contents 

 

Abstract 2 

Acknowledgement 3 

Table of Contents 4 

Glossary 6 

Abbreviations 9 

Formula symbols 10 

1. Introduction 1 

1.1 Market Demand for EVs 1 

1.2 Significance of Battery Thermal Management (BTM) System 4 

1.2.1 Low Temperature Effects 5 

1.2.2 High Temperature Effects 7 

1.3 Project Scope and Vision 9 

2. Literature Review 11 

2.1 Current BTM Systems 11 

2.1.1 Air-Based 11 

2.1.2 Liquid-Based 13 

2.1.2.1 Indirect Liquid Cooling 14 

2.1.2.2 Immersion Cooling 16 

2.1.3 Refrigerant-Based Cooling 16 

2.1.4 Comparison Between the Various Cooling Systems 18 

2.2 PCM Thermal Management 20 

2.2.1 Inorganic PCMs 21 

2.2.2 Organic PCMs 22 

2.2.3 Comparison of Inorganic and Organic PCMs 23 

2.2.4 PCM Encapsulation and Thermal Conductivity Enhancement 26 

3. Methodology 29 

3.1 Design concept 29 

3.2 CFD method 35 

3.2.1 Lithium-Ion Heat Generation Model 35 

3.2.2 PCM thermophysical characteristics and modelling 36 

3.2.3 Structure optimization of the final PCM model 40 



5 
 

4. Results: Battery Thermal Characteristics 41 

4.1 Function type and battery heat generation CFD settings 41 

4.1.1 Polynomial function 41 

4.1.2 Exponential function 42 

4.1.3 Power function 42 

4.1.4 Root mean square error 43 

4.1.5 Battery heat generation CFD settings 43 

4.2 Heat generation function 46 

4.2.1 Polynomial function 46 

4.2.2 Exponential function 47 

4.2.3 Power function 48 

4.3 RMSE values 50 

4.4 Comparison of battery heat generation CFD results 53 

5. Results: PCM Thermal Management System 56 

5.1 Prototype Design 56 

5.2 Structure Parameterization 59 

5.2.1 Model Width Parameterization 59 

5.2.2 Fin Number Parameterization 63 

5.2.3 Comparison of the system with/without PCM 66 

5.2.4 Varying ambient temperature 67 

5.3 Final prototype design 72 

5.4 Future works and recommendations 74 

6. Conclusion 75 

7. References 77 

8. Bibliography 88 

9. Appendices 89 

 

 

 

 

 



6 
 

Glossary 

 

Battery Thermal Management (BTM) 

General term used to describe all the operational components that regulate the 

temperature of the battery pack, either through cooling or heating-based systems. 

Computational Fluid Dynamics (CFD) 

Subset of fluid mechanics that utilizes data structures and numerical analyses to model 

and simulate problems relating to fluid flows.  

Computer Numerated Control (CNC) 

CNC machining is a form of subtractive manufacturing that removes material from a 

block, such as with metals or plastics, with motorised machine tools to form a finished 

geometry. 

Direct Metal Laser Sintering (DMLS) 

Type of 3D printing process that melts/fuses powdered metals to form multiple layers. 

The cumulation of these layers ultimately form the main body of the part to be 

manufactured. 

Electric Vehicle (EV) 

Vehicle that is propelled by an induction-based motor with battery packs as its main 

power source. 
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Heating Ventilation Air Conditioning (HVAC)  

HVAC in the context of automobiles refers to the subsection of the vehicle that cools or 

heats air circulating in the cabin.  

Internal Combustion Engine Vehicle (ICEV)  

Vehicle that utilizes an internal combustion engine for its propulsion with carbon-based 

fuel as its energy source. 

Latent Heat (LH) 

The energy absorbed/released by an object or thermodynamic system during a constant 

temperature process. 

Mean Absolute Error (MAE)  

Measure of errors across a dataset by averaging of its error values. 

Mean Absolute Percentage Error (MAPE)  

Measure of errors across a dataset by averaging the percentage error values. 

Phase Change Material (PCM)  

Substance that has high latent heat capacity which can store large quantities of thermal 

energy at phase transition. The material absorbs heat as the material melts and disperses 

heat as it solidifies, allowing for stable temperature regulation.  

Root Mean Square Error (RMSE)  

Measure of errors across a dataset by squaring error values before averaging them and 

taking the square root of the result. 
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Sensible Heat (SH) 

The heat transferred to an object or system without causing a phase change. 

State of Charge (SOC)  

In the context of batteries, State of Charge refers to the usable battery capacity remaining 

across the battery throughout its transient charge and discharge cycles. 

Subcooling (SC) 

A substance that exists in its liquid state below its normal boiling point. 

Thermal Runaway (TR)  

Self-accelerating reaction caused by excessive additional heat from exothermic reactions. 

The gradual build-up of heat is not dispersed, leading to an exponential rise in 

temperature, which would in turn eventually trigger an explosion. 

User Defined Function (UDF)  

Function developed by a user in a program or environment that has pre-existing 

functions.  
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Abbreviations 

 

ANSYS  Analysis System Software 

BTM   Battery Thermal Management 

CFD   Computational Fluid Dynamics 

CNC   Computer Numerated Control 

DMLS   Direct Metal Laser Sintering 

EV   Electric Vehicle 

HVAC   Heating Ventilation Air-Conditioning 

ICEV   Internal Combustion Engine Vehicle 

MAE   Mean Absolute Error 

MAPE   Mean Absolute Percentage Error 

PCM   Phase Change Material 

RMSE   Root Mean Square Error 

SOC   State of Charge 

TR   Thermal Runaway 

UDF   User Defined Function 
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Formula symbols 

 

𝑐𝑝  Specific heat capacity (
𝐽

𝑘𝑔 𝐾
) 

ℎ  Enthalpy (𝐽) 

𝐼  Current (𝐴) 

𝑘  Thermal conductivity (𝑊/𝑚𝐾) 

𝜆  Specific latent heat (𝐽/𝑘𝑔) 

𝑂𝐶𝑉  Open circuit voltage (𝑉) 

𝜌  Density (𝑘𝑔/𝑚3) 

𝑄  Heat transfer rate (𝑊) 

�̇�  Volumetric Heat generation rate (𝑊/𝑚3) 

𝑇  Temperature (℃) 

𝑇𝑀𝑎𝑥  Maximum temperature (℃) 

𝑇𝐵𝑎𝑡  Battery temperature (℃) 

𝑡𝑐  Time constant (℃) 

𝑉  Voltage (𝑉) 

𝑉𝑜𝑙𝐵𝑎𝑡  Battery volume (𝑚3) 

𝑣𝑎  Ambient velocity (𝑚/𝑠) 
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1. Introduction  

The main power source of electric vehicles (EVs) comes from the lithium-ion battery pack 

installed across the undercarriage of the vehicle. Lithium-ion batteries and their variants are 

the preferred energy source for EVs due to their high power-to-weight ratio, energy density 

and specific energy. These batteries operate optimally under specific temperature conditions 

and exposure towards extreme temperature conditions would lead to accelerated degradation 

of the battery pack. Hence, EV manufacturers make it a priority to regulate the temperature of 

these packs through Battery Thermal Management (BTM) systems.  

1.1 Market Demand for EVs 

With the rise in global energy consumption, the need for renewable energy sources is 

increasing, particularly in the transportation sector which accounts for 26.6% of global energy 

consumption in 2012 (Valavanidis, 2018). From this total, passenger or personal mobility-

related fuel consumption accounted for 61% of total world transportation energy consumption 

(U.S. Energy Information Administration, 2016). Thus, there is a strategic need to increase the 

usage of renewable energy sources in personal transportation vehicles in order to ensure the 

sustainability of energy delivery into the future.  

Traditional internal combustion engine vehicles (ICEVs) may not be sustainable for future 

usage due to the ongoing depletion of petroleum as a non-renewable natural resource. As such, 

EVs are attractive alternatives for long-term usage as electricity can be extracted from 

renewable energy sources such as wind/solar farms. There is also steady growth in battery 

recycling techniques and great improvements in battery capacities allowing for greater mileage 

(Gaines, 2018; Nishi, 2014). Furthermore, ICEVs have an efficiency rating of 20~30% whereas 

EVs have efficiency ratings greater than 90% (Marques et al., 2011).  
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Presently, EVs are gaining popularity in global markets. According to the Global EV Outlook 

2020, there has been exponential growth in the deployment of electric vehicles with 

approximately 7 million EVs owned in 2019 as graphed in Fig. 1 (International Energy Agency, 

2020). Though figures for 2020 EV sales are projected to be lower due to the novel coronavirus 

pandemic that began in December 2019, historical data indicates that there is much greater 

long-term potential (Bloomberg, 2020). 

 

 

 

 

 

 

 

 

 

Fig. 1 Deployment of electric vehicles over the past decade (International Energy Agency, 

2020) 

 

While the demand for EVs is expected to continue rising as the technology matures, there exist 

significant barriers towards more widespread adoption of EVs, which are primarily their high 

upfront costs and limited battery longevity. Typically, a domestic wall charger for an EV would 

cost around €1,049. Though in certain countries such as Ireland, Japan and the Philippines, 

government incentives can reduce its cost down to €449.00 (May, 2018).  As for the cost of the 

EV itself, a great proportion of its price stems from its batteries. Based on studies conducted 

by Kochhan et. al., it is estimated that EV battery packs - typically lithium-ion batteries due to 



 

3 
 

their high energy density - constitute 35-50 % of the total cost of an EV as displayed in Fig. 2 

(Kochhan et al., 2014).  

 

Fig. 2 Cost breakdown of an electric vehicle (Kochhan et al., 2014)  

 

One way to reduce the overall cost of EVs is to improve battery longevity or efficiency. 

Currently, EV battery packs are warrantied towards an average range of 160,000 km (Battery 

University Group, 2020). Extending the lifespan of the battery would reduce the frequency in 

which the battery would have to be replaced which in turn would reduce the long-term cost of 

owning an EV. There are several parameters that could be improved and optimized across a 

battery pack ranging from its electrochemistry to its geometry. EV Battery performance, 

properties, reactions, efficiency, and safety are also further susceptible towards ambient 

conditions, notably temperature. Thus, good BTM is needed to assist in regulating these 

conditions to ensure optimal performance of the battery.  
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1.2 Significance of Battery Thermal Management (BTM) 

System 

BTM systems are important to maintain EV battery packs within an ideal operating temperature 

range in order to extend battery longevity. The permissible operating temperature of lithium 

ion (Li-ion) batteries is between -20–60 °C but they are ideally operated between 15–35 °C. 

Deviances outside the optimal temperature ranges would degrade battery performance, 

depending on whether the battery is above or below the ideal range as highlighted in Fig. 3 

(Pesaran et al., 2013).  

 

Fig. 3 Ideal operating temperature of a lithium-ion battery (Pesaran et al., 2013) 

 

The battery's internal temperature is influenced by 2 major factors, which include its 

charge/discharge rate and ambient temperatures. As the charge rate (C-rate) of the Li-ion 

battery increases, so does the rate of temperature rise across the battery. C-rates are measured 

based on the time needed to charge a battery until it is fully charged. A 0.5C charging rate Li-

ion battery would take 2 hours to reach a 100% state of charge (SOC) while a 1C battery would 

take an hour and a 2.0C battery would take 30 minutes. Most Li-ion batteries are rated to be 

charged between 0.5C and 1.0C to minimize the risk of thermal degradation across the battery. 

However, recent V3 supercharging stations supplied by Tesla Inc. have managed to advance 
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charging stations to as high as 1.5C, requiring only 2400 seconds to reach 100% SOC, as 

displayed in Fig. 4 (Lambert, 2019).  

 

Fig. 4 Tesla's latest supercharging station charges at a 1.5C rate (Lambert, 2019) 

 

Further improvements in C rates for future charging stations would necessitate advancements 

in battery cooling technologies to mitigate the amount of heat released during accelerated 

charge rates.  

While charge rates do cause thermal energy to be generated from the batteries core, ambient 

heat transfers thermal energy to the battery through radiative heat. The permitted charging 

temperature range of Li-ion batteries are narrower than the battery’s permitted operating 

temperature, with charging temperatures being between 0 ~ 45 °C (Battery University Group, 

2017).  

1.2.1 Low Temperature Effects  

Cold temperatures affect Li-ion batteries both physically and chemically. Physically, cold 

temperatures decrease the viscosity of the electrolyte, causing a reduction in ionic reaction rates 

while polymerous portions of the battery would also become brittle (Ma et al., 2018). 
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Additionally, low temperatures accelerate the growth of dendrites within the battery, which 

would compromise the safety of the battery and reduce the battery life. Chemically, the internal 

resistance of the battery would become lower, which would in turn lower the relative capacity 

of the battery as the temperature drops. While the battery’s relative capacity would degrade 

naturally over a combination of prolonged charge/discharge cycles and calendar aging, it is 

accelerated when exposed to the cold (Chang, 2019). The effect is most pronounced when the 

battery’s temperature is below −10 ℃ as shown in Fig. 5.  

 

 

Fig. 5 Change in relative battery capacity as the Li-ion battery's temperature changes (Chang, 

2019) 

 

Manufacturers account for capacity degradation through prolonged use by allocating additional 

capacity to ensure that the EV is able to perform at the rated capacity throughout its vehicular 

lifespan as shown in Fig. 6 (Battery University Group, 2018). However, the additional capacity 

may not be sufficient to offset low temperature degradation if temperatures are too low. Thus, 

the incorporation of BTM systems is crucial for prolonged usage of an EV.  
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Fig. 6 Vehicle driving range relative to battery life (Battery University Group, 2018) 

 

1.2.2 High Temperature Effects 

There are 2 primary concerns when Li-ion batteries go above the optimal range of 15–35 °C, 

which are accelerated aging across the battery and the risk of thermal runaway. Similar to the 

effects of cold temperature exposure, Li-ion batteries age quicker when exposed to high 

temperatures as the cathode structure of the battery becomes compromised (Ma et al., 2018). 

In regards to thermal runaway (TR), there is a high risk for the Li-ion battery to undergo TR 

when subjected to thermal abuse (Feng et al., 2017). The risk of a chain reaction leading to TR 

gets exponentially higher as the battery’s temperature goes above 60℃ as displayed in Fig. 7 

below (Feng et al., 2017). Typically, manufacturers would introduce various safety 

mechanisms to prevent this from occurring. The installation of a BTM system is an example 

of one of those systems. 
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Fig. 7 Chain reaction that leads to thermal runaway (Feng et al., 2017) 
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1.3 Project Scope and Vision 

At present there are several existing BTM systems available in the current EV market, which 

typically consist of air-based, liquid-cooled and refrigerant-based cooling systems. Each 

system has its respective advantages and disadvantages, which will be further covered in the 

Literature Review. Nevertheless, each of these systems share a common disadvantage - they 

require an active component such as a pump or a fan. Such components require additional 

spacing within the EV and require additional power to operate, resulting in lower efficiencies 

across the EV.  

Phase change material (PCM) based BTM systems could potentially be utilized as alternatives 

to conventional air, liquid and coolant-based cooling systems due to PCMs having high latent 

heat storage capacities. There are multiple PCM types with differing thermophysical properties 

used in varying industries including solar, construction and manufacturing. As such, the 

cooling requirements of the application should first be considered before determining the PCM 

type to be used. With regards to Li-ion BTM, paraffin bolsters several suitable qualities 

including excellent thermal and chemical stability, non-corrosivity, high latent heat capacities, 

and low costs (Himran et al., 1994). Despite such beneficial traits, there are two major 

considerations that should be addressed when utilizing PCMs, including enhancing their 

thermal conductivity, as PCMs are generally poor heat conductors, as well as designing the 

method of containment (Advanced Cooling Technologies, 2019; Alam et al., 2015). The 

container used has to fulfil several requirements including preventing PCM spillage during the 

melting process, maintaining sufficient heat transfer between the heat source and the PCM, and 

providing sufficient void space to accommodate for PCM expansion during the melting process 

(Advanced Cooling Technologies, 2019). As such, the study conducted aims to fulfil the 

following objectives: 
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(1) Designing a prototype that can house a standard 18650 battery while simultaneously 

regulating its temperature. 

(2) Determining the heat transfer rate, �̇� of a typical 18650 cell under varying discharge 

rates. 

(3) Identifying the optimal PCM type to be used for Li-ion battery temperature regulation. 

(4) Optimizing the prototype to effectively transfer heat away from the battery to the PCM 

with as little volume possible.  

(5) Simulate the effectiveness of the prototype under various ambient temperatures. 
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2. Literature Review 

2.1 Current BTM Systems 

As mentioned in the introduction, a BTM system is paramount for the safe and optimal 

operation of Li-ion battery packs. This has helped spur innovation in air, liquid and refrigerant-

based cooling systems (Wiebelt and Heckenberger, 2010). Industry engineers typically select 

one of the three cooling systems based on the space and cooling requirements of the battery 

pack. This section analyses the advantages and disadvantages of the three BTM systems in 

comparison to the passive PCM based system. 

2.1.1 Air-Based 

Air-based cooling systems are typically rudimentary in design but are lighter in weight and 

easier to service compared to the other cooling systems. Their simplicity stems from the fact 

that there is no need for insulation between the air and the battery. There is also no risk of 

spillage, unlike liquid and coolant-based systems. This allows for easier maintenance and more 

adaptive designs to be utilized across the battery. Such systems utilize ambient air as a cooling 

medium to regulate the battery's overall temperature. Appropriate mass flow rates should thus 

be calculated based on the temperature difference between the battery’s internal temperature 

and ambient temperature, as well as the air flow rate and number of batteries used, as described 

by the formula reported by Xinran et. al. (2014) in Eq. 1. 

 �̇�𝑎𝑖𝑟 =
𝑛𝑏𝑎𝑡𝑡𝑄𝑎𝑖𝑟

𝑐𝑝,𝑎𝑖𝑟(𝑇𝑂𝑢𝑡𝑙𝑒𝑡 − 𝑇𝐼𝑛𝑙𝑒𝑡)
 

(1) 

In the formula, �̇�𝑎𝑖𝑟 is the mass flow rate of air (𝑘𝑔/𝑠), 𝑛𝑏𝑎𝑡𝑡 is the number of batteries in the 

module, 𝑄𝑎𝑖𝑟 is the volume flow rate of air used (𝑚3/𝑠), 𝑐𝑝,𝑎𝑖𝑟 is the air specific heat capacity 

(𝐽/𝑘𝑔𝐾), 𝑇𝑜𝑢𝑡𝑙𝑒𝑡 is the outlet air temperature and 𝑇𝑖𝑛𝑙𝑒𝑡 is the inlet air temperature.  
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One example of EVs that use advanced air-based cooling systems in their batteries is the one 

designed by Siemens that redirects cooled air from the vehicles A/C unit to the battery pack 

(SIEMENS, 2019). 

A major weakness of air-based systems is the lower specific heat capacity of air compared to 

water and other coolants in a liquid medium. This in turn requires air based BTM designs to 

accommodate large manifolds, ducts and fans, which would increase the overall size of the 

battery pack. The whirring of the fans also contributes to the noise pollution of the vehicle. 

While noise pollution from fans can be easily mitigated using methods such as layer damping, 

ductwork padding with foam/fiberglass and the installation of vibration isolators underneath 

the fan, these nevertheless incur additional cost.  

Several studies have been conducted on ways to better optimize the manifolds, ducts and fans 

in air-based cooling systems to overcome existing restrictions and convect more heat from the 

batteries. Zhang et. al. (2014) utilized a pin fin heat sink design between prismatic batteries to 

increase the battery’s overall heat transfer area. Results from their research indicate that 

increasing the length of the pins parallel to the direction of the air flow would enhance the 

temperature uniformity of the battery pack. Chen et. al. (2017) proposed a similar pin-finned 

channel design yielding similar results. Fan et. al. (2019) investigated the effects of changing 

the arrangements of cylindrical Li-ion batteries within the pack to determine if the maximum 

temperature rise of the battery would differ. Battery arrangements across the pack included 

being aligned, staggered and crossed. However, from the results gathered, the arrangements of 

the battery did not significantly vary the battery’s maximum temperature rise.  

In a follow up study, Fan et. al. (2019) also studied the effect of increasing the inlet air velocity 

on the battery’s maximum temperature rise. Their results showed that there was a large 
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decrease in the battery’s maximum temperature rise as the inlet velocity increased, even across 

various discharge rates, as highlighted in Fig. 8 (Fan et al., 2019).  

 

 

Fig. 8 Maximum temperature rise of Li-ion batteries with respect to increasing inlet air 

velocities at various discharge rates (Fan et al., 2019) 

 

2.1.2 Liquid-Based 

A major advantage of liquid-based cooling systems over air-based systems is the more compact 

nature of the structure. The higher conductivity, density and specific heat capacity of fluids 

enable liquid cooling systems to be approximately 3,500 times more efficient than their air-

cooled counterpart (Moghaddam and Mazyar, 2018). However, they also come with other 

disadvantages including higher costs, risk of leakages and greater intricacies in operation (Xia 

et al., 2017).  Liquid systems are greatly affected by varying factors such as the mass flow rate 

of the liquid, initial inlet temperature of the battery cooling liquid, ambient temperatures, 

thermal properties of the liquid and geometry of the system. There are two types of liquid 

cooling systems - indirect liquid cooling and immersion cooling.  
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2.1.2.1 Indirect Liquid Cooling 

Generally, water is the most commonly used coolant in liquid cooling systems. There are other 

coolant types such as glycol-water solutions, dielectric fluids, and oils, but the specific heat 

capacity of water remains the highest (Quesnel, 2017). However, one issue with utilizing liquid 

cooling systems is the risk of leakage, which could in turn lead to a short circuit. The hazard 

of electrical conduction can be remedied using the indirect cooling method, which involves 

wrapping the battery cell with tubing in which the liquid cooling medium may flow through 

while sustaining high thermal conductivities. This concept is illustrated in Fig. 9 where the cool 

fluid medium conducts heat away from the battery and flows out through the outflow.  

 

Fig. 9 Liquid medium flows through the tubing while conducting heat away from the battery  

 

One study has also investigated the integration of a cooling plate to conduct heat away from 

the battery (Panchal et al., 2015). Such systems reduce the risk of a short circuit, as the cooling 

plate acts as a barrier between the battery and the liquid medium. Prismatic and pouch cell 

designs are particularly suited to the use of such cooling plates, as they have wider surface 

areas that allow greater heat transfer through the cooling plate. However, cylindrical batteries 

such as those of a typical 18650 cell do not benefit as much from cooling plates due to the 

absence of a flattened surface area. As such, EV manufacturers such as Tesla generally install 
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cooling ribbons instead, which are able to conform to the limited spacing across the cylindrical 

based battery pack, allowing them to transfer heat more efficiently away from the battery as 

illustrated in Fig. 10 (Bower, 2018). 

 

Fig. 10 Ribbon cooling across a Tesla battery pack (Bower, 2018) 

 

In terms of effectiveness, the higher the mass flow rate of the liquid medium, the greater the 

heat dissipation across the battery. Lai et. al. (2019) demonstrated this correlation through a 

novel liquid BTM system, with their results indicating that the higher the mass flow rate of 

liquid going through the inlet, the lower the overall maximum battery temperature rise, as 

observed in Fig. 11. 

 

Fig. 11 Maximum temperature rise of a cylindrical 18650 cell discharged at 5C cooled using 

a novel liquid BTM system (Lai et al., 2019) 
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2.1.2.2 Immersion Cooling 

Immersion cooling involves submerging an electrical component such as a battery pack into a 

dielectric fluid such as mineral oil or silicon oil to cool it. While dielectric fluids have lower 

thermal conductivities than water, their insulative properties allow for the complete immersion 

of an electric circuit, resulting in substantially greater heat transfer potential (Sundin and 

Sponholtz, 2020). This also allows for greater temperature uniformity across the battery pack. 

Other properties of dielectric fluids used in immersion cooling include low viscosity, high 

thermal capacity, and high thermal conductivity.  

Currently, this technology is used mostly for power electronics, data centre servers, and racing 

EVs (Mathur et al., 2014; Wang et al., 2009) Its application in conventional commercial EVs 

is currently not widely observed due to the high cost of dielectric fluids and the risk of leakage 

if the container is not properly sealed. Additionally, dielectric fluids such as mineral oils 

contain sulfuric elements which would corrode the steel container that houses the battery cell, 

which would in turn accelerate battery failure (Sundin, 2018).  

2.1.3 Refrigerant-Based Cooling 

An alternative to air and liquid cooling-based systems is to cool the batteries directly through 

evaporator coils. Essentially, an additional set of evaporator coils is retrofitted parallel to the 

existing HVAC system meant for cabin climatization within the vehicle to cool the battery pack 

as illustrated in Fig. 12 (Christian et al., 2017; Pankaj, 2017). This concept allows for a 

reduction in the number of active components, allowing for a more compact and lighter system 

(Bauchrowitz et al., 2010). Overall piping can also be reduced due to the utilization of pre-

existing pipes for the cabin’s HVAC. Heating foils may also be added beneath the battery pack 

when ambient temperatures are significantly low.  
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Fig. 12 Refrigerant based cooling system for battery pack cooling (a) Simplified diagram of 

the refrigerant based cooling system (b) 3D visualisation of the system (Christian et al., 2017) 

A weakness of this model is that when there is an increase in the battery cooling demand such 

as during rapid acceleration and high battery charge rates, the fan must use additional energy 

to cool the condenser coils. While the overall system efficiency can be improved greatly while 

the vehicle is being driven, its practicality drops while the vehicle’s cabin does not require 

(a) 

(b) 
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cooling, but the battery still requires high temperature loads. For instance, while the vehicle is 

charging, the air conditioning system would have to be switched on to regulate the battery's 

temperature. 

2.1.4 Comparison Between the Various Cooling Systems 

Each cooling system has its advantages and disadvantages, making it challenging to identify 

which system is the best as a BTM system. Christian et. al. (2017) has created a table that 

summarises the effectiveness of each system based on their corresponding traits as shown in 

Table 1.  

Table. 1 Comparison of the effectiveness of varying cooling system types (Christian et al., 

2017) 

Air cooled systems are lighter, cheaper and simplistic in design but have low cooling 

efficiencies. Liquid cooled systems have higher cooling efficiencies and are compact but 

require more weight, cost and design complexity. Refrigerated systems have the highest 
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cooling efficiency and compactness with moderate weight load, but they also have the highest 

cost.  
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2.2 PCM Thermal Management 

Conventional EV BTM systems using air, liquid or refrigerant based cooling systems require 

additional energy to cool their battery packs. This in turn leads to lower mileage efficiencies 

across the vehicle as energy is also diverted to the BTM system itself. A potential alternative 

substitute to such BTM systems is phase change material (PCM) based BTM systems. PCMs 

contain high latent capacity which in turn allows them to dissipate the conducted heat and 

regulate temperature passively. Additionally, PCMs can alternate between storing and 

releasing thermal energy during the battery recharge cycle. Thermally, the PCM first absorbs 

heat as sensible heat, and as it approaches the transition point, it begins to absorb heat as latent 

heat. As the PCM cools down, it solidifies and releases its stored energy back to its ambient 

surroundings (Berthou, 2011). Fig. 13 displays the phase change cycle as PCM temperature 

rises and falls. 

 

Fig. 13 Phase change cycle as it melts and solidifies 

 

 

 

 

 

 Fig. 13 The phase change cycle of the PCM in relation to the change in temperature of the PCM 
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As solids have lower specific heat capacities than liquids, the main utility of PCMs come from 

their phase change and liquid state, when more latent and sensible heat can be absorbed with 

minimal rise in the temperature of the PCM (Ed et al., 2020). As such, the melting point of the 

PCM selected should be close to the maximum temperature requirement of the application used 

to ensure the greatest amount of heat can be transferred. Extensive research has been conducted 

on the utilisation of PCMs in EV BTM systems, as well as in other applications including 

building climate control and solar hot water storage systems (Lauf and Hamby, 1990). There 

are numerous PCM types with various thermo-physical properties, most notably in terms of 

melting temperatures and latent heat capacities. PCMs can be mainly divided into two main 

groups - inorganic PCMs and organic PCMs (Sharma et al., 2009). 

2.2.1 Inorganic PCMs 

Inorganic PCMs used for latent heat storage are typically metals, salts and salt hydrates. These 

PCM types are non-flammable and have high latent heat energy, good thermal conductivity as 

well as low thermal expansions. These properties allow them to absorb large quantities of heat 

while occupying a smaller volume compared to organic PCMs. However, the melting 

temperature of inorganic PCMs are between the 307 ~ 380°C and 700 ~ 900°C range, while 

the melting temperature of organic PCMs are at the 5 ~ 380°C range (Biswas, 2016). These 

high phase change temperatures make inorganic PCMs unsuitable for most consumer 

applications.  Inorganic PCMs are also corrosive, and their melting points tend to change when 

used for prolonged periods (Ianniciello et al., 2018). Therefore, inorganic PCMs like salts are 

mostly used for high thermal energy storage applications at the industrial level such as solar 

power plants but rarely applied in consumer BTM applications. (Mathur et al., 2014).  

https://www.zotero.org/google-docs/?S7CUFd
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2.2.2 Organic PCMs 

Organic PCMs are carbon and hydrogen-based compounds. One example of a common organic 

PCM is paraffin, with a chemical formula of 𝐶𝑛𝐻2𝑛+2. As the length of the hydrocarbon chain 

increases, so too does its melting temperature and latent capacity (Wang et al., 2009). Other 

organic PCMs include fatty acids, esters, alcohols, and glycols. The melting temperatures of 

these substances range from 15–130 °C and their melting point does not change significantly 

even after prolonged periods of use. Chemically, these substances are stable, non-corrosive and 

have high latent heat.  

However, they have two major weaknesses, which are their high flammability and poor thermal 

conductivity, resulting in sluggish heat transfer rates and high temperature gradients during the 

charging and discharging process (Farid et al., 2004). These flaws can be overcome using 

several thermal conductivity enhancement techniques including the addition of metallic fins or 

extended surfaces, incorporation of metal-based additives and installation of heat pipes 

(Joybari et al., 2017; Mantilla Gilart et al., 2012). Thermal conductivity enhancement will be 

further elaborated on in Section 2.2.4.  
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2.2.3 Comparison of Inorganic and Organic PCMs 

An overview of several PCM types is displayed in Fig. 14. While inorganic PCMs such as 

carbonates and chlorides have both wider melting temperature ranges and higher latent heat 

energies, organic PCMs such as paraffin and fatty acids have melting temperature ranges of 

around 0~200 °C, which encompasses that of ambient temperatures. This allows organic PCMs 

to be more suited towards BTM applications which generally run between 15~35 °C.  Briefly, 

while salt hydrates and gas hydrates also have melting temperature ranges close to ambient 

temperatures, it was decided not to use them for BTM applications due to the risk of corrosion.  

 

Fig. 14 Overview of PCM types based on melting temperatures and latent heat 

capacity (Mehling and Cabeza, 2008) 

Thermophysical data on various PCM types are difficult to obtain due to the novelty of PCM 

usage. In Table 2, these values are compiled from several sources from literature. Observably 

the melting temperatures of inorganic PCMs are much higher than that of organic PCMs. For 

BTM systems, such melting temperatures would not be suitable for the optimal temperature 

range of batteries are between 15~35 ℃. Latent heat capacities of both the organic and 

inorganic PCMs vary in range from 75 kJ/kg to 335 kJ/kg. Ideally, the PCM selected for the 
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BTM system should contain a high latent heat capacity to absorb as much heat as possible from 

the battery. However, the selection of the PCM for the BTM system is still constrained to the 

melting point that is within the optimal temperature range of the Li-ion battery to ensure that 

the batteries’ temperature is well regulated in the 15~35 ℃ range. 
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Table 2 Thermophysical properties of varying PCM types (Agyenim et al., 2010; Durakovic 

and Torlak, 2016; Fukai et al., 2003; Medved’ et. al., 2016; Pincemin et al., 2008;  

Zivkovic and Fujii, 2001, Sundararajan et al., 2017) 

Compound 

Melting 

temp, 

𝑇𝑚𝑒𝑙𝑡  

(℃) 

Latent 

heat 

capacity, 

𝜆 

(kJ/kg) 

Specific heat 

capacity, 𝐶𝑝  

(kJ/kgK) 

Thermal 

conductivity, 

𝑘 

(W/mK) 

Density, 𝜌 

(kg/m3) Ref. 

Liquid Solid Liquid  Solid Liquid  Solid 

𝐻2𝑂 

(Organic) 
0 335.0 4.2 4.2 2.4 0.6 997 920 

Agyenim et. 

al. 

Rubitherm, 

RT 27 

(Organic) 

27 122.8 4.6 2.3 0.2 0.2 880 760 
Durakovic 

et. al.  

Paraffin 

Wax 

(Organic) 

32-32.1 251.0 3.3 1.9 0.2 0.5 830 - 
Zivkovic 

and Fujii 

PEG 900 

(Organic) 
34 150.5 2.3 2.3 0.2 0.2 1100 1200 

Sundararajan 

et. al. 

Medicinal 

Paraffin 

(Organic) 

40-44 146.0 2.3 2.2 2.1 0.5 830 - 
Medved et. 

al. 

Lauric 

Acid 

(Inorganic) 

41-43 211.6 2.3 1.8 1.6 1.6 1760 862 
Medved et. 

al.  

𝑍𝑛𝐶𝑙2 

(Inorganic) 
280 75.0 0.7 - 0.5 0.5 - 2907 

Pincemin et. 

al.  

Na𝑁𝑂3 

(Inorganic) 
310 172.0 1.8 - 0.5 0.5 - 2260 

Pincemin et. 

al. 

NaOH 

(Inorganic) 
318 165.0 2.1 - 0.9 0.9 - 2100 

Pincemin et. 

al. 

𝐾𝑁𝑂3 

(Inorganic) 
330 266.0 1.2 - 0.5 0.5 - 2100 

Pincemin et. 

al. 
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2.2.4 PCM Encapsulation and Thermal Conductivity Enhancement 

Thermal conductivity enhancement plays a vital role in the commercialization and viability of 

PCM-based BTM systems. Several studies have been conducted on these enhancements such 

as the addition of thermal conductivity enhancers like carbon and metallic nanoparticles, the 

introduction of metallic fins/tubing to increase the heat transfer area and through micro and 

macro encapsulation of the PCM (Chen et al., 2017; Fan et al., 2019; SIEMENS, 2019; Wiebelt 

and Heckenberger, 2010; Zhang et al., 2014).  

The inclusion of carbon and metallic nanoparticles to enhance thermal conductivity has been 

investigated by several researchers. Lin et. al. (2018) reported that the addition of carbon 

nanoparticles is comparatively more effective at increasing thermal conductivity than metallic 

nanoparticles. Li and Zhai (2017) supported these findings through their studies on solar 

collector-storage systems. Their systems utilize both a PCM composite consisting of erythritol 

and expanded graphite together with aluminium piping. Their results showed that a PCM 

composite with 3 percent of total weight expanded graphite can increase heat storage 

efficiencies by 40.17%. Similarly, Choi et. al. (2014) reported that adding graphite amounting 

to 5.0% of the PCM volume improves the thermal conductivity performance by 3.5 times. 

However, the addition of such nanoparticles would cause the settling or floating of additives 

across the PCM during its liquid state. This is undesirable as the cooling rate would become 

uneven around the battery, leading to chemical instability. Adequate and frequent mixing 

would be required to ensure uniformity across the PCM medium if such additives are mixed 

inside it.  

The integration of fins or tubing across a heat pipe has numerous advantages in the 

enhancement of PCM thermal conductivity. The length of fins across the tubing structure 

ensures thermal uniformity throughout the PCM (Agyenim et al., 2010). Thermal conductivity 
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efficiency of PCMs is also reported to be significantly higher in fin-based structures compared 

to PCMs only enhanced with metallic or carbon nanoparticles (Agyenim et al., 2010). Singh 

et. al. (2019) investigated and compared the thermal conductivity effectiveness of various PCM 

enhancement methods including the addition of carbon powder, aluminium fins and graphite 

fins. Results from their study showed that the addition of aluminium fins was the most effective 

at improving PCM thermal conductivity, increasing it by 42 times, while the carbon fins were 

the next most effective, improving thermal conductivity by 33 times, as shown in Fig. 15. 

However, the addition of such fins would increase the manufacturing cost of the PCM container 

and would thus impose an additional design challenge in terms of weight and complexity.  

 

 

Fig. 15 Effectiveness of various PCM thermal conductivity enhancement types (Singh et al., 

2019) 

 

PCM encapsulation involves encapsulating a core material within a shell material. 

Encapsulation improves heat transfer efficiency by increasing total surface area, prevents 

environmental contamination of the core material and improves PCM handling (Hassan et al., 

https://www.zotero.org/google-docs/?wSIH9C
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2016). There are generally, two types of encapsulation - microencapsulation, where capsule 

sizes are between 1–1,000𝜇𝑚 and macro encapsulation where capsule sizes are above 

1,000𝜇𝑚 (Salunkhe and Shembekar, 2012). Selection of the core material is based on several 

factors including application type, thermophysical requirements, acidity and flammability of 

the material. There are several methods of encapsulating such PCMs including interfacial 

polymerization, coacervation and phase separation, in-situ polymerization, sol-gel 

encapsulation, etc (Hassan et al., 2016).  However, most of such encapsulation techniques are 

difficult to achieve and require highly specialized equipment (Hassan et al., 2016).  

A comparison of the various thermal conductivity enhancement types is included in Table 3.  

Table 3 Comparison between the various thermal conductivity enhancement types (Alam et 

al., 2015; Hassan et al., 2016; Salunkhe and Shembekar, 2012)

 

With such parameters in mind, the cooling prototype constructed in this study focuses on 

utilizing aluminium fins. The addition of the aluminium fins to the PCM prototype increases 

its thermal conductivity, is relatively economical in cost and can be adapted to the container’s 

shapes as compared to enhancing the PCM with carbon/metal nanoparticles or micro/macro 

encapsulation. The subsequent sections describe the design concept of the proposed PCM BTM 

prototype and the method of optimizing the structure to best dissipate heat away from the 

battery.  
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3. Methodology 

To develop and prototype the PCM BTM system for EVs, the design for the system should be 

first drafted in accordance with several objectives. These objectives include the enhancement 

of the PCM’s thermal conductivity, allocation of adequate storage space for the PCM, 

prototype compactness as well as other considerations for design manufacturing. The 

effectiveness of the system is then simulated and optimized through Computational Fluid 

Dynamics (CFD) software, namely ANSYS. The CFD method comprises modelling three 

parts. 

(1) Heat released by the battery under varying discharge rates.  

(2) PCM thermophysical properties during the melting phase. 

(3) Heat transfer between the battery to both the PCM and the prototype. 

3.1 Design concept 

To reduce the size of the BTM system, a honeycomb structure was considered as it can house 

the battery, contain the PCM, reduce spacing between battery cells and protect the battery pack 

against physical stress/impact. Utilizing compact geometries across the honeycomb cells would 

also aid in maximizing the heat transfer between the aluminium structure and the PCM, 

ensuring sufficient structural strength and reducing the overall volume of the prototype.  

Duan et. al. (2019) conducted a study on the melting behaviours of PCMs in honeycomb 

structures with varying core geometries such as triangular, trapezoid, rectangular and 

hexagonal, as illustrated in Fig. 16 (a). 
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Fig. 16 Effects of various geometries on the rate of heat transfer across PCM in an aluminium 

container (a) Honeycomb structures were constructed using triangular, trapezoid, rectangular 

and hexagonal core geometries (b) Isothermal heat source was introduced along the front-

wall of the honeycombs (c) Liquid (red) vs solid (blue) fraction of the paraffin within the 

containers after heating for 10, 150 and 200 seconds (Duan et al., 2019) 

 

In the study, aluminium containers of varying geometries (triangular, trapezoidal, squared, 

hexagonal and circular shapes) were modelled through CFD to observe how the container 



 

31 
 

geometries would affect the PCM melting rate when exposed to heat, as illustrated in Fig. 16 

(a) and Fig. 16 (b) Additionally, the orientation of the triangular, trapezoidal and hexagonal 

containers were flipped vertically as shown in Fig. 16 (c) to investigate if orientation affects 

the heat transfer rate. The isothermal heat source is kept constant across the different geometry 

shapes. As the solid PCM in the containers were heated for 10, 150 and 200 seconds, the 

fraction of the PCM that absorbed heat and changed from solid to liquid are illustrated in red 

in Fig. 16 (c). 

Results from the study as shown in Fig. 16 (c) and Fig. 17 indicate that triangular shaped 

containers have the fastest PCM melting rates, followed by trapezoidal, squared, hexagonal 

and lastly circular containers. The short time needed for the PCM to completely melt in the 

triangular containers indicates that they have the greatest heat transfer rate compared to the 

other geometries.  

 

 

Fig. 17 PCM melting rate based on container geometry type (Duan et al., 2019) 
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While the thermal performance of a purely triangular honeycomb appears better than other 

geometries, its structural strength is not comparatively greater. Wang et. al. (2009) compared 

the structural strength of various metallic honeycomb geometry structures as illustrated in Fig. 

18 using a finite element model study.  

 

Fig. 18 Varying honeycomb patterns tested for structural strength through finite element 

model (Wang et al., 2015) 

Physical properties of the geometries include a density of 2680.0 kg/m3, Young’s Modulus of 

69.3 GPa, Poisson’s ratio of 0.3 and a Yield Stress of 215.0 MPa. Cell sizing of the varying 

honeycomb structures were set at 1mm. The varying honeycomb patterns utilized across the 

investigation were then pressed against a singular contact surface with constant velocity while 

supported on a static rigid boundary as seen in Fig. 19 below.   
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Fig. 19 Example of the general honeycomb body being pressed under a singular contact 

surface (Wang et al., 2015)  

The energy absorbed per unit volume of the various geometries were then tabulated in Fig. 20 

below (Wang et al., 2015) to determine the geometry with the greatest strength. Energy 

absorbed was calculated by obtaining the area underneath the stress strain curve and then 

dividing it by the geometry’s unit volume. 

 

 

 

 

 

 

Fig. 20 Structural strength of the varying honeycomb structures measured by the energy 

absorbed per unit volume (Wang et al., 2015) 
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It was reported that a honeycomb structure with a central support element as observed in Fig. 

18 (c), Fig. 18 (d), Fig. 18 (e) and Fig. 18 (f) are better able to withstand greater stresses and 

absorb more energy than the other honeycomb design patterns. This is due to the additional 

support proved by the central column.  

With consideration towards both the heat transfer rate and structural strength of each 

honeycomb geometry and pattern, the design in Fig 18. (d) is proposed for the PCM BTM 

system design in this project. The reason this design was chosen are as follow: 

(1) It can accommodate a cylindrical battery within its circular core. 

(2) The outer trapezoidal segments would be able to store the PCM and transfer heat from 

the battery to the PCM efficiently as illustrated in Fig. 16 (c). 

(3) Sufficient structural strength is available across the design due to the circular core 

within the hexagonal outer shell. 

(4) Does not have any gaps, allowing for maximum space utilization. 

The proposed design for the prototype is displayed in Fig. 21 with a diagram of the full 

assembly on the left and the cell diagram on the right. Further optimization of the structure is 

explored in Section 5.  

 

Fig 21 Proposed PCM thermal management honeycomb cell prototype design 
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3.2 CFD method 

With the design of the honeycomb structure established, the PCM thermal management system 

was further optimized to reduce its overall volume while conducting as much heat away from 

the battery as possible. There are essentially three parts to the process - identifying the transient 

heat generation rate from the battery across various discharge rates, modelling the 

thermophysical properties of the PCM as it absorbs heat during the battery discharge process 

and finally optimizing the structure of the final prototype with respect to both the transient heat 

source of the battery and the PCM’s thermophysical properties. 

3.2.1 Lithium-Ion Heat Generation Model 

It is imperative that accurate modelling of the heat generation rate of a Li-ion battery be first 

established to aid in the optimization of the onboard BTM structure, as well as improve upon 

the accuracy of the source functions that will be used for future CFD studies. Previous 

studies(Al Hallaj et al., 1999a; Bernardi et al., 1985; I. Evans and E. White, 1989; Newman 

and Tiedemann, 1995) have established much of the foundational knowledge of battery heat 

generation.  Most of the works done by the aforementioned research groups acknowledged that 

the heat generation rate of the battery primarily comprises of both Joule heating and reversible 

heat generation effects as shown in Eq. (2)  

 
𝑄 = 𝐼 [(𝑂𝐶𝑉 − 𝑉) − 𝑇𝐵𝑎𝑡

𝑑𝑂𝐶𝑉

𝑑𝑇𝐵𝑎𝑡
] 

(2) 

 

Whereby 𝑄 (𝑊) is the heat generated by the battery, I (A) is the nominal current, OCV (V) is 

the open circuit voltage, V (V) is the nominal voltage, 𝑇𝐵𝑎𝑡 (°C) is the battery’s temperature 

and 
𝑑𝑂𝐶𝑉

𝑑𝑇𝐵𝑎𝑡
 is the differential between the open circuit voltage and the battery’s temperature. The 
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first group of values: (i) I ; (ii) OCV ; and (iii) V , represent the irreversible Joule heating effects 

while the second group: (i) 𝑇𝐵𝑎𝑡 ; and (ii)  
𝑑𝑂𝐶𝑉

𝑑𝑇𝐵𝑎𝑡
  , represent the reversible entropic heat 

produced by the battery. Apart from I, the other variables (OCV, V, 𝑇𝐵𝑎𝑡 and 
𝑑𝑂𝐶𝑉

𝑑𝑇𝐵𝑎𝑡
) in Eq. (2) 

vary depending on the state of charge (SOC) of the battery. While there are numerous equations 

that generalize the heat generated by the battery, not many have described a curve-

characterization function of the heat generated. Gümüşsu et al. and Catherino  (Catherino, 

2015; Gümüşsu et al., 2017) analysed and plotted the heat generation, 𝑄 of a cylindrical and 

prismatic lithium ion battery respectively at various discharge rates with respect to time, but 

had not specifically reported the associated heat generation function. The reasoning for this 

was not explained but it could be assumed that their studies intended for the reader to input 

their own power profile based on their load type. Nevertheless, the formulation of such a 

function is conducted to approximate the transient Li-ion battery temperature rise for various 

discharge rates for this study. Further elaboration of the process and its results are described in 

Section 4. 

3.2.2 PCM thermophysical characteristics and modelling 

Similar to establishing the heat generation model of the battery, accurate input of the 

thermophysical properties of the PCM would be beneficial in approximating the volume of 

PCM needed for the BTM structure. Throughout a PCM’s phase transition process of a PCM, 

there is a boundary value problem describing the derivative of the PCM’s phase boundary with 

respect to time. This problem is widely known as the Stefan problem. Mathematically the 

Stefan number, Ste is the ratio between the solid-state specific heat capacity and the latent heat 

capacity ∆𝐿 of a phase changing substance as displayed in Eq. 3.  

 
𝑆𝑡𝑒 =

𝑐𝑝∆𝑇

∆𝐿
 

(3)   
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Whereby 𝑐𝑝 is the specific heat capacity of the solid PCM, ∆𝑇 the change in temperature and 

∆𝐿 the latent heat capacity. Application of the Stefan problem across a CFD problem assumes 

that the heat generation source is constant and the melting portion is constantly at the edge of 

the solid boundary as illustrated in Fig. 22. 

 

Fig. 22 Representation of the Stefan problem (Sevault et al., 2017) 

Whereby 𝑡𝑤𝑎𝑙𝑙 is the temperature of the solid boundary, 𝑡𝑚𝑒𝑙𝑡is the melting temperature of the 

PCM S(t) is the free boundary, x the position in space of the boundary and t the time elapsed 

(Tobias, 2013). However, the battery’s heat generation rate is not constant, as it peaks towards 

the end of its discharge cycle due to increased Joule heating effects (Gümüşsu et al., 2017). 

Thus, it would not be feasible to apply the Stefan problem across the CFD model constructed. 

To simplify the modelling process of the PCM, the thermophysical properties are assumed to 

undergo pure conduction with piecewise linear thermophysical properties based on the 

transient temperature of the battery. The paraffin type used in the study is Rubitherm RT 27, 

for it has a relatively low melting temperature as compared to other paraffin types (Durakovic 

and Torlak, 2017). Table 4 displays the thermophysical properties of the RT 27 PCM to be 

used in the model (Maurizio et al., 2008). 

https://www.zotero.org/google-docs/?K4CXvB
https://www.zotero.org/google-docs/?YBS94x
https://www.zotero.org/google-docs/?YBS94x
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Table 4 Thermophysical properties of RT27 (Maurizio et al., 2008) 

 

It should be noted that the specific heat capacity, 𝑐𝑝 peaks during the transitional phase of the 

PCM. As the melting temperature of the RT27, 𝑇𝑚𝑒𝑙𝑡 used is 27.0°C, the 𝑐𝑝 value peaks at that 

range. Fig. 23 displays the transitional specific heat capacity incorporated within the model. A 

piecewise model was used to approximate the specific heat capacity of the RT27 used.  

 

Fig. 23 Piecewise linear model of RT27 specific heat capacity in relation to temperature 

(Maurizio et al., 2008; Medved’ et al., 2016) 



 

39 
 

The latent heat storage capacity, 𝐿 , of the PCM can be calculated by integrating the 𝑐𝑝 function,  

𝑐𝑝 (𝑇)𝑑𝑇 , with respect to the melting range of PCM, 𝑇1 and 𝑇2. The formula is stated in Eq. 4 

(Al-Saadi and Zhai, 2015) below.  

 
∫ 𝑐𝑝

𝑇2

𝑇1

(𝑇)𝑑𝑡 = ∆ℎ𝑇1→𝑇2
≈ 𝐿 

(4) 

Whereby 𝑐𝑝 (𝐽/𝐾 𝑘𝑔) is the specific heat capacity of PCM, 𝑇 ( °𝐶) is the PCM’s temperature 

with respect to time, 𝑇1 ( °𝐶) is the temperature at which the PCM starts to melt, 𝑇2 ( °𝐶) is the 

temperature at which the PCM completely melts, h (J) is the PCM’s enthalpy and L (kJ/kg) is 

the latent heat storage capacity of the PCM.  

The thermal conductivity of the PCM drops significantly from the solid phase to the liquid 

phase due to factors such as mismatched photons, weak pairing within the atomic matrix and 

decreased uniformity across the photons (Chaichan et al., 2015). Fig. 24 displays the thermal 

conductivity drop of the RT27 modelled. The thermal conductivity values displayed in Fig. 24 

are then inputted as a piecewise linear function with respect to temperature in the prototyping 

CFD model further elaborated in Section 5.1 

 

 

Fig. 24 RT27 thermal conductivity in relation to temperature (Chaichan et al., 2015) 



 

40 
 

3.2.3 Structure optimization of the final PCM model  

Upon establishing both the Li-ion battery heat generation model and the PCM’s thermophysical 

properties, the corresponding parameters were integrated into the final prototype CFD model 

for optimization. To reduce the weight of the final structure and to conduct heat away from the 

battery more efficiently, the number of fins, fin thickness and the width of the model is 

parameterized. It is hypothesized that by increasing the number of fins, expanding the fins’ 

thickness and increasing the width of the model, the amount of heat that can be conducted away 

from the battery will simultaneously rise to a certain limit. This limit is deduced to be the 

conclusive prototype structure as it is the most compact structure that is still able to 

substantially conduct heat away from the battery. Greater detail on the formulation of the Li-

ion heat generation model and the optimization process of the prototype is described in Sections 

4 and 5, respectively.   
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4. Results: Battery Thermal Characteristics 

Using the heat generation rate equation (Equation 2) established in Section 3 as a function of 

both joule heating and reversible heating effects, a curve characterisation function was 

formulated and revised in this section. The curve characterisation function is required as a User 

Defined Function (UDF) input for the heat generation model in CFD. Within this study, the 

heat generation of a standard lithium-ion battery was modelled. Thermophysical properties of 

the Li-ion battery were based off the NCR18650B model. The heat generation plot generated 

through experimental data by Gümüssu et. al. (Gümüşsu et al., 2017) was used as a reference 

in determining the main heat generation equation for the UDF. Firstly, the heat generation 

values of the battery at 1.0C discharge were modelled using polynomial, exponential and power 

equations with the Origin2019B mathematical software. Derived functions were then used as 

transient heat sources under a natural convection CFD model. Transient temperature rises of 

the battery modelled through the varying UDFs were then compared again with Gümüssu et. 

al.’s (2017) experimental values. The function with the smallest deviations in temperature from 

the experimental values were then scaled for 0.5C and 1.5C discharge rates.  

4.1 Function type and battery heat generation CFD settings 

4.1.1 Polynomial function 

Considering the scalability of a polynomial function, it may be adapted to represent the 

intricacies of the battery heat generation model. In general, polynomial equations are modelled 

as shown in Equation 5 below, 

 
�̇� = 𝑎0 + 𝑎1𝑡 + 𝑎2𝑡2+. . . +𝑎𝑛𝑡𝑛  

(5) 
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Whereby �̇� (𝑊/𝑚3) is the heat generation rate, 𝑎0 − 𝑎𝑛 are coefficients corresponding to 

the polynomial fitting method and t (sec) is the time passed. 

4.1.2 Exponential function  

A notable characteristic of the battery’s heat generation as it nears 0 SOC is its exponentially 

large increase in heat. Thus, it may be practical to model the heat generation function using an 

exponential equation as shown in Equation 6.  

 
�̇� = 𝑄�̇� + 𝑎1𝑒𝑡/𝑏1 + 𝑎2𝑒𝑡/𝑏2 

(6) 

 

Whereby �̇� (𝑊/𝑚3) is the instantaneous heat generation rate, 𝑄0
̇  (𝑊/𝑚3) is the initial heat 

generation rate,  𝑎1, 𝑎2, 𝑏1 and 𝑏2 are coefficients corresponding to the exponential model, t 

(sec) is the time passed. It should be noted that 𝑄0
̇  varies according to both the C-rate and 

capacity of the battery.   

4.1.3 Power function 

Similar to exponential functions, power functions share similar characteristics whereby they 

are able to quantify the notable rise in heat generation towards the end of the discharge cycle. 

The power function may be modelled in Equation 7 as follows. 

 
�̇� = 𝑄�̇� + 𝑎1|𝑡 − 𝑡𝑐|𝑝 

(7) 

Where �̇� (𝑊/𝑚3) is the heat generation rate, 𝑄0
̇  (𝑊/𝑚3) is the initial heat generation rate,  

𝑎1, 𝑡𝑐 and 𝑝 are coefficients corresponding to the power model and t (sec) is the time passed. 
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4.1.4 Root mean square error 

To determine the accuracy of the heat generation model, Equations 5, 6 and 7 are introduced 

as heat source functions in the CFD model under the pre-sets described in Section 4.1.5. The 

maximum temperatures generated by the CFD model are then compared with temperature rise 

values obtained by Gümüssu et. al. (2017). There are several statistical means of determining 

data accuracy including the Mean Absolute Error (MAE), Mean Absolute Percentage Error 

(MAPE) and Root Mean Square Error (RMSE) methods (J. Willmott and Matsuura, 2005; Kim 

and Kim, 2016). The practicality of each are debated in numerous studies where some such as 

Willmott and Matsuura (2005) state that the MAE method is a better metric for measuring 

average error while Chai and Draxler (2014) highlights that the RMSE method is appropriate 

for highlighting error distribution in statistical data due to its sensitivity to maximum and 

minimum errors. Thus, the RMSE method was used as it allows error values to be more 

quantitatively assessed (Gümüşsu et al., 2017). The RMSE formula is written in Equation 8 

below as,   

 
𝑅𝑀𝑆𝐸 = √

1

𝑛
∑(𝑇𝐶𝐹𝐷 − 𝑇𝑙𝑖𝑡)2. 

(8)   

Whereby, 𝑇𝐶𝐹𝐷 are the CFD generated temperatures, 𝑇𝑙𝑖𝑡 are the experimental temperatures 

obtained from the literature and 𝑛 is the number of temperature pairs compared. 

4.1.5 Battery heat generation CFD settings 

The initial settings for all the CFD simulations in this chapter include a heat transfer coefficient 

of 10 𝑊/𝑚2𝐾 and a free stream temperature of 25°C to mimic standard room conditions under 

natural convection. The dimensions of the NCR18650B battery modelled have a diameter of 

18.2 mm and a height of 65 mm as displayed in Fig. 25 (a). The heat source produced across 

the model stems from the centre of the battery as displayed in Fig 25. (b). 
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Fig. 25 (a) Geometrical dimensions of the NCR 18650 battery modelled (b) Battery model 

temperature distribution at t = 3600s after discharging  

Thermophysical properties of the battery are based on literature values and are described in 

Table 5 (Catherino, 2015; Gümüşsu et al., 2017). 

Table 5 Battery thermophysical properties (Catherino, 2015; Gümüşsu et al., 2017) 

Thermophysical properties Battery Reference 

ρ (kg/m3) 2939 Gümüşsu et. al. 

cp (J/kg K) 2400 Catherino 

k (W/mK ) 3 Catherino 

 

With the intent of ensuring mesh reliability and accuracy, a grid independence study was 

conducted in relation to the maximum temperature rise of the battery. Mesh sizes of 2.5 mm, 

2.0 mm, 1.5 mm and 1.0 mm were modelled for the grid independence study as mesh 1, 2, 3 

and 4 respectively. A predominately hexahedral mesh type was selected. The battery’s 

thermophysical properties were set as described in Table 5 and the heat generated was based 

on a discharge rate of 1.0C. The CFD simulation was set to run at 3600 time-steps to mimic a 
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one-hour discharge test at 1000 iterations each. The temperature rise of the battery for the 

varying mesh sizes are graphed in Fig. 26. 

 

Fig. 26 CFD grid independence study to investigate the effect of varying mesh sizes on 

temperature rise, based on a battery discharge rate of 1.0C for a duration of 3600s. The 

overlapping lines indicate that mesh size did not significantly affect the rate of temperature 

rise. 

As shown in Fig. 26, the temperature rise graph did not differ significantly when mesh size was 

varied. Thus, it can be noted that the increase in the number of cells did not significantly alter 

the temperature rise of the battery. Hence, mesh 1 was used for further simulations as it required 

the least amount of computational power while maintaining relevant results.  
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4.2 Heat generation function 

The heat generation functions were determined using the mathematical software Origin 2019b 

(OriginLab, 2019). A function was deemed fitted when the R-square value was at least 0.9, 

indicating sufficient accuracy of the function. (Cheng et al., 2014). 

4.2.1 Polynomial function 

Polynomial functions with different numbers of coefficients (n = 3, 4 5, 6 and 7) were fitted 

using Origin 2019b (OriginLab, 2019), and then compared against heat generation values 

obtained from literature (Gümüşsu et al., 2017) as shown in Fig. 27 below. It should be noted 

that while increasing the number of coefficients in a polynomial function reduces error, as the 

function is better able to fit the data, it also runs the risk of overfitting. Thus, it is important to 

balance between reducing error and overfitting the function. 

 

 

Fig. 27 Polynomial eq. (5) heat generation values at 1C discharge               
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The coefficients of the fitted polynomial functions are tabulated below as shown in Table 6. 

These values may be used for the heat generation function of a battery discharging at 1.0C.  

The suitability of these functions is later assessed and compared against the exponential and 

power functions in section 4.3.  

Table 6 Coefficients for the polynomial heat generation values 

N a0 a1 a2 a3 a4 a5 a6 a7 

7 57681.94 152.02 -0.62 9.68E-4 -7.58E-7 3.12E-10 -6.46E-14 5.31E-18 

6 60406.18 19.16 -0.01 -4.25E-5 4.46E-8 -1.57E-11 1.90E-15 - 

5 59116.31 58.03 -0.14 1.10E-4 -3.75E-8 4.68E-12 - - 

4 63287.74 -15.66 0.03 -1.99E-5 4.19E-9 - - - 

3 58349.23 31.84 -0.04 9.92E-6 - - - - 

 

4.2.2 Exponential function 

The mathematical software Origin 2019b (OriginLab, 2019) was used to fit an exponential 

function to the heat generation data published by Gümüssu et. al. by optimizing the constants 

a1, b1, a2 and b2 of the exponential function (Gümüşsu et al., 2017). �̇�0 is the initial heat 

generation value, while a1, b1, a2 and b2 are constants that determine the gradient of the 

function. 

Fig. 28 displays the exponential function fitted for the heat generation data. While the function 

is able to capture the general shape of the referenced heat generation data, it is not able to 

adequately model the sharp increase in heat generation observed during the beginning of the 

discharge process. This is due to the rigidity of a typical exponential function. As such, 

exponential functions are not suitable to fit data points that fluctuate greatly in value.  
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Fig. 28 Exponential heat generation curve eq. (6) values at 1C discharge 

Coefficients for the fitted exponential function are displayed in Table 7 below. Similar to the 

coefficients in Table 6, the values may be used for the transient heat source equation of a typical 

Li-ion cell.  

Table 7 Exponential coefficients 

�̇�0 𝑎1 𝑏1 𝑎2 𝑏2 
63518.40 104.64 478.02 -1833.72 879.12 

 

4.2.3 Power function  

A power law function was fitted to the heat generation data published by Gümüssu et. al. using 

the Origin 2019b software (OriginLab, 2019, Gümüşsu et al., 2017). Similar to the exponential 

model presented in Section 4.2.2, the function only manages to capture the general shape of 

the referenced heat generation but fails to model the sharp rise at the beginning of the energy 

discharge. The only notable difference is the stabilization of heat generation during the nominal 

voltage period of the battery. Table 8 displays the coefficients of the power function fitted. The 
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suitability of this power function to model the heat generation data is assessed and discussed 

in Section 4.3. 

 

Fig. 29 Power heat generation curve values at 1C discharge 

Table 8 Power function coefficients 

�̇�0 𝑎 𝑡𝑐 𝑏 

55107.38 1.15E-17 1481.84 6.59 
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4.3 RMSE values  

The heat generation functions modelled in Figs. 27, 28 and 29 were modified and used as User 

Defined Functions (UDF’s) in further CFD models to model the rise in maximum temperature 

of a battery discharged at 1.0C over time. The maximum temperature rise of the battery in CFD 

models derived from the polynomial, exponential and power heat generation functions were 

then compared with the experimental data from Gümüssu et. al. (Gümüşsu et al., 2017) to 

calculate the RMSE values as a measure of the model’s accuracy as displayed in Fig. 30 (a) 

and Fig. 30(b) below. 

 

Fig. 30 RMSE method of determining UDF accuracy (a) Max temperature rise of the Li-Ion 

battery modelled in CFD (b) Comparison of the RMSE values for the various CFD models 

derived from polynomial, exponential and power heat generation functions at 1C Discharge 

By calculating the RMSE, it was noted that the average error in output temperature values of 

our models at a 1.0C discharge rate ranged from 1.5°C to 1.9°C. While the initial presumption 

was that an increase in polynomial number would increase the accuracy of the polynomial CFD 

(a) (b) 
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models, it was observed that the RSME values did not linearly decrease with the increase in 

polynomial number. Thus, for polynomial based CFD models with similar RMSE values, it is 

better to use the model with the lower number of polynomial coefficients to reduce the 

likelihood of overfitting while preserving the model’s accuracy. 

It was also observed that the CFD models derived from the exponential and power functions 

have higher RMSE values compared to the models derived from polynomial functions, 

indicating that both functions are not as accurate. Such inaccuracies are expected, as it has been 

observed earlier that the exponential and polynomial functions could not adequately model the 

sharp initial jump in heat generation during the battery discharge process.  

Errors can also be attributed to the fact that Bernardi's heat generation equation, which was 

used in the CFD models, (Bernardi et al., 1985) was only meant as an approximation of the 

battery’s heat generation. Therefore, modelling the battery's heat generation using Bernardi’s 

equation would have some inaccuracies.  

Additionally, another source of error can arise as a result of how the temperature rise was 

measured - the experimental temperatures measured by Gümüssu et. al. (2017) were taken 

along the surface of the battery while the temperatures measured in our CFD models were from 

the centre of the battery. 

To better illustrate the deviation in temperature between our CFD models and the experimental 

values from Gümüssu et. al. (2017), a graph was plotted as displayed in Fig. 31. 
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Fig. 31 Temperature deviation between the temperature rise obtained from our CFD models 

based on various heat generation functions, versus the experimental values reported by 

Gümüssu et. al. (2017) for a battery discharged at a rate of 1C for a duration of 3600s 

Nevertheless, our error margins remain within an acceptable range, especially for the 

polynomial based CFD models. For comparison, Gümüssu et. al. (2017) reported average error 

margins of up to 2.0°C across their varying discharge tests and the RMSE values of our heat 

generation models do not exceed 2.0°C. As the 7th order polynomial function has the lowest 

RMSE value of 1.5°C, it is thus used as the main UDF for the battery heat generation model.  
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4.4 Comparison of battery heat generation CFD results  

The battery heat generation was modelled as 7th order polynomial functions for the remaining 

discharge rates as displayed in Fig. 32 below. It was noticed that the troughs at the lower 

discharge rates were less pronounced compared to those at higher discharge rates. These 

characteristics corroborate the patterns of heat generation rates reported in literature (Agwu et 

al., 2018; Liu et al., 2014) as observed by the drop in heat generation values as the battery 

approaches its nominal capacity and the exponential rise in heat generation as it reaches the 

end of the discharge cycle. This highlights the large difference between the open circuit voltage 

and the nominal voltage (Al Hallaj et al., 1999b). Coefficients of the polynomial functions 

modelled are displayed in Table 9 below. 

 

 

 

 

 

 

Fig. 32 Seventh order polynomial function heat generation values 
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Table 9 Coefficients of the 7th order polynomial function used in 3-D CFD modelling of the 

thermal behaviour of a Li-Ion battery at various discharge rates. 

Discharge 

rate 

a0 a1 a2 a3 a4 a5 a6 a7 

0.5C 21712.10 16.88 -0.05 4.39E-5 -1.91E-8 4.29E-12 -4.77E-16 2.08E-20 

1.0C 57681.94 152.02 -0.62 9.68E-4 -7.58E-7 3.12E-10 -6.46E-14 5.31E-18 

1.5C 119986.99 465.10 -2.84 0.01 -7.73E-6 4.72E-9 -1.45E-12 1.76E-16 

 

Upon determining the heat generation functions, they were then used as input into the CFD 

models for battery temperature increase during discharge, and their results were compared with 

the experimental values reported by Gümüssu et. al. (Gümüşsu et al., 2017) as highlighted in 

Fig. 33.  

 

Fig. 33 CFD modelled battery temperatures at versus experimental values reported by 

Gümüssu et. al. at various discharge rates (Gümüşsu et al., 2017) 
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There appears to be a good fit for the battery temperatures at the 0.5C and 1.0C discharge rates, 

with a standard deviation in temperature of −0.47℃ ± 0.8℃ and 1.36℃ ± 1.6℃ respectively. 

However, the 1.5C discharge temperature values appear to deviate to a greater extent with 

standard deviation values of 3.82℃ ± 3.7℃. Quantitatively, the RMSE values described in 

Fig. 34 below show that the 1.5C discharge model has an RMSE value of around 4.0°C, which 

is significantly higher compared to those at 0.5C and 1.0C discharge rates.  

 

 

 

 

 

 

Fig. 34 RMSE values of the battery temperature rise CFD model at 0.5C, 1.0C and 1.5C 

discharge rates 

 

In conclusion, through the results obtained, it was noted that the seventh order polynomial heat 

generation function had the best fit compared to the other function types, as its RMSE value 

was the lowest compared to the other functions. As such, the function was used for the 

optimization of the onboard PCM thermal management system. Details on the design and 

optimization process is highlighted in the following chapter.  

 



 

56 
 

5. Results: PCM Thermal Management System 

The thermophysical properties of the PCM Rubitherm RT27 as identified in Section 3.2.2 and 

the polynomial heat generation model of the Li-ion battery as determined in Section 4.4 were 

introduced as input parameters into the optimization process of the final PCM thermal 

management prototype. The optimization of the PCM thermal management system was 

conducted by parameterizing both the number of fins within the honeycomb cell and the width 

of the cell design. The ideal design would minimize the number of fins and the cell width while 

maximizing the amount of heat conducted away from the battery during the discharge process. 

Additionally, the prototype was also modelled without the PCM and cooled under natural 

convection to determine the significance of the PCM in improving the thermal management of 

the prototype.  

5.1 Prototype Design 

As previously established in Section 3,1, a hexagonal geometry with a circular core was 

selected as the design of the prototype model. Benefits from such a design include being able 

to pack multiple cells without any space wasted in the honeycomb, house adequate quantities 

of the RT27 within its trapezoidal channels, maintain good structural stability and enhance the 

thermal conductivity of the RT27. Aluminium was selected as the main housing material due 

to its high thermal conductivity and relatively economical cost (Royal Society of Chemistry, 

2020). To maintain adequate thermal contact and to prevent electrical conduction between the 

battery and the main aluminium housing, a thermal pad was considered to fill the gap between 

the battery and the aluminium housing.  

Other parameters were also considered but ultimately not integrated when optimizing the 

thermal efficiency of the prototype. Parameterization of fin thickness was not considered as 
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studies conducted by Al-Abidi et al. (Al-Abidi et al., 2013) highlighted that an incremental 

increase in fin thickness by 1mm only reduces the melting time of PCM by an average of 2.8%, 

which is not significant. Meanwhile, the same study described that incrementally increasing 

the number of fins reduces the melting time of PCM by an average of 19% for each fin added. 

Hence, the number of fins attached onto the prototype was parameterized for their effectiveness 

in reducing the battery’s maximum temperature.  

An illustration of the prototype model is displayed in Fig. 35 below. Fin thickness was left at 

1 mm, the battery was housed at the centre of the circular core to maximize heat transfer to the 

aluminium fin structure and the thermal pad was positioned between the battery and the 

prototype to prevent short circuiting while maintaining adequate thermal contact.   

 

 

Fig. 35 Concept design of the enhanced PCM passive thermal management system 

Subsequently, the model width and PCM volume were further parameterized by increasing the 

aluminium housing’s width by 2.0 mm increments and measuring the model’s thermal 

dissipation effectiveness. The range of the parameterized model widths and PCM volumes is 

tabulated in Table 10 below.  

 

PCM 

channels 

18650 cell 

Aluminium 

housing 

Width, W 

channels 

Thermal 

Pad 
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Table 10 Parameterized values of the prototype constructed in the current study 

Model  Width, W (mm) PCM Volume (mm3) 

1 25.0 5132.95 

2 27.0 9696.61 

3 29.0 14710.61 

4 31.0 20174.93 

5 33.0 26089.60 

6 35.0 32454.59 

7 37.0 39269.92 

8 39.0 46535.58 

9 41.0 54251.57 

10 43.0 62417.90 

11 45.0 71034.56 
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5.2  Structure Parameterization  

5.2.1 Model Width Parameterization  

The transient heat generation of an NCR18650B Li-ion battery at a 1.0C discharge rate was 

modelled under natural convection conditions and compared against a battery discharged at the 

same rate with Model 3 of the PCM system as described in Table 10 above using our CFD 

model. Model 3 was selected as a sample to illustrate the comparison between the rise in 

temperature of the Li-Ion battery with and without the system. The heat transfer coefficient of 

both models was set at 10 W/m2K to mimic natural convection conditions (Kosky et al., 2013, 

p. 12). The results as displayed in Fig. 36 and Fig. 37 below indicate that the system reduces 

the overall temperature of the battery by an average of 6.79℃ throughout a 1.0C discharge 

cycle. 

 

Fig. 36 Comparison between a natural convection system and Model 3, 𝑊 = 29.0𝑚𝑚 at a 

1.0C discharge rate for a duration of 3600s 

 

 

𝐴𝑣𝑎𝑒𝑟𝑎𝑔𝑒 ∆𝑇

= 6.79℃ 
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Fig 37 Comparison of the thermal distribution of an NCR18650B Li-ion battery at a 1.0C 

discharge rate after 3600s, cooled under: (a) Natural convection (b) A PCM passive BTM 

system, Model 3, 𝑊 = 29.0 𝑚𝑚 

To further explore the effectiveness of increasing both model width and the volume of PCM 

used, the remaining models were subjected to the heat generation of the battery at a 1.0C 

discharge rate and the battery’s corresponding 𝑇𝑀𝑎𝑥 was observed as illustrated in Fig. 38. 
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                                  Model 1  Model 3 

   Model 5

 

 

                                 Model 7 

  Model 9

 

  Model 11

 

Fig. 38 Model width and PCM volume parameterization battery temperature at 3600s after 

discharge at a rate of 1.0C  

(a) Model 1 (b) Model 3 (c) Model 5 (d) Model 7 (e) Model 9 (f) Model 11 

(a) (b) 

(c) (d) 

(e) (f) 
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From the results shown in Fig. 38, it was observed that by incrementally increasing the width 

of the model and the PCM volume used, the maximum core temperature of the battery was 

increasingly reduced. Table 11 displays the maximum temperature rise of the various models 

after 3600s at a 1.0C discharge rate.   

Table 11 Max temperature rise of the Li-ion battery after 3600s at a 1.0C discharge rate for 

the different models 

Model 1 2 3 4 5 6 7 8 9 10 11 

Li-ion battery 

max temp rise 

(℃) 

13.26 11.73 9.66 6.07 4.99 4.04 3.70 3.62 3.44 3.31 3.22 

Width of the 

model (mm) 

25.0 27.0 29.0 31.0 33.0 35.0 37.0 39.0 41.0 43.0 45.0 

 

Fig. 39 displays the transient temperature rise of the battery at a 1.0C discharge rate for Model 

1 to Model 11 as described in Table 11. It was noted that the drop in the battery’s maximum 

temperature becomes less significant (< 1℃) beyond Model 6. As space is a premium within a 

battery pack, Model 6 appears to be the most appropriate iteration to be used.  
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Fig. 39 Temperature rise of the battery in response to increasing the width of the model over 

the course of 3600s at a 1.0C discharge rate. Model 6 is the most appropriate model as the 

reduction in the battery’s temperature rise is not as significant from Model 7 onwards 

5.2.2 Fin Number Parameterization 

With the ideal model width determined in section 5.2.1, the number of fins in the prototype 

was further parameterized by incrementally increasing the fin number from 4 to 14, as 

presented in Fig. 40. To ensure even heat distribution across the RT27, the fins were evenly 

spaced apart in the prototype model.   
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4 Fins

 

 

6 Fins

 

 

8 Fins

 

 

10 Fins

 

 

12 Fins

 

 

14 Fins

 

 

Fig. 39 Fin number parameterization with cell width, W = 35mm at t = 3600s at a 1.0C 

discharge rate (a) 4 fins (b) 6 fins (c) 8 fins (d) 10 fins (e) 12 fins (f) 14 fins 

(a) (b) 

(c) (d) 

(e) (f) 
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The transient temperature rise of the Li-Ion batteries is shown in Fig. 40 below. Notably, the 

effects of increasing the number of fins in lowering the battery’s 𝑇𝑚𝑎𝑥 was not very significant 

as compared to increasing the model width.  

 

Fig. 40 Transient battery temperature rises with respect to increasing the number of fins for 

t=3600s at a 1.0C discharge rate.  

Table 12 displays the maximum temperature rise of the Li-Ion battery after 3600s at a 

1.0C discharge rate for the models with varying fins. On average, between the range of 4 

fins to 10 fins, initially incrementally increasing the number of fins by 2 in the prototype lowers 

the battery’s  𝑇𝑚𝑎𝑥 by 0.14℃. However, from the 10-fin model onwards there was only an 

average change of  0.04℃ in  𝑇𝑚𝑎𝑥 (∆𝑇𝑀𝑎𝑥 = 0.04℃). As such, the 10-fin model was chosen 

as ideal as to reduce the weight of the system while maintaining adequate cooling.  

Table 12 Max temperature rise of the Li-ion battery in a W=35mm cell after 3600s at a 1.0C 

discharge rate for different numbers of fins 

Number of fins 4 6 8 10 12 14 

Li-ion battery max temp rise (℃) 4.43 4.32 4.18 4.04 4.04 3.96 
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5.2.3 Comparison of the system with/without PCM 

The thermal dissipation difference between the battery system with and without the RT27 is 

then modelled to determine the significance of the PCM across in the prototype design in terms 

of lowering the maximum battery temperature. Discharge parameters are set similarly to the 

conditions set in Sections 5.2.1 and 5.2.2, with the batteries being discharged at a rate of 1.0C 

under natural convection conditions.  

 

 

Fig. 41 Comparison of the temperature distribution of the finned prototype system 

with/without the PCM at t=3600s discharged at 1.0C (a) Prototype model without PCM (b) 

Prototype model with PCM 

 

As displayed across Fig. 41, the presence of the PCM significantly lowers the battery’s 

maximum temperature at the end of the discharge phase. 

The parameterization was then repeated at a higher discharge rate of 2.0C to investigate the 

significance of the RT27 at different discharge rates. As shown in Fig. 42 below, the 

effectiveness of the PCM is more pronounced at higher discharge rates. When the battery was 

Fins Only Without PCM Fins with PCM (a) (b) 

Fins 
Fins 

Battery 

Thermal 
Pad 

PCM 

Battery 

Thermal 

Pad 
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discharged at 1.0C, 𝑇𝑚𝑎𝑥 (℃) of the battery system after 3600s with and without the PCM 

was29.04℃ and31.03℃ respectivelys (∆𝑇𝑚𝑎𝑥 = 2.00℃). At a 2.0C discharge rate after 

1800s, the 𝑇𝑚𝑎𝑥 of the battery system with and without the PCM was 32.60℃ and 36.52℃ 

respectively (∆𝑇𝑚𝑎𝑥 = 4.00℃). Thus, batteries charged at higher discharge rates benefit more 

from incorporating the PCM in the BTM prototype. The transient temperatures of the battery 

with the finned only and the finned PCM model discharged at 1.0C and 2.0C rates are shown 

in Fig. 42 below. 

 

Fig. 42 Temperature rise of the finned system with/without the PCM at a 1.0C and 2.0C 

discharge rate through a duration of 3600s and 1800s, respectively. 

5.2.4 Varying ambient temperature 

The optimized PCM BTM prototype consisting of 10 fins and a width of 35.0mm as shown in 

Fig. 43 was then modelled under various ambient conditions and discharge rates. This was 

conducted to determine the influence of the ambient temperature on the prototype’s 

effectiveness. 

∆𝑇 = 4.00℃ 

∆𝑇 = 2.00℃ 
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Fig. 43 Optimized PCM battery thermal management model consisting of 10 fins with a 

width of 35.0 mm 

As shown in Fig. 44 below, at an ambient temperature of 15℃, the prototype was able to limit 

the battery’s temperature rise at the end of the discharge cycle to approximately 12.0℃ at both 

1.0C and 2.0C discharge rates. At a 3.0C discharge rate, the battery’s temperature rise at the 

end of the discharge cycle was 16.48℃. It should be noted that the battery’s rate of temperature 

rise decreases as 𝑇𝐵𝑎𝑡 reaches beyond the paraffin’s melting point of 27℃. This is due to the 

increased amount of energy required to overcome the latent heat of the paraffin’s phase change 

as the battery approaches that temperature.  
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Fig. 44 Maximum temperature rise of the battery within the PCM thermal management 

prototype at 15℃ ambient temperature 

 

The battery’s temperature rise in the PCM prototype was also modelled at an ambient 

temperature of 25℃ as shown in Fig. 45. It can be observed that as the battery’s temperature 

goes beyond the melting temperature of the PCM, the temperature rise is greatly reduced. When 

the discharge rate is at 1.0C, the temperature rise of the prototype increases by 4.10℃. Such 

values are significantly lower as compared to the temperature rise of the battery when the 

ambient temperature is at 15℃. Similarly, low temperature rises are displayed for 2.0C and 

3.0C discharge rates with temperature rises of 7.60℃ and 10.10℃ occuring across the battery 
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respectively. Such data show that the prototype could perform exceptionally well across most 

equatorial climates as temperature around those regions are around 25℃.  

 

Fig 45 Maximum temperature rise of the battery within the PCM thermal management 

prototype at 25℃ ambient temperature 

As the ambient temperature is above the melting point of the PCM, the effectiveness of the 

prototype drops as highlighted in Fig. 46 where the ambient temperature is simulated at 35℃. 

The temperature rises of the battery for the 1.0C, 2.0C and 3.0C discharge rates are at 10.39℃, 

17.62℃ and 21.37℃ respectively while ambient temperatures are as such. Thus, it can be 

deduced that the deployment of the prototype in warmer climates would not be advisable unless 

the paraffin utilized is replaced with another PCM type with a higher melting point.  
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Fig. 46 Maximum temperature rise of the battery within the PCM thermal management 

prototype at 35℃ ambient temperature 

A summary of the varying temperature rises at different discharge rates and ambient 

temperatures are tabulated in Table 13 below. The prototype works optimally in cooling the 

battery to around 27℃ making it ideal for regions with such median temperatures. Higher 

temperature ranges would require a different PCM type.  

Table 13 Temperature rise of the battery at varying ambient and discharge rates 

 Temperature rise (°C) 

Ambient temperature (°C) 1.0C discharge rate 2.0C discharge rate 3.0C discharge rate 

15 10.88 12.22 16.48 

25 4.10 7.60 10.10 

35 10.39 17.62 21.37 
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5.3  Final prototype design  

With the optimized structure of the model established, a detailed version of the prototype was 

then designed as displayed in Fig. 47 below. 

 

Fig. 47 Assembly of the PCM thermal management design for a single cell 

The general assembly consists of the aluminium housing, thermal pad, plastic separator/lid and 

4 pairs of M4 nuts and bolts. As previously established, the aluminium housing stores the 

RT27, enhances its thermal conductivity, and strengthens the structure’s design. The thermal 

pad separates the 18650-battery body from the aluminium housing to prevent a short circuit as 

well as maintain sufficient heat transfer from the battery towards the prototype. Similarly, the 

top PLA plastic lid/separator seals the RT27 within the channels of the aluminium housing 

while separating the aluminium housing from the busbar connections that will be connected at 

both the anode and cathode of the battery to prevent a short circuit. The bottom PLA plastic 

lid/separator merely separates the aluminium housing from the busbar connection as the 

aluminium housing contains a base. This is needed as the risk of PCM leakage is greater at the 

base of the prototype as compared to the top.  
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Fig 48 Components of the PCM thermal management design for a single cell 

 

 

 

 

 

 

 

Aluminium 

housing 

Thermal Pad 

PLA plastic 

lid/separator 

18650 battery 

M4 Nuts and 

bolts 

PLA plastic 

lid/separator 



 

74 
 

5.4  Future works and recommendations 

While the current study has identified through CFD simulation that the prototype is able to cool 

a standard 18650 battery under varying ambient and discharge conditions, greater 

improvements on the design and the study itself could have been made. For instance, additional 

research could be conducted on how the prototype would perform under cold weather 

conditions as the current study has a greater emphasis on the cooling performance of the 

prototype. Investigation into the structural strength of the prototype would also be practical in 

determining the survivability of the prototype under collision circumstances.  Additionally, a 

study on how well the prototype may be scaled in the context of a larger battery pack and the 

manufacturability of the prototype would have numerous benefits to the commercial viability 

of the project.  
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6. Conclusion 

With the aim of developing and optimizing a passive PCM thermal management system for 

EV applications, several objectives were established to fulfil such requirements. The objectives 

set-out included designing a prototype that can house a standard 18650 battery while 

simultaneously regulating its temperature, determining the heat transfer rate, �̇� of a typical 

18650 cell under varying discharge rates, identifying the most optimal PCM type to be used 

for Li-ion battery temperature regulation, optimizing the prototype to effectively transfer heat 

from the battery to the PCM with the smallest volume possible and to measure its effectiveness 

under varying ambient conditions.  

A finned hexagonal honeycomb aluminium structure with a circular central core was designed 

for the prototype. The geometrical structure was utilized for it had several advantages including 

being able to house a standard 18650 battery while maintaining sufficient cooling across the 

battery, store sufficient volumes of PCM within its channels to absorb heat away from the 

battery, enhance the thermal conductivity of the PCM stored and being structurally strong. The 

heat transfer rate of the battery is determined to be the best modelled with the 7th order 

polynomial function as shown in Equation 9. Corresponding coefficients for Equation 9 are 

based on the discharge rate of the battery.  

 
�̇� = 𝑎0 + 𝑎1𝑡 + 𝑎2𝑡2+. . . +𝑎𝑛𝑡𝑛  

(9) 

PCM Rubitherm RT27, a type of paraffin was selected as the main PCM component of the 

prototype as it has a melting point of 27.00℃ which is within the optimal temperature range 

of a standard 18650 battery which is between the range of 15~35 ℃. As the RT27 approaches 

its melting temperature, large quantities of energy are required to overcome its high latent heat 

capacity allowing the prototype to regulate its temperature around the 15~35 ℃ range. 
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Optimization of the prototype was conducted through CFD by parameterizing the number of 

fins and width length of the model to effectively minimize the battery's temperature rise during 

the discharge cycle. Generally, increasing the model width led to a larger volume in PCM used 

while increasing the number of fins increased its thermal conductivity. The effectiveness of 

incrementing both values diminishes once it reaches its optimal configuration which is 10 fins 

and a width length of 35mm. As the prototype is simulated under varying discharge and 

ambient conditions, it is identified that the model is able to handle discharge rates of up to 3.0C 

but only if ambient conditions do not exceed 27℃ signifying that the prototype is best used in 

equatorial and cold climates.  

Greater improvements can be made to both the prototype’s design and how the study was 

conducted. Examples of further works that could be conducted include improving the design 

to regulate the battery for colder climates, scaling the honeycomb cell for pack level design 

and improving the manufacturability of the prototype. More accurate CFD models could also 

be implemented to improve the model’s accuracy. Nevertheless, future iterations of the 

prototype would surely aid in the progression of battery technologies which in turn would 

ultimately hasten the adoption of electric vehicles in the current market. 
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9. Appendices 

/************************************************** ********************* 
UDF for time dependent volumetric heat generation of 18650 cell 0.5C Discharge 
Polynomial Function 
************************************************** **********************/ 
#include "udf.h"   
#define C1 2.08421E-20    //define constant term 
#define C2 -4.76532E-16 
#define C3 4.28892E-12 
#define C4 -1.9141E-8 
#define C5 4.38744E-5 
#define C6 -0.0479 
#define C7 16.87801 
#define C8 21712.10211 
 
DEFINE_SOURCE(heat_gen, cell, thread, dS, eqn) 
{ 
 
 real source; 
 real time; 
 time = CURRENT_TIME; //taking time value; 
 
 source = C1 * pow(time, 7) + C2 * pow(time, 6) + C3 * pow(time, 5) + C4 * 
pow(time, 4) + C5 * pow(time, 3) + C6 * pow(time, 2) + time * C7 + C8; //time 
dependent heat source; 
 dS[eqn] = 0; 
 return source; 
 
} 
 
 /************************************************** ********************* 
UDF for time dependent volumetric heat generation of 18650 cell 1C Discharge 
Polynomial Function 
************************************************** **********************/ 
#include "udf.h"   
#define C1 5.30808E-18    //define constant term 
#define C2 -6.46039E-14 
#define C3 3.1209E-10 
#define C4 -7.57977E-7 
#define C5 9.682E-4 
#define C6 -0.61572 
#define C7 152.02273 
#define C8 57681.93928 
 
DEFINE_SOURCE(heat_gen, cell, thread, dS, eqn) 
{ 
 
 real source; 
 real time; 
 time = CURRENT_TIME; //taking time value; 
 
 source = C1 * pow(time, 7) + C2 * pow(time, 6) + C3 * pow(time, 5) + C4 * 
pow(time, 4) + C5 * pow(time, 3) + C6 * pow(time, 2) + time * C7 + C8; //time 
dependent heat source; 
 dS[eqn] = 0; 
 return source; 
 
} 
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/************************************************** ********************* 
UDF for time dependent volumetric heat generation of 18650 cell 1.5C Discharge 
Polynomial Function 
************************************************** **********************/ 
#include "udf.h"   
#define C1 1.76047E-16   //define constant term 
#define C2 -1.44892E-12 
#define C3 4.72336E-9 
#define C4 -7.73246E-6 
#define C5 0.00665 
#define C6 -2.83586 
#define C7 465.10366 
#define C8 119986.99372 
 
DEFINE_SOURCE(heat_gen, cell, thread, dS, eqn) 
{ 
 
 real source; 
 real time; 
 time = CURRENT_TIME; //taking time value; 
 
 source = C1 * pow(time, 7) + C2 * pow(time, 6) + C3 * pow(time, 5) + C4 * 
pow(time, 4) + C5 * pow(time, 3) + C6 * pow(time, 2) + time * C7 + C8; //time 
dependent heat source; 
 dS[eqn] = 0; 
 return source; 
 
} 
 
/************************************************** ********************* 
UDF for time dependent volumetric heat generation of 18650 cell 2C Discharge 
Polynomial Function 
************************************************** **********************/ 
#include "udf.h"   
#define C1 1.1448E-15   //define constant term 
#define C2 -7.0640037800995E-12 
#define C3 1.74347E-8 
#define C4 -2.19104E-5 
#define C5 0.014732786 
#define C6 -5.023139503 
#define C7 677.5244696 
#define C8 155972.203 
 
DEFINE_SOURCE(heat_gen, cell, thread, dS, eqn) 
{ 
 
 real source; 
 real time; 
 time = CURRENT_TIME; //taking time value; 
 
 source = C1 * pow(time, 7) + C2 * pow(time, 6) + C3 * pow(time, 5) + C4 * 
pow(time, 4) + C5 * pow(time, 3) + C6 * pow(time, 2) + time * C7 + C8; //time 
dependent heat source; 
 dS[eqn] = 0; 
 return source; 
 
} 
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/************************************************** ********************* 
UDF for time dependent volumetric heat generation of 18650 cell 3C Discharge 
Polynomial Function 
************************************************** **********************/ 
#include "udf.h"   
#define C1 1.16088E-14   //define constant term 
#define C2 -4.70962E-11 
#define C3 7.58379E-8 
#define C4 -6.13961E-5 
#define C5 0.02614 
#define C6 -5.54148 
#define C7 456.06819 
#define C8 257681.93928 
 
DEFINE_SOURCE(heat_gen, cell, thread, dS, eqn) 
{ 
 
 real source; 
 real time; 
 time = CURRENT_TIME; //taking time value; 
 
 source = C1 * pow(time, 7) + C2 * pow(time, 6) + C3 * pow(time, 5) + C4 * 
pow(time, 4) + C5 * pow(time, 3) + C6 * pow(time, 2) + time * C7 + C8; //time 
dependent heat source; 
 dS[eqn] = 0; 
 return source; 
 

} 

/************************************************** ********************* 
UDF for time dependent volumetric heat generation of 18650 cell 1C Discharge Power 
Function  
************************************************** **********************/ 
#include "udf.h"   
#define Q0 55107.37895    //define constant term 
#define A 1.15056E-17 
#define xc 1481.83901 
#define P 6.58794 
 
DEFINE_SOURCE(heat_gen, cell, thread, dS, eqn) 
{ 
 
 real source; 
 real time; 
 time = CURRENT_TIME; //taking time value; 
 
 source = Q0 + A * pow(abs(time - xc), P); //time dependent heat source; 
 dS[eqn] = 0; 
 return source; 
 
} 

/************************************************** ********************* 
UDF for time dependent volumetric heat generation of 18650 cell Discharge Exponential 
Function  
************************************************** **********************/ 
#include "udf.h"   
#define Q0 63518.40155      //define constant term 
#define A1 104.63607 
#define t1 478.017 
#define A2 -1833.72011 
#define t2 879.11626 



 

92 
 

 
DEFINE_SOURCE(heat_gen, cell, thread, dS, eqn) 
{ 
 
 real source; 
 real time; 
 time = CURRENT_TIME; //taking time value; 
 
 source = A1 * exp(time/t1) + A2 * exp(time/t2) + Q0; //time dependent heat 
source; 
 dS[eqn] = 0; 
 return source; 
 
} 
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Fig. 49 Sixteen cell prototype assembly 
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Fig. 50 1.00C discharge of the 16-cell prototype after a duration 3600s 


