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Abstract 

This PhD study reports the research on an active cooling-based battery thermal management 

system (BTMS) using composite phase change materials (CPCMs). The hybrid BTMS has a 

great potential to replace current commercial BTMS as it could control not only the maximum 

battery pack temperature but also temperature uniformity. However, there are insufficient 

studies on the area and hence research gaps, particularly the following aspects needs to be 

overcome. Firstly, there has been inadequate studies of particle size effect on the thermal 

property of CPCMs. Secondly, many published papers did not include accurate descriptions of 

the battery thermal behaviour in their study. However, the heat generation rate can fluctuate 

wildly in the charge/discharge process. Thirdly, there have been very few studies compared the 

performance of different CPCMs in the BTMS. In this PhD study, three types of CPCMs, 

expanded graphite (EG)/paraffin, copper foam/paraffin and colloidal graphite/paraffin 

composites were investigated. Their surface morphologies, structures, phase change behaviour, 

thermal stability, and thermal conductivity were studied experimentally. Thermal behaviour 

and energy efficiency of the lithium-ion battery (LIB) was investigated experimentally, under 

different charge/discharge rates, and at different temperatures. An experimental set up and 

computational fluid dynamics (CFD) modelling using Ansys® fluent were carried out to 

examine the performance of the active cooling based BTMS using CPCM.  

In the study of EG/paraffin composite, porous structure and the particle size of the EG are 

found to be the determining factors of the properties of EG/paraffin composites. The surface 

morphology, phase change temperature, thermal degradation temperature, cycling stability and 

thermal conductivity are affected by the porous structure and the particle size. In the 

investigation of copper foam/paraffin composites, the porosity of the copper foam can 

efficiently affect the thermal property of the CPCMs, with the latent heat inversely proportional 

to the thermal conductivity. In the study of colloidal graphite/paraffin composites, it was found 

that melamine is the excellent fire-retardant material for colloidal graphite/paraffin composite, 

which could vastly improve the thermal degradation temperature with a reasonable amount.  

In the characterization of single cells, the temperature increase of the LIB under charge and 

discharge was accurately measured under an adiabatic condition. The heat generation rate was 

retrieved from temperature increase,  and its variation was studied. It was also found that low 

current rates and high operation temperatures lead to higher specific energy, high specific 

power, and high round trip efficiency. Battery polarization has been identified as the main 
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factor which caused the variation on the battery thermal behaviour and energy performance 

under different operating conditions.  

In the BTMS study, two models with both active liquid cooling and passive CPCM cooling 

were then developed to examine the performance of BTMS. The first numerical model used a 

round tube with a relatively small volume occupancy and a small heat transfer area. An 

experimental investigation on the same device setup has successfully validated the accuracy of 

the model. Effect of inlet velocity of the heat transfer fluid (HTF) and the battery current rate 

has been investigated. High inlet velocity of HTF can reduce the maximum battery temperature, 

and CPCM can provide temperature uniformity to the battery pack. The second model used a 

tabular tube with a relatively large volume and a large heat transfer area. The simulation serves 

the objective to study the impacts of CPCM types and inlet velocity of HTF on both the 

maximum battery temperature and temperature distribution under different current rates. The 

results showed that liquid cooling is efficient in controlling battery temperature under 

continuous battery charging/discharging cycles. The EG/paraffin composite is better than the 

copper foam/paraffin composite in both reducing the maximum battery temperature and 

providing temperature uniformity to the battery pack. In a search for generalized results, 

dimensional analysis of the results is performed and presented as the Nusselt numbers and 

dimensionless temperature against the Fourier and Stefan numbers. 
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Chapter 1 Introduction 

1.1. Background 

The plug-in electric vehicle (PHEV) sale is growing dramatically year by year, and it has 

reached 2.2 million in 2019, which accounts for 2.5% market share [1]. However, as one of the 

key components of the electric vehicle (EV), tractions batteries remain as one of the major 

challenges. The energy density, charging and discharge performance and safety issues are 

among the main bottlenecks that restrict the rapid large-scale development of EVs.  

The lithium-ion batteries (LIBs) are favoured with powering EVs due to their high energy 

density (200-600Wh/L) and high round trip efficiency (>90%) at cell and pack level. Although 

the LIB based EVs are not yet comparable with conventional fuels in terms of energy density 

(Petrol has an energy density of 9500Wh/L, and internal combustion engine (ICE) has an 

efficiency of 35% [2]), they are clean with better environmental impact. The charging speed 

has also been a non-negligible factor influencing customers’ decision on EV purchases. As 

indicated by charger suppliers, a typical EV with a 60kWh battery takes about 8 hours to charge 

fully from empty [3], compared with a petrol/diesel car, which only takes a few minutes to 

refuel the vehicle. A Chinese EV manufacturer, NIO, is currently at the forefront of the 

development of a battery swap technology to address this issue [4]. The new technology would 

take ~10 minutes to swap a nearly drained battery pack with a fully charged battery pack, 

which significantly saves the time waiting for a LIB based EV to be fully charged. But 

presently, NIO is the sole manufacturer which is promoting the battery swap technology and 

the current battery swap facility can only support NIO’s EV models. Also, the average cost of 

a battery swap station is US$ 434,000. Hence economically, it might be difficult for this to be 

promoted and sustained. Safety-wise, EVs also have their own problems. If catching on fire, 

an EV would burn a lot more violently therefore making it difficult to be extinguished [5].  

As a result of the above, significant efforts have been made to develop iterative battery 

technology. Post lithium-ion batteries (PLIBs) including lithium-air, lithium-sulfur, lithium-

metal and solid-state batteries, have the potential to substitute the LIB. The PLIBSs can offer 

a much higher energy density, charging speed, and improved safety. However, most of these 

advanced batteries are still in the stage of fundamental research. Many aspects are the subjects 

of intensive studies, such as stability. Most of the PLIBs suffer from long term stability. For 

example, in the charging and discharging process of lithium-air batteries, the side reactions 

occur on the electrolyte, and cathode can cause severe capacity loss [6]; the lithium polysulfide 
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intermediates produced in the charging and discharging process of the lithium-sulfur battery 

can diffuse to the positive and negative electrodes, which also causes permanent capacity loss 

[7]; the dendrite growth on the lithium anode makes the operation of the lithium metal battery 

very difficult; the dendrite-free operation of the lithium metal battery is still a challenge; 

although the solid-state batteries (SSBs) are the most promising candidate of the commercial 

PLIBs, which is also believed to have stability problems, and are not expected to have 

commercial application in the EV market until 2030 [8,9].  

The powertrain of the EVs is therefore likely to still depend on LIBs. After 25 years of 

development, the energy density of LIBs is close to the theoretical limit [2]. Many of the current 

research on LIBs have been focused on their practical application, and battery thermal 

management system (BTMS) is one of the most essential research topics.  

The traction battery pack in the EV is composed of multiple single cells connected in series 

and parallel. Its performance, lifetime and safety are closely related to the characteristics of the 

single cells and their temperatures. If the temperature of any single cell is too high or too low, 

it will affect the safety and performance of the whole battery pack. At low temperatures, 

significant battery polarization occurs, which can result in a massive decrease in the charge 

rate and energy capacity. When charging at low temperatures, insertion of lithium ions into the 

negative electrode is difficult, and dendrites can form on the surface of the negative electrode, 

which can permanently damage the battery and may cause safety hazards. At high 

temperatures, the battery could be irreversibly damaged during charging and discharging due 

to ageing from parasitic reactions and even cause safety accidents such as overheating, burning 

and explosion. An uneven temperature distribution can cause a difference in the internal 

resistance of single cells within a battery pack. The long-term use of the cells with different 

internal resistances can cause a difference in battery ageing. Since the capacity of the battery 

pack is determined by the cells with the lowest capacity, this will cause a decrease in the battery 

capacity of the whole pack. Also, the difference in internal resistances caused by temperature 

differences gives a difference in the open-circuit voltage (OCV) of single cells, which, in 

extreme conditions, can lead to a short circuit.    

A battery thermal management system (BTMS) not only helps the battery pack to dissipate 

heat but also preheats the battery before the operation so that the battery pack can work in an 

optimal environment. At present, EV manufacturers mainly use active BTMS, including air 

cooling and liquid cooling systems. An air-cooling system has a simple structure with a low 
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manufacturing cost. However, due to the low heat transfer coefficient of forced air convection, 

the air cooling based BTMS is often unable to meet the requirements of battery packs with high 

capacity or under fast charging. Besides, the air-cooling channels are typically designed at the 

surroundings of the battery pack. Hence the heat generated from the core part of the battery 

usually cannot sufficiently dissipate through air cooling. Even if the surface temperature of the 

battery is kept within a safe temperature range, the core part of the battery may be on a 

significantly higher temperature for a longer time, which affects the battery life and even safety. 

Liquid cooling with a high heat transfer coefficient can provide an excellent cooling capability. 

At the same time, most liquid cooling systems require a refrigeration unit as the cooling source, 

which consumes a lot of electricity. Therefore, the cost is generally high due to its complex 

structure. The liquid cooling system does have a disadvantage of having a risk of coolant 

leakage, which leads to subsequent high-priced maintenance.  

The active cooling systems summarized above consume electrical energy from the traction 

battery, leading to a decreased EV driving range. The use of passive cooling for the BTMS has 

the potential to reduce and even eliminate the issue. This is through the inherent thermal 

regulation behaviour of phase change materials (PCMs), which forms the primary motivation 

of this PhD study.  

1.2. Aim and objectives 

This PhD study was aimed to develop a hybrid battery thermal management system based on 

the use of composite phase change materials (CPCMs) and liquid cooling. It is focused on the 

thermal management device consisting of two components of the system, the CPCMs and LIBs. 

The necessity to develop CPCMs was mainly due to the low thermal conductivity of pure 

PCMs. When applied to thermal management, although the PCMs can adjust the heat source 

temperature with its temperature regulation ability, their low thermal conductivities hinder the 

heat transfer. The battery may overheat due to the low heat transfer coefficient between the 

battery pack and the PCM. Also, the PCM can be heated to above its phase change temperature 

as the accumulated heat cannot be dissipated to the ambient in time. Eventually, it will lead to 

the failure of thermal management. Hence in this study, three thermal enhancement materials, 

including expanded graphite (EG), copper foam and colloidal graphite, were chosen to 

incorporate with the PCMs to improve their thermal conductivities.  

A battery cell is a sophisticated electrochemical system. The behaviour and performance of it 

need to be understood before developing the BTMS. The thermal characteristics of the LIB 
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was studied at different current rates of charge and discharge. A thermal model was developed 

based on the experimental measurements for numerical modelling of the BTMS. The 

underlying reason for the variation of the battery heat generation rate has also been proposed. 

The battery performance is closely linked to its temperature and current rate, thereby the 

relationship between the battery performance and the operation conditions has been 

investigated.  

Finally, the active cooling based BTMS using CPCMs has been experimentally and 

numerically studied combined with the previous research on the CPCMs and the LIB. The 

study was to understand the effects of the design and operating conditions on the BTMS 

performance. The CPCMs can provide good thermal conductivity, leading to temperature 

uniformity, but the use of too much CPCMs can occupy a large space, leading to a decrease in 

the energy density of the battery pack. The work studied the influences of current rate, inlet 

velocity of heat transfer fluid and type of CPCMs on the performance of the BTMS.  

In conclusion, the objectives of this PhD study are:  

1) To study the properties of the CPCMs containing different thermal enhancement 

materials 

2) To investigate the thermal characteristics and performance of the LIBs under different 

operation conditions 

3) To design, construct and test an active cooling-based battery thermal management 

device using CPCMs and study the thermal management performance of the system 

4) To develop numerical models for the hybrid BTMS to further study the system 

1.3. Layout of the thesis 

This thesis consists of 7 chapters. Chapter 2 provides a detailed literature review covering the 

background and most recent research related to this work. Chapter 3 outlines the methodology 

of this work including thermal and structural characterization of the CPCMs, experimental 

setup on the battery test and the test protocol, device setup of the BTMS and the test protocol, 

and mathematical model and numerical method. Chapter 4 discusses the results from the 

CPCM characterization and compares the properties of different CPCMs. Chapter 5 discusses 

the results from battery characterization and develops a thermal model for the LIB. The 

relationship between battery performance and operation condition is also presented in this 

chapter. Chapter 6 shows the results of the device test. The numerical modelling work is also 



5 

 

discussed in detail in this chapter. Chapter 7 summaries the conclusions of this study, where 

recommendations for further work are also given based on this study.  
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Chapter 2 Literature review 

In this chapter, relevant literature on the battery thermal management systems is reviewed. 

Section 2.1 gives a detailed review of lithium-ion batteries, from its early-stage research to 

recent applications in industry.  Different types of lithium-ion batteries are classified based on 

their shapes. An up-to-date work on the energy efficiency of the lithium-ion battery is 

summarized. Section 2.2 examines the temperature effect on lithium-ion batteries, including 

battery ageing, performance degradation, and hazards. Section 2.3 summarizes commercial 

battery thermal management systems for electric vehicles and products in the market. Section 

2.4 reviews in detail the recent research on battery thermal management systems using 

composite phase change materials.  
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2.1. Lithium-ion batteries  

2.1.1. Development of lithium-ion batteries 

In 1970s Michael Stanley Whittingham discovered the mechanism of lithium intercalation 

when he worked for Exxon Research & Engineering Company, such a concept forms the 

foundation of the modern LIB. LiTiS2 cathode was therefore developed for high energy density 

rechargeable batteries [10]. Whittingham described the intercalation process as putting jam in 

a sandwich. In the chemical terms, the lithium ions can be put into the crystal structure and 

taken out. Meanwhile, the structure is precisely the same afterwards [11]. The LiTiS2 battery 

has a discharge voltage of 2.5V with good cycle ability, but the fire hazard of the material 

stopped it from entering the market. In recent years LiTiS2 has regained research interest in all-

solid-state batteries which resolves the risk of fire hazard issue [12,13]. The sulphide solid 

electrolytes have poor ionic contact with the active materials, and the application of nanoscale 

TiS2 significantly increases the reversible capacity and rate capability of the solid-state battery.  

John B. Goodenough is another pioneer who greatly promotes the development of modern LIB 

technology. His research group discovered three most important crystal structures of cathodes, 

including layered structure, spinel structure and polyanion, as shown in Figure 1, which are the 

only three classes existing in the market.  

 

Figure 1 Three types of crystal structure of LIB cathodes discovered by Goodenough’s research 

groups in University of Oxford and University of Texas at Austin [14] 

The first commercialized layered structure cathode LiCoO2 (LCO) was developed in 1980 by 

Goodenough’s group. Mizushima et al. [15] prepared a rock salt structure LiCoO2 cathode with 

a theoretical energy density of 1.11 kWh/kg. The open-circuit voltage (OCV) reached 4V, 
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which was twice of the LiTiS2 cathode as mentioned previously. The LCO cathode was 

prepared by heating a pelletized mixture of lithium carbonate and cobalt carbonate at 900 °C 

for 20 hours, followed by subsequent firings twice. A 3D crystal structure of LiCoO2 is shown 

in Figure 2, where the lithium ions occupy the octahedral sites in the lithium diffusion plane 

between the CoO2 slabs. The Li-ions can diffuse via two routes, namely the Oxygen Dumbbell 

Hop (ODH) and Tetrahedral Site Hop (TSH) [16,17], as illustrated in Figure 3. The main 

advantage of the LCO cathode is the close-packed arrangement of the anions, forming a close-

packed pseudocubic array. Mizushima et al. also tested LiVO2, LiCrO2, LiNiO2 and NaFeO2, 

which were not shown promising for battery application. However, the energy density of the 

LCO cathode was limited to 140mAh/g, and the high price ($30000/ton as of May 2020 from 

London metal exchange market) and ethical problems of cobalt drive the substitution of cobalt 

with transition metals. These disadvantages drive the developments of other cathodes.  

 

Figure 2 Crystal structure of LiCoO2 [18] 

 

Figure 3 Two lithium-ion migration routes. (a)Oxygen dumbbell hop and (b)Tetrahedral site 

hop [17] 
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Mn and Ni have been studied for partial substitution of Co. The octahedral-site stabilization 

energy (OSSE, energy towards stabilization as the consequence of crystal field theory) of Ni 

sits between the Co and Mn ions, offering structural stability [14,19]. The Mn ions further 

provide structural stability as Mn3+/4+ helps with reducing Ni3+ into stabilized Ni2+ without 

involved in the battery charge/discharge process. Figure 4 shows the 3D crystal structure of the 

LiNiMnCoO2 (NCM) cathode. The Ni, Mn and Co ions are located at the centre of the O 

octahedra [20]. Like the parent LCO material, the Li in NCM cathode occupies the space 

between the MO6 planes. The Li-ions also diffuse by hopping through neighbouring tetrahedral 

sites and oxygen dumbbell hopping [21]. Working separately, Thackeray et al. from University 

of Chicago and Lu et al. from 3M both filed patents in 2001 on the NCM cathode. Thackeray 

et al. [22] filed a patent of lithium metal oxide electrodes with a general formula xLiMO2∙(1-

x)Li2M’O3 in which 0<x<1, and where M is one or more trivalent ion with at least one ion 

being Ni and Co, and where M’ is one or more tetravalent ion including Mn, Mg and Al. Lu et 

al. [23] filed a similar patent for a cathode with composition with the formula Li[M1 (1−x)Mnx]O2. 

In which 0<x<1 and M1 represents one or more metal elements selecting from Ni, Co, Fe, Cu, 

Li, Zn and V. The main difference between these two patents is that Thackeray’s invention 

describes a general formulation, while Lu’s claim focuses on a formulation with higher Li and 

Mn content. Compared with LCO, LiMn2O4 (LMO) and LiFePO4 (LFP) cathodes, the NCM 

battery has a higher energy density and cycle life. Hence it has been widely used worldwide. 

As of 2020, the majority of the battery electric vehicle (BEV) models including BYD Yuan, 

BAIC EU5, Renault Zoe, VW e-Golf, Nissan Leaf, Hyundai Kona, BMW I3, Audi e-Tron, use 

NCM batteries.  

 

Figure 4 Crystal structure of the LiNixMnyCo1-x-yO2. Ni, Mn and Co are randomly distributed 

within MO6 slabs [20].  
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Another set of materials for partial substitution of Co in the LCO cathode includes Ni, Al, and 

Co. The energy density of LiNiCoAlO2 (NCA) batteries could reach 200 mAh/g, which is 1.5 

times the LCO batteries [24]. The crystal structure of the NCA is similar to NCM, as shown in 

Figure 4. The difference in structure is instead of Ni, Mn and Co, Ni, Al, and Co are randomly 

distributed within MO6 slabs. The presence of Al in NCA battery provides a better thermal 

stability and a high energy density. The Al ions in the MO6 sites inhibit the migration of cations, 

preventing phase transition of the material at high temperature [25].  

The second important discovery by Goodenough and team was the manganese spinels cathode. 

Thackeray et al. [26] chemically and electrochemically inserted lithium into LiMn2O4 at room 

temperature. The structure of the spinel LiMn2O4 is shown in Figure 5. The lithium ions can 

move between tetrahedral sites by hopping via intermediate octahedral sites in LiMn2O4. In 

this way, the ions can diffuse in 3-D. The Li1+xMn2O4 system is cubic at x=0 and tetragonal 

(ca=1.161) at x=1.2. Cubic and tetragonal phases coexist in the range 0.1 ≪ x ≪ 0.8. The 

inserted lithium ions in LiMn2O4 occupy the interstitial octahedral positions of the spinel 

structure.  

 

Figure 5 crystal structure of spinel LiMn2O4 [27] 

The LMO batteries have stability problems as electrolyte decomposition occurs when the 

batteries are charged above 4V, and the Mn2O4 in LMO convert into MnO2 at 190 °C. The third 

important discovery from John B. Goodenough’s team was the stable polyanion oxides, with 

phospho-olivines as the most successful cathode in 1997. Padhi et al. [28] considered LFP 

cathode as an inexpensive, non-toxic, environmentally benign candidate for a lower power LIB. 

The characteristics have now been widely recognized by the industry and proved to be the exact 

description. The structure of the LFP is shown in Figure 6. The lithium ions can only diffuse 
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in 1-D, which move by hopping between neighbouring octahedral sites via the intermediate 

tetrahedral sites which share faces with the two adjacent octahedra. In the initial development, 

the LFP cathode battery has 3.5V nominal voltage and 0.05mA/cm2 current density. The energy 

density was 100 to 110mAh/g with ~0.6 Li insertion/extraction.  

 

Figure 6 Crystal structure of LiFePO4 [29] 

The spinel-structure Li4Ti5O12 (LTO) is the only anode material which used to name as a type 

of the LIB, as shown in Figure 7. The Li-ions occupy the tetrahedral sites and diffuse by 

hopping through neighbouring tetrahedral sites in 3D. The structure was first reported by 

Deschanvres [30] in 1971, and later the property was measured by Freg et al. [31]. Compare 

with the most common carbon anode, the LTO anode is much more stable. Particularly the 

expansion/contraction problem of the carbon-based anode during the charge/discharge is 

significant, which could detach from the active material, leading to capacity fading, and even 

short circuit. On the contrary, the LTO anode can accommodate the Li-ions without expansion, 

and the material has a neglected structure alteration during the charge/discharge. A study by 

Vijayakumar et al. showed that after 100 cycles, the battery only saw 1% of capacity loss [32].  
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Figure 7 crystal structure of Li4Ti5O12 [33] 

Akira Yoshino developed the first commercial lithium-ion battery prototype in 1983 based on 

the early research from John B. Goodenough and M. Stanley Whittingham [34,35], who shared 

the Nobel Prize in Chemistry in 2019. The first LIB has a carbonaceous material as the anode 

and LCO as the cathode. The LCO battery has a nominal voltage of 3.6V and a high specific 

energy of 150-240Wh/kg. LCO battery was widely used in digital cameras, laptop, and mobile 

phones. However, the battery suffers from significant structural instability and server capacity 

fade in use, especially when it is designed for high specific energy [36]. Hence nowadays very 

few commercial LCO batteries can be found in the market. NCM, LMO, NCA, LFP, and LTO 

batteries have been the most popular LIB on the market. The properties and comparison of the 

different LIBs are given in Table 1.  

Table 1 A comparison of LIBs based on different chemistry [37–40]  

Battery 

short name 

NCM LMO NCA LFP LTO LCO 

Commercial 

product 

since 

2008 1996 1999 1996 2008 1991 

Cathode LiNiMnCoO2 LiMn2O4 LiNiCoAlO2 LiFePO4 variable LiCoO2 

Anode graphite graphite graphite graphite Li4Ti5O

12 

graphite 
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Theoretical 

energy 

density 

(mAh/g) 

278 

(NCM111) 

148 270 170 175 274 

Energy 

density from 

mass 

production 

(mAh/g) 

160 110 180 140 50 135 

Cycle life 1500-2000 500-

1000 

1500-2000 <2000 6000-

20000 

500-

1000 

Thermal 

runaway 

temperature 

(°C) 

210 250 150 310 420 150 

Nominal 

Voltage (V) 

3.6 3.7 3.6 3.2 2.4 3.6 

Maximum 

charge rate 

(C) 

1 3 1 1 5 1 

Maximum 

discharge 

rate (C) 

2 10 (for 

short 

period) 

1 25(for 

short 

period) 

30(for 

short 

period) 

1 

Applications Electric 

Vehicles, 

Stationary 

energy 

storage, 

Electronics 

Power 

tools, 

medical 

device 

Electric 

Vehicles, 

Stationary 

energy 

storage, 

Electronics 

Electric 

Vehicles, 

Stationar

y energy 

storage 

Electric 

Vehicle

s 

Electron

ics 

Cost as of 

2017 

($/kWh) 

250-750 250-750 250-750 250-750 500-

1500 

N/A 
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Table 2 gives a list of commercial EVs with their battery specifications and battery thermal 

management method. As shown in Table 2, The NCM batteries have taken up the majority of 

the EV market share. This is due to its relatively high energy density and stable property. As 

shown in Figure 8, with different ratios of Ni, Co and Mn, the NCM batteries can be classified 

into NCM111, NCM333, NCM523, NCM622 and NCM811 (e.g. chemical formula of the 

NCM 811 is LiNi0.8Co0.1Mn0.1O2). Since Co provides a higher thermal conductivity, a better 

thermal stability, and a longer cycle life to the NCM, a high Co formula has been chosen when 

the NCM cathode came to the market. In recent years, the high price and ethical problems of 

cobalt have driven the manufacturers and scientists to develop NCM batteries with a low Co 

content. High nickel NCM cathode (Ni element more than 0.6) especially NCM811 has been 

popular due to the low cost. Although high nickel formulations provide high energy density, it 

causes a decrease in cycle life and thermal stability.  

 

Figure 8 Property of NCM cathode based on different formulation [41]  

When it comes to NCA batteries, Tesla is always mentioned. The commercial NCA battery has 

a high energy density of 250Wh/kg, with 5wt% of Co at the early development stage. In 

contrast, the commercial low-nickel NCM111 battery only has 220Wh/kg with higher Co ratio. 

Hence Tesla has been using NCA batteries since its first EV Model S [42]. Until 2015, 18650 

cylindrical cells (18mm in diameter, 65mm in height) with NCA cathode and graphite anode 

have been used in Tesla Model S and Tesla Model X. Since 2017, when Model 3 entered the 

market, the cells are manufactured into a larger size (21700 cylindrical cells). The anode has 

been changed into silicone-graphite material, which leads to an energy density increase to 

300Wh/kg. Including Model 3, Model X, and Model S, Tesla sold 367, 871 EVs, which 

accounts for 16% of global PHEV in 2019[1]. The company’s selection of battery has always 
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attracted attention. In 2020 Tesla began to use NCM and LFP batteries in its EVs manufactured 

in China. This change was because of the local production policy and the technology evolution 

of NCM battery and LFP battery. The technical barrier of NCA battery resulted in that 

production of NCA battery in China is not popular. As of 2017, the production of NCA cathode 

in China was only a few hundred tons, while the production of NCM cathode was 86000 tons, 

and the production of LFP cathode is 55000 tons [43]. The high nickel NCM battery also 

achieved an equivalent energy density to NCA battery [44]. Previously the LFP battery was 

only applied to electric buses or cheap EV models, the energy density at the cell level was only 

2/3 of the NCM811 and NCA batteries. Fast charging cannot be applied to LFP battery as the 

cathode has only 1% of the conductivity of the ternary LIB. Still, mainly the high cobalt price 

has been driving the change to the LFP battery. As of 2019, the pack level cost of LFP battery 

was calculated to be $94/kWh while the cost of NCM811 battery was 23% higher with 

$116/kWh (based on model developed by Everbright securities for batteries produced by 

CATL [45]).   

Table 2 Battery chemistry and cooling method of commercial electric vehicles（Vehicle class：

Class A: Microcars, Class B: Superminis, Class C: Small family vehicles, Class E: Executive 

cars, Class S: Sports cars, Class J: 4 wheel drive (4x4) vehicle. Battery Type: Ni-Mh: Nickel-

metal hydride battery，NCA-LIB with LiNiCoAlO2 cathode, NCM-LIB with LiNiMnCoO2 

cathode, LFP-LIB with LiFePO4 cathode） 

Country Model Class Battery 

chemistry 

Battery 

capacity/kWh 

Battery 

thermal 

management 

method 

Japan Toyota Prius C Ni–MH 4.4 Air cooling 

Nissan Leaf C LMO 24 Air cooling 

Mitsubishi 

Outlander PHEV 

J NCM 12 Liquid cooling 

USA Chevrolet Volt C NCM 16 Air cooling 

Ford Focus BEV C NCM 23 Liquid cooling 

Tesla Model 3 C NCA 50/62/75 Liquid cooling 

Tesla Model S E/S NCA 75/100 Liquid cooling 

Tesla Model X J NCA 75 Liquid cooling 
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Germany Mercedes s400 E NCM 70 Direct cooling 

BMW i3 B NCM 33 Liquid cooling / 

Direct cooling 

Audi A6 PHEV E NCM 14.1 Direct cooling 

France Renault ZOE B NCM 44 Air cooling 

China Geely Dorsett EV C NCM 45.3 Liquid cooling 

BYD e5 C LFP 47.5 Air cooling 

BYD Song DM J NCM 16.9 Liquid cooling 

JAC iEV6E A LFP 33 Air cooling 

JAC iEV7S J NCM 39 Liquid cooling 

BAIC EC180 A NCM 20.3 Air cooling 

BAIC EX260 J NCM 38.6 Liquid cooling 

SAIC Roewe 

eRX5 

J NCM 12 Liquid cooling 

SAIC Roewe 

e950 

E NCM 12 Liquid cooling 

GAC Trumpchi 

GS4 

C NCM 11.6 Liquid cooling 

GAC Trumpchi 

GA5 

C NCM 13 Liquid cooling 

NIO ES8 J NCM 70 Liquid cooling 

2.1.2. Physical shapes of lithium-ion batteries 

A battery consists of a positive electrode, a negative electrode, an electrolyte which allows 

lithium-ion diffusion, a separator to separate the positive and negative electrodes, and a current 

collector. As illustrated in Figure 9, during charging, electrons move to the anode and lithium 

ions pass through the separator and accumulate on the anode. The discharging process takes 

the opposite process.  
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Figure 9 Lithium-ion transport during the battery charge and discharge [46] 

Lithium-ion batteries have different shapes, as shown in Figure 10, and they can be divided 

into cylindrical, prismatic, and pouch cells. All these lithium-ion batteries have anodes, 

cathodes, separators, electrolyte, and battery housings, although they differ in the configuration 

and manufacturing process. Both the cylindrical and prismatic cells consist of single sheet 

anode/cathode/separator, and the electrodes and separator of pouch cells are pre-cut separated 

sheets. The manufacturing of the cylindrical cell involves the rolling of the 

anode/cathode/separator sheets into a cylindrical shape, whereas that of prismatic cells include 

rolling and pressing to the prismatic shape, and the pouch cell compounds are stacked onto 

each other. The material assembly process follows with the tab welding process when the 

electrodes of the three types of cells are connected. The housing of the pouch cells is different 

from the cylindrical and prismatic cells, as the pouch cells packaging are made of polymer-

aluminium foils while the housing of the other two types is made of aluminium plate. During 

the electrolyte filling process, the pouch cells require extra care as the batteries need to be 

vacuumed. An addition bag is also attached to the pouch cell, which is used to gather the gas 

generated during the battery formation process, and the additional will be removed later.  
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Figure 10 Different types of lithium-ion batteries[47–49] 

Apart from the configuration and manufacturing process, the application, cost, durability, and 

size of the three types of batteries are different. Ciez and Whitacre [50] concluded that 

cylindrical cells have a cost advantage, mainly due to the economics of scale. Prismatic and 

pouch cells are believed to have more potentials of cost reduction as it has a larger size.  

The commercial cylindrical cell was first developed by Sony in 1991, which was led by Yoshio 

Nishi [51]. They are largely used as laptop batteries and traction batteries of Tesla EV models. 

The advantage of the cylindrical shape batteries are the high consistency, durable cases, and 

low manufacturing cost, and the disadvantage of the cylindrical cells is the low volumetric 

energy capacity due to the gap between the cylinders. The cylindrical cells in module and pack 

level do not allow the replacement of the single dead cells, but the entire modules, which is a 

costly procedure. In use, all the cells need to be well managed and monitored, as the failure or 

overheating of one single cell could bring problems to the whole battery system, including 

short circuit and thermal runaway. Tesla has developed an advanced battery management 

system to manage the batteries in many aspects. All the single cells are in contact with ribbon-

like cooling tubes where coolant circulates to remove the excess heat from the battery or warm 

up the battery when necessary. In precaution of single battery failure, all the cells are welded 

with fuse once a cell shorts it will disconnect from the module. However, to achieve the safety 

measures, the manufacturing of the batteries is a sophisticated process. Tesla used the industrial 

robot to accomplish the assembly and welding of the battery module while the technology has 

not been seen in other battery pack manufacturers [52]. Pouch cells with high energy density 
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and low-cost packaging have been widely used in mobile phones. The use of polymer materials 

in the packaging also makes the battery relatively lightweight compare with other types. The 

battery can be made into shapes different than the square, which could make full use of the 

space when it is limited. Apple used a single L shape pouch cells in the iPhone XS to maximize 

the use of the room [53]. Pouch cells are not applied in the EV industry yet. General motor 

plans to use large-format pouch cells which provides the flexibility of battery layout in its next-

generation EVs [54]. Pouch cells are also considered to be a cost-effective battery packing type 

as it can be produced in large size. The downside of the pouch cells is the fragility of the casing. 

To properly use the pouch cells, any stress including vibration, squashing, and warping on the 

cells are not allowed. The prismatic cells are the most widely used batteries in EV, and durable 

cases and high energy density make them popular on the market. The prismatic shape allows a 

high flexible module design for different requirements. Due to its large size, thermal 

management of prismatic cells is difficult.  

2.1.3. Energy efficiency of lithium-ion batteries 

Battery performance is usually evaluated in terms of the specific energy (Wh/kg), energy 

density (Wh/L) and energy efficiency (EE, %). Current research on lithium-ion battery has 

focused on the improvement of rate capability. Commercial lithium-ion batteries have a high 

specific energy of 224-263Wh/kg and energy density of 659-741Wh/L [55,56]. The post 

lithium-ion batteries (PLIBs) which are still at research stage can achieve 700Wh/kg with 

Bismuth-based anode [57], or even higher 1375Wh/kg with Li2S cathode [58].  

However, practical energy density which measured under actual working condition would 

exhibit a significant decrease, compared with specific energy density. Li-S cells which were 

previously developed by Sion Power Corporation could only achieve 550Wh/kg with low 

discharge rate [59]. Such difference is caused by the existence of EE, which is consists of the 

Coulombic efficiency (CE) and the voltage efficiency (VE) [60]. The EE is defined as  

         𝜂𝐸𝐸 = 𝜂𝐶𝐸 ∙ 𝜂𝑉𝐸                                                          (1) 

where CE is defined as the efficiency with which the charge is transferred in the battery 

facilitating an electrochemical reaction:  

         𝜂𝐶𝐸 =
𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑄𝑐ℎ𝑎𝑟𝑔𝑒
                                                                (2) 

where 𝑄 is the electric charge. 
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and the VE is defined as the ratio of the average discharge voltage to the average charge 

voltage： 

         𝜂𝑉𝐸 =
𝑉𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑉𝑐ℎ𝑎𝑟𝑔𝑒
=

𝑈−𝑉𝑝

𝑈+𝑉𝑝
                                                     (3) 

where 𝑉 is the operation voltage, 𝑈 is the open-circuit voltage, 𝑉𝑝 is the voltage change caused 

by polarization.  

Commercial lithium-ion batteries with NCA or NCM cathode have near to 100% of CE [61]. 

With graphite anode, the CE of the battery is reduced only on the first discharge cycle due to 

irreversible reactions. The irreversible reactions cause the formation of passivating film or solid 

electrolyte interface on the graphite [62]. After the first discharge, if the CE of the cell is not 

exactly 100%, the causes could be parasitic reactions which are associated with solid 

electrolyte interface growth, electrolyte oxidation, transition metal dissolution and positive 

electrode damage of the lithium-ion battery [63]. PLIBs suffer from low CE, while multiple 

methods can be used to eliminate the unwanted process and improve the CE to near 100%. Sun 

et al. [57] reported that the Li3PO4 battery with graphene-coated BiPO4 anode could achieve 

99.88% of CE efficacy at 500 cycles. Yao et al. [64] reported a lithium-ion battery with silicon 

hollow nanosphere anode could achieve 99.5% CE. Yang et al. [58] increased the CE of Li2S 

from 80% to 97%, when 1% of LiNO3 were added and with silicon anode.  

Improvement of VE is still very challenging, especially under abuse working condition, e.g. 

under high discharge rate and low temperature. Reduced VE is mainly attributed to the battery 

polarization, which the process that causes the voltage at the terminals of a battery deviates 

from its open-circuit voltage. Polarization is strongly associated with the battery internal 

resistance, which includes the pure Ohmic resistance 𝑅𝑂, the charge transfer resistance 𝑅𝐶𝑇 

and the polarization resistance 𝑅𝑃  [65,66]. A typical equivalent circuit model is shown in 

Figure 11 [67,68]. The battery temperature, the state of charge (SoC) and the current rates affect 

the internal resistance of the lithium-ion battery. 

 

Figure 11 The equivalent circuit model 
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During discharge, a current pulse is applied, leading to an immediate voltage drop due to the 

𝑅𝑂, which comprises electrolyte ionic resistance and electronic resistance. The 𝑅𝑂 is affected 

by temperature, but is independent of the SoC and the current rates [69–71].  

The charge transfer resistance 𝑅𝐶𝑇 is caused by the charge transfer or activation polarization of 

the reaction at the electrode/electrolyte interface [72]. As the chemical reaction rate depends 

on temperature, the 𝑅𝐶𝑇  is temperature dependant, and it substantially increases at low 

temperatures. Another factor that has an impact on the 𝑅𝐶𝑇  is SoC. The 𝑅𝐶𝑇  of the anode 

reaches the highest at a SoC of 100%, whereas the 𝑅𝐶𝑇 of the cathode behaves oppositely, 

namely, the 𝑅𝐶𝑇  becomes the highest at a zero SoC. As a result, batteries have the lowest 𝑅𝐶𝑇 

when the SOC is at 50% [69,73]. Also, 𝑅𝐶𝑇 becomes dominant at the very low current rate, 

especially at low temperatures. Ji et al. [70] found that at -20 °C, the 𝑅𝐶𝑇  at a 1/1000 C 

discharge rate is 3 times that at a 1C discharge rate.  

The 𝑅𝑃 stands for concentration polarization resistance, which is caused by the slow diffusion 

of solid-phase lithium ions and is usually considered to be a rate-determining step [72]. At an 

approximately 100% of SoC, the diffusion speed of lithium ions into electrolyte is much slower 

than electrons into the positive electrode, leading to concentration polarization and a rapidly 

increased  𝑅𝑃 [74]. At a higher current rate, 𝑅𝑃 of the positive electrode is even higher and 

becomes a limiting factor [73,75]. Li et al. observed that the 𝑅𝑃  at SoC=50% is lower  than 

that at SoC=100% [76]. At 0% SoC, concentration difference forms again, giving rise to 

concentration polarization. The 𝑅𝑃  is also dependent on temperature, a high concentration 

polarization at the anode was observed at -20 °C [77].  

Jiang et al. [78] studied the effect of SoC, the current rate on the charge polarization behaviour 

of the LIB. Large polarization was observed. It was found that elevated polarization voltage is 

linearly proportional to the charge rate. The polarization voltage at initial SoC (0-10%) and 

final SoC (90-100%) is 2-3 times of the voltage during other stages of charge. Cho et al. [79] 

quantitatively studied the polarization of a LIB below room temperature and proposed two 

examples of surface modification and hybridization with an electrochemical capacitor to 

enhance the low-temperature performance. High cell polarization and lowered power were 

observed with temperature decrease. The polarization behaviour is more significant under the 

influence of low operating temperature. From the results of 10s pulse discharge test, the cells 

were able to remain above the cut-off voltage at 25℃ even under 21C, while at 15, 5 and -5℃ 

the cell reached the cut-off voltage before 10 s at much lower discharging rates. Meister et al. 
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[80] investigated different electrode materials for LIBs on a comparative basis concerning their 

specific energy, discharge capacity, energy efficiency, columbic efficiency and voltage 

efficiency. The researchers found that silicon/graphite anode with low delithiation potential has 

the potential to replace current graphite anode. Under increased current rate, the polarization 

behaviour of the LIB become more significant, hence leads to reduced VE, in turn, to reduced 

EE. Polarization behaviour is even more significant in PLIBs. Development of a practical 

lithium-air battery has been a challenge for more than 30 years, mainly due to the large 

polarization. It leads to low voltage efficiency even under low current rate [81,82].  

2.2. Temperature effect on lithium-ion batteries 

2.2.1. Heat generation mechanism 

Lithium-ion batteries are essentially electrochemical systems, and complex electrochemical 

reactions occur during the charge and discharge process. The lithium ions intercalate and 

deintercalate on the contact surface between the electrode and the electrolyte, and release 

energy. The internal electrochemical reaction is as follows (the cathode material used in the 

example is LFP）: 

Positive 

𝐿𝑖𝑥𝐹𝑒𝑃𝑂4      

𝑐ℎ𝑎𝑟𝑔𝑒
→    

discharge
←      

      𝐿𝑖𝑥−𝑧𝐹𝑒𝑃𝑂4 + 𝑧𝐿𝑖
+ + 𝑧𝑒−                    (4) 

Negative 

𝐿𝑖𝑦𝐶6      

discharge
→      

charge
←    

      𝐿𝑖𝑦−z𝐶6 + 𝑧𝐿𝑖
+ + 𝑧𝑒−                           (5) 

In equation (4), 𝑥 represents the mole stoichiometry of lithium in lithium iron phosphate; 𝑦 in 

equation (5) represents the mole stoichiometry of lithium in the graphite (C6) structure; 𝑧 

represents the moles of lithium ions participating in the electrochemical reaction. 

According to the theory proposed by Newman et al., the heat generation of lithium-ion batteries 

includes ohmic heat, polarization heat and reaction heat [83]. 

Bernardi et al. [84] have discussed the thermodynamic energy balance of lithium-ion battery 

in detail. The irreversible heat is mainly caused by cell overpotential [85,86]:  

𝑞𝑖𝑟 = 𝐼(𝑈 − 𝑉)                                                      (6) 
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where 𝐼  represents the operating current of the battery, 𝑈  and 𝑉  represent the open-circuit 

voltage and battery operating voltage, respectively. The cell overpotential 𝑈 − 𝑉 is governed 

by internal resistance 𝑅 , which includes the pure Ohmic resistance, the charge transfer 

overpotential, and mass transfer limitation. It can be further described as:  

𝑞𝑖𝑟 = 𝐼(𝑉 − 𝑈) = 𝐼2𝑅                                            (7) 

The reversible heat is due to entropy change. The occurrence of the entropy change strongly 

relates to the lithium ions in the electrodes. As indicated from previous research, it could be 

due to the disorder of the ions in the electrode crystal [87], or the molar entropy change in the 

process of lithium intercalation [88]. Usually, in the fast charge and discharge conditions, the 

reversible heat is much smaller than the irreversible heat [89]. The occurrence of the entropy 

change strongly relates to the lithium ions in the electrodes. The part of heat due to entropy 

change can be expressed as:  

𝑞𝑟 =
𝑑

𝑑𝑡
𝑇∆𝑆                                                      (8) 

where 𝑇 is the battery operating temperature, ∆𝑆 is entropy change. The potential derivative 

often referees the entropic heat coefficient or temperature coefficient concerning temperature. 

Hence the following equation can be yielded:  

𝑞𝑟 = 𝐼𝑇
𝑑𝑈

𝑑𝑇
                                                           (9) 

where 𝑑𝑈
𝑑𝑇

  is the entropy coefficient, which is related to density, state of charge (SoC) and 

battery temperature. A simplified equation which expresses the heat source in the lithium-ion 

battery can be defined as follows:  

𝑞 = 𝐼2𝑅 + 𝐼𝑇
𝑑𝑈

𝑑𝑇
                                             (10) 

where heat from mixing is ignored as the commercial battery has good transport properties. 

Also, the phase change is dismissed as all the species in the battery has the same phase.  

2.2.2. Temperature effect on battery lifetime 

When the LIB is charged or discharged under unwanted temperature, battery ageing is one the 

drawbacks. The best operating temperature range of the battery is between 20°C and 50°C, 

within which the maximum power capacity and acceptable ageing speed can be achieved [90]. 

At high operating temperature, although good battery performance can be achieved, the 

reaction rates of many other unwanted reactions are also improved. Those reactions accelerate 
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the failure of the battery system and cause battery ageing. When cycling under higher 

temperature, the anode surface will have a constant formation of thin films, thereby 

accelerating the rate of lithium loss. Meanwhile, the resistance at the negative terminal has also 

increased significantly. With time the capacity of the battery cell is significantly decreased 

[91]. Kuper et al. revealed that between 50°C and 60°C, the power capacity of lithium-ion 

batteries increases with increasing temperature. The temperature range can effectively prevent 

battery ageing and ensure that the cell temperature is within a safe range [92]. Figure 12 

illustrates battery calendar degradation at different temperatures. After five years of operation, 

the remaining capacity of the battery at 15 ℃ can be 1.5 times of the battery at 55℃. Ramadass 

et al. [91] concluded that the capacity fade of 18650 lithium-ion battery at elevated temperature 

comes from three parameters: rate capability loss, primary (Li+) and secondary (LiCoO2/carbon) 

active material losses. At high temperature, a repeated film formed on the anode, and it led to 

the increased rate of lithium ion loss and increased cathode resistance. Vetter et al. [93,94] 

summarized the mechanisms of capacity degradation and power loss due to battery ageing. 

Waldmann et al. [95]studied the temperature effect on the ageing and performance of lithium 

batteries in the range of -20℃ to 70℃. The results showed that when the temperature is lower 

than 25℃, as the temperature decreases, the ageing speed of lithium batteries increases. When 

it is higher than 25°C, the temperature increase will also aggravate the battery ageing.  

 

Figure 12 Capacity degradation at different temperatures [96] 

Non-uniformity of temperature within both the single battery and the battery pack can also 

cause a localized deterioration, which will accelerate the battery ageing and reduce the cycle 

life of the battery [97]. When the different cells of the battery pack are at different temperatures, 

the characteristics of each cell is slightly different during each charge and discharge cycle, 

which results in a difference in the SoC. This difference will gradually increase as the battery 
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cycles. With high temperature difference within the cells, the rate of capacitance loss could be 

severe [98]. Gogoana et al. experimentally studied the influence of the inconsistency of the 

internal resistance on discharge. Results showed that internal resistance is very susceptible to 

temperature [99].  

Both high and low temperatures will have a severe impact on the performance of lithium 

batteries. Temperature nonuniformity will also cause the capacity difference of singles cells 

and eventually affect the pack performance. To improve the electrochemical performance, 

extend the service life of the battery, and maintain the power performance at a high level, it is 

essential to design a BTMS that can reasonably and effectively control the temperature. 

2.2.3. Temperature effect on battery performance 

The battery is essentially an electrochemical system. The Arrhenius equation ( Eq.11) defines 

the relationship between the operating temperature and the rate of the battery system [100]. It 

can be told that the rate constant increases exponentially when the active temperature increases, 

as the rate of the chemical reaction doubles for every 10 degrees rise in temperature. Hence, 

the battery system is sensible to operation temperature.  

                                               𝑘 = 𝐴𝑒−𝐸𝑎∕𝑅𝑇                                                                   (11) 

where 𝑘  is the rate constant, 𝐴 is a constant that defines the rate due to the frequency of 

collisions between modules, 𝑒 is a mathematical constant, 𝐸𝑎 is the activation energy for the 

reaction, 𝑅 is the universal gas constant, 𝑇 is the absolute temperature.  

At lower temperatures, the performance of lithium-ion batteries is significantly reduced. 

According to the Nernst equation, OCV is strongly related to temperature [101]. Under low 

temperature, the OCV will significantly decrease, which affects the battery power and usable 

capacity. The high resistance and low ion diffusion rate at the anode/electrolyte interface will 

reduce the energy and power of the battery at low temperatures. Battery capacity will 

irreversibly lose at low temperatures. Zhang et al. [102] investigated the charge and discharge 

characteristics of a commercial 18650 lithium-ion battery. The results showed that the 

discharge power is significantly reduced with the decrease of temperature, and the discharge 

power is entirely lost at -10 °C. The discharge energy of the battery also decreased with 

increased power, significantly below 10 °C. However, the battery is still able to deliver high 

power at low temperature.  
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In the early stage researches, it was pointed out that the electrolyte is the main factor affecting 

the performance of lithium batteries [103]. The electrical conductivity of the solution decreases 

as the temperature decreases, hence in a cold environment, the mobility of lithium ions is 

suppressed, resulting in a significant increase in internal resistance [104]. Therefore many 

research on electrolytes focuses on the development of electrolytes with low freezing point and 

high ionic conductivity, which suits the low-temperature environment [105–107]. Shiao and 

Smart et al. [108,109] investigated a series of low-temperature lithium-ion electrolytes, with 

anode and cathode being the mesophase carbon microspheres and LiNiCoO2, respectively. The 

authors performed a characterization on battery discharge behaviour under different rates 

(C/100 to 3C) in a wide temperature range (+30 ~ -70℃). The results showed that all carbon-

based electrolytes have excellent electrical conductivity under low temperature.  

Some researchers believe that high charge transfer resistance (𝑅𝐶𝑇) is the main factor which 

suppresses the lithium-ion battery performance [104,110,111]. Zhang et al. [112] investigated 

the battery system containing LiBF4 or LiBF6 electrolyte. When the environment temperature 

dropped below -20°C, the 𝑅𝐶𝑇 increased significantly. The 𝑅𝐶𝑇 is also largely affected by the 

SoC of the battery. Under low temperatures, the charging process of lithium-ion batteries is 

more problematic than the discharge process. The main reason for the poor performance of 

lithium-ion batteries at low temperatures was attributed to the problematic diffusion of lithium 

ions into the carbon anode. A later study Zhang et al. [113] investigated lithium-ion diffusion 

coefficient of lithium-ion batteries at low temperature. When the temperature is under 0℃, the 

lithium-ion diffusion rate is significantly reduced. The lithium-ion diffusion rate in delithiated 

graphite (discharge process) is lower than that of lithiated graphite (charge process). Hence 

under low-temperature charging is much more complicated than discharging.  

2.2.4. Battery fires in electric vehicle 

As shown in Figure 13, at low operating temperature, the reaction rate of the battery system is 

reduced. It leads to reduced current and affects the charging and discharging cycle. Meanwhile, 

the plating of metallic lithium occurs on the negative electrode. It can cause irreversible damage 

to the battery. At extremely low temperature, the cathode of the LIB can break down and causes 

a short circuit. Elevated battery temperature increases the reaction rate that causes a further 

increase in temperature, leading to a destructive result. Thermal runaway occurs spontaneously 

once the temperature of the battery is over 80℃. The solid electrolyte interface (SEI) film close 

to the carbon electrode tends to decompose when the temperature is between 90 ~120 ℃. When 
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the temperature exceeds 120℃, the decomposed SEI film will not be able to protect negative 

materials. It will react with electrolyte and produce combustible gas. With the temperature 

increase, the polyethylene (PE) separator also starts to melt. Decomposition of positive material 

occurs between 150~ 310℃, and oxygen is produced from the reactions. At 200℃, the 

electrolyte will decompose and produce combustible gas. With the temperature increases to 

240~ 350℃, as the SEI film is decomposed at the temperature, the binders begin to react 

violently with the lithiated graphite and produce a lot of heat (1500J/g from [114]). Along with 

the air expansion due to heat generation, the produced combustible gas and oxygen will react 

and cause fire and explosion [115]. Eventually, the aluminium current collector and the case 

will melt. Hence battery operation under harsh temperature environment is hazardous for large 

LIB packs and affect the battery life and safety.  

 

Figure 13 Reactions inside NCA battery under different operation environment [115] 
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EV now is not only a symbol of green transport, but also represents the extraordinary driving 

experience with excellent acceleration and advanced driver-assistance system. However, the 

safety of the EV is still less mature than the internal combustion engine vehicles. The PHEV 

sale was 2.2 million in 2019 accounts for 2.5% market share [1]. With the increase of EV 

deployment, fire accidents have been increasing in recent years. For most of the PHEV, 

especially self-ignition accidents, the fire starts in the powertrain, namely the battery pack. 

Table 3 listed some of the PHEV fire accidents since 2005. The causes of accidents are varied. 

It could be (1) loose cable connection (2) short circuit because of battery deformation in 

collision (3) short circuits because of worn wires (4) overcharged battery as the consequence 

of the failure of the battery management system. Although the fire accidents are not always 

related to battery, the vulnerable nature of the LIB makes people associate the accident with 

battery malfunction/damage. In some cases, the battery pack is not the cause of the fire, but it 

might be ignited later and become the major fuel to feed the fire. 

Table 3 PHEV fire accidents since 2005 [116–121] 

Number Date Location Accident Cause 

1 2008.06 Columbia, 

United 

States 

Toyota Prius (PHEV) 

with modified 

lithium-ion battery 

pack caught fire on 

the highway. 

Loose bolt connections 

cause the battery to 

overheat  

2 2011.05 Burlington,  

United 

States 

A Chevrolet Volt 

(PHEV) caught fire 

after undergoing a 

side stick impact test 

and destroyed nearby 

vehicles 

The side impact damaged 

the cooling system and 

the battery module, and 

the leakage of conductive 

coolant caused a short 

circuit and ignited the 

combustible gas leaking 

from the battery  

5 2013.10 Seattle, 

United 

States 

Tesla Model S (BEV) 

ran over large metal 

objects on the 

highway 

The battery pack is 

penetrated and deformed 

by a metal object, causing 
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a short circuit, and 

igniting the battery 

6 2015.04 Shenzhen, 

China 

Wuzhoulong electric 

bus (BEV) caught fire 

while charging in the 

garage 

Battery thermal 

management system 

failed during the 

charging, and the battery 

pack was overcharged 

8 2016.01 Jelsta, 

Norway 

Tesla Model S (BEV) 

caught fire while 

charging at a 

supercharger station 

Short circuit when 

charging 

9 2016.04 Shenzhen, 

China 

Wuzhoulong electric 

bus (BEV) caught fire 

Short circuit caused by 

worn wire 

10 2016.06 Beijing, 

China 

JAC IEV5 (BEV) 

caught fire 

Battery pack overheating 

caused by loose wire 

connections 

11 2018.03 Bangkok, 

Thailand 

Porsche Panamera 

(PHEV) 

Charging cable plugged 

to socket in the living 

room without built-in 

safety systems 

12 2019.04 Shanghai, 

China 

Models S (BEV) 

caught fire 

spontaneously 

Battery short circuit 

13 2019.06 Wuhan, 

China 

KIA Kona Electric 

(BEV) caught fire 

spontaneously 

Battery explosion 

without knowing the 

cause 

14 2019.08 Sejong 

City, Korea 

NIO ES8 (BEV) 

caught fire 

spontaneously 

Wear out of the sensor 

wiring cause short circuit 

15 2020.05 Changsha, 

China 

Li Xiang one (PHEV) 

caught fire 

Protective pad ignited by 

the exhaust pipe 
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spontaneously when 

driving  

 

Fire accidents of EV always attract attention. Due to the large sale number, Tesla EVs account 

for a large portion of fire accidents. From 2013 to 2019, it was counted by the media that Tesla 

has at least 20 reported incidents [122]. Fire accidents are worldwide, especially in the United 

States, European countries (Figure 14a), Mexico, and China. In March 2017, two Model S at 

the Shanghai Jinqiao Tesla Super Charging Station caught fire (Figure 14b). The fire was 

caused by “voltage instability” which caused one of the cars to catch fire, which subsequently 

caused another car next to it to be burnt down as well [123]. One month later, a Model X caught 

fire and exploded after a collision in Guangzhou, China. In January 2018, another Tesla in 

Chongqing, China spontaneously combusted due to battery quality, without charging or 

collision (Figure 14c) [124]. Tesla uses battery packs consisting of more than 8000 cylindrical 

18650 batteries, which are placed on the chassis of their vehicles. If the car collides, there is a 

high chance that the battery pack is hit. It will cause the deformation of the pack and cause a 

short circuit, and eventually cause the battery to catch fire. Also, to reduce weight and cost, 

some Model S and Model X models removed the insulation layer outside the battery module, 

which increases the possibility of spontaneous combustion of the battery pack during charging 

or after a collision. Although Tesla vehicles have the most advanced battery management 

system in the market, the large number of batteries will inevitably lead to inconsistent battery 

attenuation. The inconsistency of battery capacity will form a circulating current inside the 

battery pack, accelerate the loss of the battery, and cause it to self-discharge. It will further lead 

to higher circulation and reduce battery pack capacity. With its EP9 model set the record the 

fastest lap by an electric vehicle for some Grand Prix circuits, NIO has been one of the most 

popular EV manufacturers. In 2019 NIO’s ES8 has several spontaneous combustion accidents 

(Figure 14d) and the company has recalled 4803 ES8 models [117]. The voltage sampling 

sensor wiring of the NEV-P50 battery modules on the NIO ES8 has been continuously 

squeezed by the upper cover plate, causing the insulation material to wear out. In extreme cases, 

it causes the wiring harness insulation layer to burn and cause the battery pack thermal runaway.  
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Figure 14 (a) Austria (2017) Tesla Model S, battery short circuit due to the force deformation of 

the chassis in a collision, [123]；(b) Shanghai, China (2017) two Tesla Model S caught fire at a 

charging station [123]；(c) Chongqing, China (2018) Tesla Model S spontaneously ignites due to 

battery failure [125]; (d) Shanghai, China (2020), NIO ES8 caught fire at charging station [117] 

Although it was claimed by EV manufacturers that EV is ten times less likely to experience a 

fire than a gas car [122], it is more difficult to put out an EV fire mainly because of the battery. 

Ordinary foam or dry chemicals would not work, and it could require 9 tons of water to 

extinguish the fire [5]. Even worse the EV could reignite after the earlier fire extinguished. The 

accumulated heat in the battery pack could not fully dissipate hence the EV that has 

experienced fire needs to be kept away from any objects for a few days. If the whole vehicle is 

fully immersed into a water tank, the fire can be fully extinguished, which makes the fire 

extinguishing much more difficult. In a rare case, a BMW i8 was dumped into a huge tank with 

13 tons of water for 24 hours to make sure the vehicle could not catch fire again [126]. A guide 

from Tesla pointed out that immersion of the EV into water tank is necessary.   

a b 

c d 
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With increasing demand on the driving range, charging speed and vehicle performance of EV, 

the power and capacity of the battery pack is increasing. The trend will last until the next 

generation batteries with significantly improved energy density and safety become available 

on the market. According to the analysis, the most promising full solid-state battery will not 

have commercial application in the EV market until 2030 [8,9]. The only solution to have a 

safe and long-life battery pack is the battery management system (BMS), with the BTMS to be 

one of the core functions. The BMS is the safety control system which manages the individual 

cells of a battery module and the entire battery pack. It involves voltage, current and 

temperature monitoring of the cells, state of charge, state of health, state of power, state of 

energy and state of function estimation and the BTMS module. An efficient BTMS could either 

be air cooling, liquid cooling, direct cooling, or PCM cooling. In cold areas, the BTMS needs 

to have a heating method for a comfortable store and start-up of the battery system, which could 

be PCM heating and PCT/ heating element heating.  

Many countries and international organizations have issued mandatory standards for LIBs used 

in EV, e.g. United Nation standards: UN 38.3, UN R100, International Electrotechnical 

Commission (IEC) standard: IEC 62133, IEC 63056, IEC 62660.1, IEC 62660.2, IEC 62660.3, 

International Organization for Standardization (ISO): ISO16750.1, ISO16750.2, ISO16750.3, 

ISO16750.4, ISO16750.5, Institute of Electrical and Electronics Engineers (IEEE): IEEE1625, 

IEEE1725, IEEE2030.3, China standards: GB/ T 31484-2015, GB/ T 31485-2015, GB/ 

T31486-215. All these standards specify the safety, reliability requirement of the LIB and 

provide test methods of abuse use and short circuit of the battery. However, current standards 

no matter it is issued by a country or international organization such as IEC/ ISO/ IEEE, they 

are deficient in specifying the requirement of a generic BMS, especially the BTMS part. The 

gap needs to be understood, and more complex standards and test methods can be then proposed. 

In this way, the battery system can be properly handled through the lifetime and reduce the 

risks and hazards. Cell temperature monitoring should be part of the BMS function, so once 

the cell temperature is above 40 ℃ or below 20 ℃, BMS can actuate BTMS control and send 

cooling/ heating request.  
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2.3. Commercial battery thermal management systems 

2.3.1. Battery cooling systems 

Table 2 listed the BTMS of the EVs with different classes, battery capacity, battery chemistry 

and from other manufacturers. There are three types of commercial BTMSs: air cooling, liquid 

cooling, and direct cooling.  

Air cooling BTMS uses air to remove the heat generated from LIB. As shown in Figure 15, it 

has a simple structure hence is advantageous in cost. It is commonly used in the early stage EV 

models, as previously EV models use LIBs with less active chemistry, e.g. nickel-metal hydride 

battery (Ni-MH) and LMO. Currently, most electric busses and some EV models from 

Japanese/ Korean manufactures such as Honda Insight, Toyota Prius, Nissan Leaf and Kia Soul 

EV uses this type of BTMS. However, the air-cooling method has its inherent limitation of low 

convective heat transfer coefficient, which limits its application. Studies have shown that under 

stressful conditions, i.e. at high discharge rates or high ambient temperatures, air cooling is not 

efficient enough to manage the thermal performance of lithium-ion battery pack [127].  

 

Figure 15 Schematic of air cooling BTMS 

As shown in Table 2, most EV models now use more active LIB with NCM or NCA cathode, 

and they equipped with the liquid cooling method. Liquid cooling BTMS uses heat exchanger 

and cooling circuit together to remove the battery heat (Figure 16). Comparing with air cooling, 

liquid cooling method (uses typically 50%/ 50% water/ Ethylene glycol mixture as coolant) 

has much higher convective heat transfer coefficient. It is capable of cooling LIBs with active 

chemistry and under high current rate and high operation/ ambient temperature. However, the 

liquid cooling BTMS has a complex structure, which leads to a relatively large volume and 

high cost. Conductive fluid should also be avoided if the thermal management system is also 

responsible for the cooling of AC-DC and DC-DC converter.  
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Figure 16 Schematic of liquid cooling BTMS 

Direct cooling is another cooling method which now is used in EV models from German 

manufactures, e.g. BMW i3 and Mercedes S400. It uses the refrigerant (e.g. R134a) to “directly” 

cool down the LIB. As shown in Figure 17, the refrigerant flows into two branches after it is 

condensed in the condenser. In one brand the refrigerant will evaporate in the evaporate and 

provide cold air to the vehicle cabin. In another branch, the refrigerant will take the heat from 

the LIB in the cooling plate.  The two coolant branches will then converge into one loop and 

condense in the condenser. The disadvantage of this method is it has a long refrigerant loop, 

and the amount of refrigerant is large, which brings high cost.  

 

Figure 17 Schematic of direct cooling BTMS 

2.3.2. Heating systems 

Existing electric vehicle models generally use external battery heating methods, including 
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convection heating and direct heating methods. Convection heating methods have air 

convection heating and liquid convection heating. The system design is similar to air cooling 

and liquid cooling systems, except that the convection heating system is additionally equipped 

with heating elements. Convection heating is widely supplied in the market's electric vehicle 

thermal management system. European and American electric vehicle models such as some 

high-end models of Tesla, Ford Focus Electric Edition, Smart electric drive, and some Chinese 

electric vehicle models such as NIO ES8 and Weimar EX5 Both are equipped with liquid 

convection heating systems. Japanese and Korean electric vehicle models such as Nissan Leaf 

and Kia Soul EV are equipped with air convection heating systems. Direct heating is widely 

used in cheap models and non-electric car electrification. It uses typically direct polymer PTC 

heating, which is generally placed on the surface/side of the battery and the battery is heated 

using power battery power. 

2.3.3. Application in electric vehicles 

Battery thermal management system is usually a part of the vehicle thermal management 

system including electric motor cooling system, BTMS and air conditioning system.  

Liquid cooling/ heating thermal management systems are used in a variety of models. Figure 

18 shows the schematic of the system in Ford Focus electric model. The electric motor three-

way valve acts as a thermal switch. When the motor starts, if the motor temperature is within 

the normal range, the water pump pumps the coolant passes through the DC-DC converter, the 

electric motor, the heater three-way valve and the electric motor three-way valve, and 

eventually returns to the water pump. As the coolant continues to absorb heat and its 

temperature rises, the coolant will additionally flow through the radiator then back to the water 

pump. For battery thermal management, when the temperature of the lower and upper batteries 

are above 35 °C, the battery is cooled by another coolant circuit which is further cooled by a 

cooler. When the battery pack is charged in a cold climate, if the coolant temperature in the 

battery coolant circuit is lower than 10 °C, the polymer PTC heater starts working. It heats the 

coolant, which further heats the batteries. The electric motor and DC/ DC converter coolant 

circuit is linked with the battery coolant circuit. The battery three-way valve allows the coolant 

in the electric motor and DC/ DC converter coolant circuit to enter the battery coolant circuit 

during the driving of the electric vehicle, thereby helping to heat the battery. The electric motor 

and DC/ DC converter coolant is prevented from flowing into the battery coolant circuit when 

it is over 80 °C, which may cause battery damage or even thermal runaway. 
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Figure 18 Thermal management system of Ford Focus electric model, single-mode liquid 

cooling/ heating and waste heat recovery system [128] 

As the top-selling pure electric vehicle, Tesla integrates many advanced technologies from 

different industries, and have developed many novel designs on its cars, especially on the 

BTMS. As shown in Figure 19, Tesla's BTMS uses liquid cooling and PTC indirect heating 

method and combines waste heat recovery from its electric motor and electronic systems. 

Tesla's BTMS can use different operating modes based on component temperature and have 

better control of battery temperature.  

When the thermal management system is in serial mode, in cold weather, the heat generated 

from the electric motor will be transferred to the battery pack for heating purpose (green line). 

Some Tesla models, such as the Tesla Model 3, use a technology called “series-parallel control” 

which can heat the battery pack when the vehicle is undercharging. Its motor starts to rotate 

and generates heat, the heat is then transferred from the motor stator to the battery pack for 

preheating. Also, some Tesla models are equipped with PTC heating, which allows heating the 

battery through heating the coolant first indirectly. When battery exceeds its operating 

temperature, the chiller in the coolant circuit starts to work, which can reduce coolant 

temperature. In parallel mode, the coolant circuit for battery temperature control is isolated 

from motor coolant circuit.  

Tesla’s pure electric vehicle uses many high energy density 18650 lithium-ion batteries (up to 

7, 140 cells). To maintain battery temperature uniformity, Tesla's BTMS needs to perform 

efficient thermal management of single cells. As shown in Figure 19 (c) and Figure 19 (d), the 
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cooling pipes meander through every single cell in the battery pack, and to ensure efficient heat 

transfer. The cooling pipes have good contact with the battery through flexible fins. 

  

(a) (b) 

 
 

(c) (d) 

Figure 19 Thermal management system of tesla electric vehicle, dual-mode liquid cooling/ 

heating and waste heat recovery system (a) Series mode (b) Parallel mode (c) Arrangement of 

the single cells and the cooling tube (d) Good contact between the single cells and the cooling 

tube [128,129] 

Thermal management system for BMW i3’s drive system and battery pack are two independent 

circulation systems. The system includes a motor controller, DC/ DC converter and the battery 

charger. The cooling circuit of the motor electronic device is in serial connection with the 

electric motor’s cooling circuit. Different from the BTMS from other models, the battery is 

cooled directly by the refrigerant, and the refrigerant pipeline is directly arranged inside the 
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power battery case. In cold weather, the battery is heated by polymer PTC elements which are 

arranged along the cooling channel. 

Figure 20 shows an air cooling and direct heating based BTMS, which was proposed by 

Hyundai and Kia [130]. In this patented system, the battery pack is cooled by air where the 

cooling channels are adjacent to the prismatic cells. Heating elements are installed on both 

sides of the battery pack and is fixed to the battery pack by double-sided adhesive. The 

temperature sensor is used to monitor the battery temperature. When the battery temperature is 

low, the heating units on both sides of the battery start to work to heat the battery. When the 

battery temperature is too high, the air begins to flow, and the battery is cooled through the 

cooling channels.  

 

Figure 20 Patented Hyundai / Kia BTMS [130] 

Although currently PCM based BTMS is not applied in any EV models in the market, many 

vehicle and battery manufactures forecast the potential of PCM application in BTMS and filed 

patents worldwide.  

Chinese vehicle manufacture BYD patented design of the battery pack filled with CPCM [131]. 

As shown in Figure 21, the PCM filled the gap of the battery container to act as a thermal 

reservoir. The power battery pack is bonded to the base through a thermally conductive 
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adhesive material, and then the floor is fixed to the chassis. When the battery pack is working, 

the PCM absorbs the heat generated from the battery pack and conducts it to the container 

without using any electric power to dissipate heat.  

 

Figure 21 Patented BYD BTMS[131] 

General Motors was granted with a patent for a battery pack with PCM cooling, as shown in 

Figure 22 [132]. The compressible isolator sheets are made of both polystyrene foam and PCM. 

Hence it can absorb and release the heat generated from the battery.  

 

Figure 22 Patented GM BTMS [132] 
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Midtronics Inc proposed a BTMS for cylindrical batteries with PCMs[133]. As shown in Figure 

23, cylindrical batteries with protrusions or fins are surrounded by PCM. The bumps and fins 

are efficient in increasing the contact area between the PCM and the battery pack. 

 

Figure 23 Patented Midtronics Inc BTMS [133] 

American company All Cell Tech[134] has commercialized the BTMS based on CPCM and 

claims that products at difference capacity level from e-bike batteries to grid-connected 

systems can be provided. As shown in Figure 24, the CPCM is evenly distributed within the 

gap between the battery pack and the case, the temperature difference between cells can be 

efficiently controlled between 3-5 ̊ C meanwhile the maximum temperature of the batteries can 

also be maintained at a safe level. The company claims that with PCMs the maximum 

temperature of the battery pack can be reduced by 15 ˚C.  

 

Figure 24 Product from All Cell Tech [134] 
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2.4. Current research on battery thermal management system with phase change material 

2.4.1. Phase change materials and the enhancement materials   

The idea of using PCM for BTMS was firstly proposed by Hallaj and Selman [135]. They 

introduced a mathematical model of the heat transfer between the PCM and the battery in their 

work. This model adopts the enthalpy equation, and it is described as Eq.12:  

                                              𝛻 ∙ (𝑘𝛻𝑇) + 𝑠 = 𝜌
𝜕𝐻(𝑇)

𝜕𝑡
                                                  (12) 

where 𝑇 is the temperature, 𝑘 is the thermal conductivity, 𝑠 is the heat generation per volume, 

𝜌 is the density, 𝐻 is the enthalpy and 𝑡 is the time. 

Most PCMs also have abundant source and is not toxic, which is ideal for industrial application. 

A PCM based BTMS, therefore, has the potential to control battery packs operated in the 

desired temperature range effectively, while maintaining temperature uniformity within battery 

cells. PCM based BTMSs usually are designed to have lithium-ion battery pack surrounded by 

PCM modules/plates. Figure 25 illustrates the designs of the BTMS for standard cylindrical 

batteries and prismatic batteries. For cylindrical batteries, cells are usually inserted into pre-cut 

BTMS modules, while for prismatic batteries, PCM plates are sandwiched between the cells.  

 

 

(a) 

 

(b) 

Figure 25 Typical designs of BTMS of lithium-ion batteries using PCMs. (a): PCM block which 

is designed for easy cylindrical cells insertion. (b): Flat sheet PCMs sandwiched between 

prismatic cells. 

Figure 26 illustrates the mechanism of the PCM based BTMS. It is a three-stage process that 

corresponds to the sensible heat, latent heat and sensible heat. When battery heats up from low 
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temperature, the PCM temperature increases along with the battery temperature and the heat is 

stored as sensible heat. As soon as the temperature reaches the melting temperature, the heat 

generated from the battery will be stored as the form of latent heat, and both PCM and battery 

temperature will be maintained at the phase change temperature. Once the latent heat is 

consumed both the PCM temperature and battery temperature will increase, and the heat is 

again stored in PCM as latent heat.  

 

Figure 26 Mechanism of BTMS based on PCM. 

The advantage of BTMS based on PCM can be concluded as following: (1) PCM could 

maintain temperature uniformity within single cells and battery packs. (2) PCM can absorb and 

release a large amount of heat during phase change and keep their temperature unchanged. 

Hence, the temperature of the battery pack can be regulated passively. Since the idea was 

proposed, many researchers carried out researches on (1) improvement on thermal and 

mechanical property of PCM, mostly focuses on thermal conductivity and encapsulation ability 

of PCM (2) combination of passive BTMS based on PCM and conventional active BTMS.  

The optimum operating temperature of lithium-ion batteries is between 20- 50 oC, phase change 

temperature of PCM is accordingly limited to this range. Currently available PCMs for BTMS 

include hydrated salts, fatty acid, polyethene glycol and paraffin. Table 4 presents a list of the 

PCMs and main properties of the materials that are selected for BTMS of Lithium-ion batteries 

in EVs. As one can notice, looking at Table 4, the most common PCM employed for BTMS is 

paraffin. Its melting temperature is usually chosen between 30-50 oC. Paraffin wax has elevated 

latent heat, but low thermal conductivity (between 0.2–0.3 W/m·K). The other non-paraffin 

materials also have the limitation of low thermal conductivity.  
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Table 4 List of PCMs adopted elsewhere, and their thermal properties 

Ref. PCM Melting 

temperature [˚C] 

Thermal 

conductivity 

[W/m·K] 

Specific 

heat 

[kJ/kg·K] 

Latent 

enthalpy 

[kJ/kg] 

[136] Paraffin RT28 

HC, provided by 

Rubitherm 

28 0.2 2 245 

[137]  n-Heptadecane 

paraffin 

21.9 0.146 2.226 214 

[137] n-Octadecane 

paraffin 

28 0.149 2.66 241 

[138] Paraffin RT44 

HC, provided by 

Rubitherm 

42.76-49.24 0.2 2 255 

[139] Eicosane 

 

36.65 0.27 - 241 

[139] Na2SO410H2O 

 

32.25 0.544 - 254 

[139] Zn(NO3)26H2O 

 

36.25 0.31 - 147 

[140] RPCM ®, 

provided by the 

Glacier Tek Inc  

18 

 

 

0.55 

 

 

2.1 

 

 

195 

 

 

[141] Polyethene 

glycol 1000  

 

 

35-40    

 

0.23 

 

2.142 

 

159 

[142] PCM44(a 

eutectic mixture 

of 

Mg(NO3)26H2O–

44 0.47 1.28-1.73 292 
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MgCl26H2O–

NH4NO3) 

Most PCMs, however, suffer from a disadvantage of low thermal conductivity. As a result, 

thermal conductivity enhancement materials such as expanded graphite (EG) [143], metal 

foams [144] and carbon fibres [145], have been incorporated into PCMs to overcome the issue. 

These studies showed that CPCMs with a significantly improved thermal conductivity could 

transfer the heat generated from battery packs efficiently, hence providing a potentially 

enhanced BTMS. Table 5 presents a list of PCM/enhanced material composite and their 

thermal properties. Although most of the PCM/enhanced material composites receive a 

decrease in their latent heat, the increase in their thermal conductivities is significant. 

Table 5 List of PCM/enhanced material composite, and their thermal properties (Part of this 

table adapted and reproduced from [146]  

Phase Change  

Material composite 

Melting 

temperatur

e [˚C] 

Thermal 

conductivity 

[W/m·K] 

Specific  

heat  

[kJ/kg·K] 

Latent 

enthalpy 

[kJ/kg] 

Paraffin/ graphite 

composite  

42-45 16.6 1.98 123 

RT-42, provided by 

Rubitherm/ EG 

composite 

55 16.6 1.98 185 

A copper mesh (CM)-

enhanced paraffin /EG 

composite 

42 7.65 - 141.6 

Paraffin/ EG/ low 

density polyethylene 

composite 

44.5–50.2 

 

 

1.38 

 

 

2.48 

 

 

87.4 

 

 

Paraffin/ graphite 

sheets composite 

21.6–25.5 

 

3.95 

 

2.39 

 

132.6 

 

Hexadecane/ 

aluminium particles 

composite 

23.16–24.9 

 

1.25 

 

- 

 

167 
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N-octadecane/ EG 

composite 

28.13-30.39 

 

1.07 

 

- 

 

189 

 

N-docosane/ EG 

composite 

40.2 

 

0.82 

 

- 

 

178.3 

 

N-octadecane/ 

inorganic 

26.9 0.6213 - 123 

Among all the materials, carbon-based nanomaterials have been proved to be excellent choices 

due to their high thermal conductivity and good compatibility with organic PCMs. 

Ramakrishnan [147] enhanced the thermal conductivity of paraffin/hydrophobic expanded 

perlite composites with graphite, carbon nanotube and graphene nanoplates. Results showed 

that addition of 0.5wt% carbon-based material could improve the thermal conductivity with 

30% to 49%. Sari et al. [148,149] investigated thermal property enhancement ability of carbon 

nanotube. The researchers found that when 1wt% and 2.5wt% of carbon nanotube were added 

into polyethene glycol/raw diatomite composite and myristic acid/silica fume composite, the 

thermal conductivity can be improved by and 43.8% and 93%, respectively.  

EG is another promising carbon-based material with excellent thermal property and cost 

advantage. The porous material has pores and voids, which is consisted of many large and thin 

graphite flakes. The graphite flakes have high in-plane thermal conductivity, and it provides 

EG with high thermal conductivity [150]. The capillary forces of the pores and voids in EG 

can pull PCM into the matrix. In this way, it confines the PCM in the pores and voids and 

increases the thermal conductivity of the composite [151]. Karaipekli et al. [152] improved the 

thermal conductivity of stearic acid using EG. Results showed a linear relationship between 

the thermal conductivity and mass fraction of EG, with 10% of EG the thermal conductivity 

was increased by 266.6% and reached 1.1 W/m·K Sari et al. [153] developed a novel palmitic 

acid/EG composite with excellent thermal stability. FTIR results confirmed that after 3000 

times of thermal cycling, the chemical structure of the composite material remains the same. 

DSC results also showed that change of melting and solidification temperature and latent heat 

of the composites were at an acceptable level. Sari et al. [154] also studied the paraffin/EG 

composite material and found that with 10wt% EG the thermal conductivity of the composite 

was measured to be 0.82 W/m ·K. Zhang et al. [155] investigated the flammability of 

EG/paraffin/high-density polyethene composites. The results showed that flame retardancy of 
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the composite can be improved with the existence of EG, as EG could form a char layer with 

good strength and stability under heating.  

Metal foam with high thermal conductivity and high porosity has been popular in recent years. 

Wang et al. [144] tested the thermal conductivity of a paraffin/aluminium foam composite. The 

theoretical thermal conductivity of the CPCM can be 218 times larger than the value of pure 

PCM. Li et al. [138] studied a passive BTMS based on paraffin/copper foam composite. The 

authors also compared the system with two other control cases: a passive battery thermal 

management based on paraffin and an air-cooling BTMS. CPCM resulted in the lowest battery 

temperature and most uniform temperature distribution within the cells and battery packs. The 

study also revealed that the battery temperature decreased with decreased porosity of 

aluminium foam.  

The polymer materials are also commonly used as the supporting material in the CPCM. The 

advantage of using polymer is it overcomes the leakage problem when PCM liquefy, hence 

creates the “solid-solid” phase change. Wu et al. [156] developed a from stable paraffin/olefin 

block copolymer/expanded graphite composite with the excellent thermal property. The 

researchers found that with 20wt% OBC, noticeable leakage of PCM was not observed on the 

composite, and EG could further prevent the PCM from leakage. Xiao et al. [157] proposed a 

new material development strategy through the polymerization of octadecyl acrylate and 

crosslinkers to form a polymer PCM. The aliphatic chains are chemically bonded to the 

skeleton hence provides excellent form stability. The composite does not have any leakage 

after long term operation and has good thermal stability even under 250 ˚C. Liu et a. [158] 

reported a hyper-crosslinked polystyrene PCMs through Lewis acid catalysis. Polystyrene was 

used as the encapsulation material in the composite. The composites were heated under a 

pressure force module at 80 ˚C for 5 hours, and no leakage was observed. 

2.4.2. Battery thermal management system based on metal foam/PCM composite 

Metal foam is commonly used for the development of CPCM due to its high thermal 

conductivity and porous structure. Li et al. [138] examined the performance of a passive BTMS 

using a sandwich structure with copper foam plates saturated with paraffin in between prismatic 

cells. Battery surface temperature was well controlled under 1C and 3C discharge rates with 

both pure PCM and copper foam-based CPCM, while with air convection the temperature 

exceeded the safety limit. Copper foam with different porosities of 0.9, 0.95 and 0.97 and 
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different pore density of 10PPI, 20PPI and 40PPI were investigated. Researchers found that 

lower porosity and pore density could help with reducing the battery surface temperature.  

Similar results were also discovered by Hussain et al. [159]. Hussain et al. investigated the 

application of nickel foam/paraffin composite in BTMS experimentally, as shown in Figure 27. 

The influence of the pore density and porosity of the nickel foam on the performance of the 

BTMS were studied, and the results were compared with natural air cooling and pure PCM 

cooling. The results showed natural cooling was not able to control the battery temperature 

under the safety limit. Both PCM and nickel foam/PCM were able to reduce the battery 

temperature significantly, and compared with pure PCM, 24-31% of temperature reduction can 

be achieved with nickel foam/paraffin campsite. The geometric parameter study of the nickel 

foam showed that lower porosity and pore density of the nickel foam could help with 

controlling the battery surface temperature.  

 

Figure 27 Schematic diagram of battery pack [6S] surrounded by nickel foam-paraffin 

composite [159] 

Hussain et al. [160] further enhanced the thermal conductivity of the nickel foam/paraffin 

CPCM through coating nickel foam with graphene layer using chemical vapour deposition 

(Figure 28). After infiltrating into the graphene-coated nickel foam, the thermal conductivity 

of the PCM was improved by 23 times. Meanwhile, both its latent and specific heat are 

decreased by 30%. The developed materials were tested with a battery pack connected in 6S 

configuration. At 0.5C discharge rate, with graphene-coated nickel foam CPCM, the 

temperature of the battery surface is decreased by 17% compared with nickel foam. 



48 

 

 

Figure 28 Graphene coated nickel foam. (a) Scanning electron microscopy image of nickel foam 

(b) Scanning electron microscopy image of graphene-coated nickel foam [160] 

Qu et al. [161] studied a passive BTMS using paraffin/copper foam composite with a 2-D 

transient model numerically and experimentally. The schematic of the passive thermal 

management system is shown in Figure 29. Single prismatic battery (3.8V, 10Ah) were used 

in the research to examine the performance of the BTMS. Natural convection of liquid paraffin 

and local thermal non-equilibrium effect in the copper foam were considered in the model. The 

results showed that the surface temperature of the paraffin/copper foam composite was 

significantly reduced compared with isothermal and air convection modes, under 1C and 3C 

discharge.  

 

Figure 29 Schematic of the passive thermal management system [161] 

Zhang et al. [162] investigated the melting behaviour of aluminium foam/PCM composite 

numerically and experimentally. 3D models of metal foam were built using both body-centred 

cubic and face-centred method. The results showed that the metal foam skeleton could enhance 
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the heat transfer as compared with pure PCM, the melting time of the PCM with both structures 

were reduced by 26-28%. The metal foam study showed that conduction heat transfer is the 

primary method of heat transfer in PCM with metal foam skeleton during melting. In contrast, 

the primary method of heat transfer during pure PCM melting is convection. Temperature 

uniformity of the CPCM can be improved with a larger interfacial area as the heat transfer 

coefficient is improved.  

Alipanah and Li [163] carried out a numerical study on the BTMS using aluminium foam/PCM. 

They compared the performance of the BTMS based on different PCMs and metal foam/PCM 

composites. Aluminium foams with different porosities were also studied. Constant heat flux 

was applied to examine the thermal management performance. The results showed that through 

comparing different aluminium foam-based PCMs, PCMs with higher diffusivity and lower 

Stefan number provides better temperature uniformity and better temperature control. 

Aluminium foam with lower porosity (0.88) was able to achieve better battery thermal 

management performance.  

Pan et al. [164] studied using copper fibre/paraffin composite in the BTMS. They tested the 

BTMS with a battery pack consisting of 15 Panasonic NCR18650PF cells in 3S*5P 

arrangement. The schematic of the mould is shown in Figure 30. Different test methods of 

natural cooling, pure paraffin cooling, copper foam/paraffin cooling and copper fibre/paraffin 

cooling were tested. The results showed that compare with the natural air cooling, CPCM 

cooling can decrease the temperature increase by 50%, and the maximum temperature was kept 

below 60 ℃ under 2.4C discharge. When copper fibre/paraffin CPCM was applied, good 

temperature uniformity was also achieved as the temperature difference within the battery pack 

was controlled within 2 ℃. The authors believed that 90% porosity copper fibre sintered 

skeleton offers the best performance of the CPCM.  

 

Figure 30 Schematic of the sintering mould [164]. 
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Khateeb et al. [165] studied the performance of a BTMS with aluminium foam-based CPCM 

for three charge/discharge cycles to understand the thermal stability of a battery module. A 

lithium-ion battery pack consisted of 18 commercial 18650 batteries was used to test the 

performance of the BTMS. They found that the battery temperature was well controlled during 

the first charge/discharge cycle. The PCM was fully melted after the second cycle. Then the 

thermal management performance of BTMS with CPCM was not sufficient after three cycles, 

leading to risks of battery thermal runaway. 

2.4.3. Battery thermal management system based on EG/PCM composite 

EG has also been widely applied in the research of BTMS based on CPCM. EG has the 

advantage of excellent thermal conductivity and good compatibility with organic PCMs. 

Compacted EG has a porous structure with the high surface area to volume ratio. The capillary 

forces of compressed EG matrix can pull PCM into the matrix. In this way, it increases the 

thermal conductivity of the CPCM. During the melting/solidification cycle, the EG matrix also 

prevents the leakage of PCM [151].  

Jiang et al. [151] investigated the BTMS performance of paraffin/EG with the different mass 

fraction of EG. The prepared material is shown in Figure 31. Single 26650 LiFePO4 cells were 

used to test the performance of the CPCM. Results showed that the performance of BTMS was 

significantly improved with the incorporation of EG. The thermal conductivity of the CPCM 

is enhanced, and the leakage of PCM is prevented. With 20% of EG loading, under 5C 

discharge rate, the cell temperature increase was controlled within 20°C. They believe that 

CPCM with 16-20wt% of EG is at its optimum condition due to its excellent thermal 

management performance and stable shape.  

 

Figure 31 (a) Optical images of CPCM powder and (b) impacted CPCM samples [151] 

Mills et al. [143] impregnated porous graphite matrix with paraffin in their study. The porous 

graphite matrix was fabricated by compacting EG. Different densities of the CPCM from 50g/L 
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to 350g/L were prepared. The experimental results showed that CPCM had a thermal 

conductivity that is 20-130 times greater than the value of pure PCM. The CPCM showed larger 

thermal conductivity with the direction perpendicular to the direction of compacting.  

Ling et al. [166] studied the performance of BTM based on PCM/EG composite at low 

temperature. The BTMS based on CPCM was tested with a lithium-ion battery pack consisting 

of 20 commercial 18650 lithium-ion batteries at 5 and −10 °C and at different discharge rates. 

The results showed that with the CPCM can slow down the temperature decreasing of the 

battery pack. The temperature uniformity of the battery pack was also improved. Also, the 

voltage differences between the single cells were also reduced.  

Alzoubi et al. [167] added silicon polymer into PCM/EG composites to improve the flexibility 

and compressibility of the CPCM. The composite was tested through-plane and in-plane 

relative to the EG compaction direction. The materials show anisotropic thermal and 

mechanical properties. A model of the compression test was also built based on Maxwell–

Kelvin viscoelastic model. It reveals that EG provides ductility and viscous characteristics 

while PCM provided brittleness characteristics to the material.  

Zhang et al. [155] added intumescent flame retardant (IFR) into EG/paraffin/high-density 

polyethene composite to improve its retardancy. The results showed that with the addition of 

IFR, the flame retardancy of the composite could also be significantly improved. EG could 

further enhance the retardancy as EG could form a char layer with good strength and stability 

under heating.  

Luo et al. [168] prepared a novel BTMS module consisting of the dual melting temperature 

paraffin, expanded graphite and epoxy resin with a mass ratio of 5:2:3. A graphite film was 

also combined with the module to enhance the in-plane thermal conductivity. The BTMS was 

tested with a battery pack consisting of 9 commercial 18650 lithium-ion batteries in the 

arrangement of 3S*3P. They claimed that the paraffin could provide double buffer effect that 

minimizes the temperature increase of the battery and temperature difference between the 

batteries due to the broad phase transition range. After six cycles, the maximum temperature 

of the battery was observed to be 44.8 °C which was below the safety threshold. Addition of 

epoxy resin ensures the mechanical properties of the CPCM were maintained at a high level.  

Wu et al. [169] proposed a BTMS  based on PCM using copper mesh (CM)/EG/paraffin 

composite, as shown in Figure 32. The BTMS was tested with a battery pack consisting of 5 
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LiFePO4 batteries (12Ah). They compared the novel method with traditional air natural 

convection and PCM plate method. The results showed CM-enhanced CPCM plate has a better 

performance of thermal management in heat dissipation and temperature uniformity, especially 

at high discharge rate. CM-enhanced CPCM plate can also improve the heat transfer ability of 

the BTMS under forced air cooling. 

 

Figure 32 (a) Fabrication scheme and (b) photograph of CM-PCMP [169] 

2.4.4. Battery thermal management system based on nano additives  

Nano additives including graphene nanoplates, carbon nanotubes and boron-nitride nanosheet 

have been integrated with PCM to increase its thermal property. Some studies have observed 

excellent improvement in the thermal conductivity of the PCM.   

Zou et al. [170] developed a novel CPCM using graphene and multi-walled carbon nanotubes 

(MWCNT) which can improve the performance of BTMS. With the addition of 1% carbon 

addictive (the mass ratio of MWCNT/graphene is 3:7), both thermal conductivity of the PCM 

and viscosity of the liquid CPCM is improved. The rapid rise of the liquid PCM temperature 

can also be restrained.  

Mortazavi et al. [171] developed multiscale modelling techniques to explore the efficiency of 

the BTMS with CPCM. Thermal conductivity of graphene reinforced paraffin and hexagonal 

boron-nitride nanosheet reinforced paraffin were evaluated numerically. Newman’s 

electrochemical model was employed to simulate battery heat generation. The BTMS was 

tested with a battery system consisted of 6 Hitachi’s batteries (4.4Ah capacity each). They 
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found that, compared with pure paraffin, although thermal conductivity of paraffin 

nanocomposites was enhanced by several times, a significant improvement on the performance 

of BTMS was not observed. Study on heat transfer of nanocomposites revealed that hexagonal 

boron nitride nanosheet provides better thermal conductance to paraffin than graphene 

nanofilms.  

Bahiraei et al. [172] explored the heat transfer performance of BTMS with paraffin-embedded 

with different carbon-based nanoparticle addictive. They found that the thermal conductivity 

of the CPCM was improved with up to 1100% when 10wt% graphite nanopowder were used. 

Dynamic viscosity of the CPCM was also improved, which leads to natural convection 

suppression and weaker temperature control comparted to pure paraffin.  

Temel [173] investigated the performance of BTMS using RT-44 paraffin and graphene 

nanoplate (GNP)/RT44 with different mass fractions. The BTMS was tested with 12 heaters 

with the same geometric diameter of 18650 lithium-ion batteries. Results showed that the 

thermal conductivity of 7% GNP/ 93% RT-44 CPCM was improved by 230% in the solid phase 

and 130% in the liquid phase when compared with pure PCM. 7% GNP/ 93% RT-44 CPCM is 

able to prolong the battery effective protection time as 7.9 and 1.96 times compared to natural 

convection and pure PCM cooling, respectively. The CPCM also significantly reduced the 

maximum temperature difference within the battery pack.  

Javani et al. [174] developed a passive BTMS for EV, which is consisted of shell/tube heat 

exchanger and CNT/GNP enhanced PCM. They found that due to limited space in the vehicle, 

BTMS based on pure PCM was not able to be employed in the EV. With the addition of CNT 

and GNP into PCM, the thermal conductivity of the PCM was increased. It leads to the decease 

on the size of the heat exchanger and BTMS.  
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Figure 33 (a) Physical model of the heat exchanger, (b) optimized and manufactured latent heat 

thermal energy storage [174] 

2.4.5. Battery thermal management system based on polymers 

When PCM is applied in BTMS, there are challenges such as electric insulation consideration, 

PCM leakage, thermal contact resistance[175] and poor mechanical properties. Many 

researchers have studied incorporating polymer into PCM and have achieved CPCM with good 

electric insulation, good encapsulation ability, good homogeneity, suitable mechanical 

property and low volume change. However, polymer-based CPCM may suffer from low latent 

heat, as to archive good shape stability, a relatively large mass ratio of the polymer will be used 

and lead to decreased latent heat. Thermal conducive enhancement material also needs to be 

included in the CPCM due to the low thermal conductivity of most polymers, which further 

reduces the latent heat of the CPCM.  

Wang et al. [176] developed a BTMS based on polymer enhanced PCM for the battery module 

of autonomous underwater vehicles. They chose acrylonitrile butadiene styrene and 

polyphenylene sulfide as the enhancement material. The polymers were able to provide 

excellent form stability to the composite. RT48 paraffin dominated BTSM can efficiently keep 

the battery temperature at the range of 321K to 325K, and the temperature differences were 

controlled less than 3.4K. 

Lv et al. [177] tested the performance of BTMS based on a ternary CPCM, including EG, 

paraffin and LDPE coupled with low fins. The BTMS with tested with a battery pack consisting 

of 24 commercial 18650 lithium-ion batteries (6S*4P configuration). Results have shown that 

the LDPE framework was able to enhance the mechanical property of the CPCM and prevent 

PCM leakage. The BTMS presented excellent heat dispassion ability, under high discharge rate 
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3.5C, the temperature of the battery pack was still kept under 50°C, and the temperature 

difference was limited within 5°C. 

As future work, Lv et al. [178] added nano-silica (NS) into EG/paraffin/LDPE CPCM. NS 

could further enhance the encapsulation and mechanical property of the PCM. The rigid nano-

framework skeleton and adsorption property of NS can retain paraffin even in the liquid phase, 

and increased the inhomogeneity and reduce PCM leakage and volume change. The authors 

tested the BTMS with 6 commercial lithium-ion batteries in 1S*6P arrangement. With 5.5 wt% 

of NS, the temperature was 5.9°C lower than CPCM without NS addition.  

Lei et al. [179] developed a cellulose/boron nitride nanosheet (BNNS)/polyethylene glycol 

(PEG) composite through vacuum impregnation and cold compressing. The CPCM has an 

excellent in-plate thermal conductivity of 4.76W/m.K and latent heat of 136.6J/g with 10 vol% 

BNNS loading. The developed CPCM also has excellent shape stability as it can endure 500 

times of its weight even under high temperature (101°C).  

Shi et al. [180] developed a polydimethylsiloxane /paraffin material which exhibits excellent 

mechanical property and performance on thermal management. The CPCM itself is soft, which 

is ideal for flexible electronic. The CPCM could also become transparent after melting, which 

could be the visual warning of excessive temperature increase.  

Olefin block copolymer (OBC) from Dow Chemical Company has unique block architecture 

and excellent mechanical property[181]. OBC also shares a similar chain structure with 

paraffin (higher alkanes), hence has excellent compatibility with paraffin. Many researchers 

have used OBC as supporting material to develop CPCM with suitable shape memory property 

and flexibility.   

Zhang et al. [181] developed OBC/paraffin CPCM with excellent shape memory property. The 

tensile test confirmed that the CPCM could maintain the mechanical property with elongation 

at breaker at 1500%.  

Li et al. [182] developed OBC/EG/paraffin CPCM with high chemical stability, high latent 

capacity and encapsulation property. The novel CPCM has low bending strength above the 

melting temperature of paraffin, which benefits the installation and machinability of the CPCM. 

The CPCM has a rigid body when it is cooled under the melting temperature, which endows 

the material with resistance to deformation.  
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Huang et al. [183] investigated the performance of BTMS based on various flexible form stable 

CPCMs numerically and experimentally. OBC and HDPE were chosen as the supporting 

material in CPCM. Five heaters with identical dimensions of the 18650 lithium-ion battery 

were used to examine the performance of the BTMS. They found that OBC based CPCM has 

better thermal control performance than HDPE based CPCM, as the OBC based CPCM is 

flexible and can fill the gap between the CPCM and the battery pack, hence lead to lower 

thermal contact resistance (1/4 of HDPE based CPCM). They also found that CPCM with lower 

melting temperature (e.g. 33°C) is ideal for battery pack with a small power level and under 

low ambient temperature. In comparison, CPCM with higher melting temperature (e.g. 47°C) 

may be suitable for battery pack with high power level and under high ambient temperature.  

2.4.6. Hybrid battery thermal management system  

Many published studies on the performance of CPCM based BTMS showed reasonable control 

on battery temperature with one cycle of the battery operation. However, due to weight and 

volume limitations in EVs, the size of the BTMS module is limited. Hence it limits the amount 

the CPCM can be used. BTMS with only CPCM, may not be able to control battery temperature 

under an abusive operation condition (large heat generation), such as repeated charge/discharge 

cycle and charge/discharge at a high current rate. Even under mild conditions, not in all cases, 

the CPCMs are sufficient to facilitate the heat dissipation of the battery pack. Most heat is 

generated by battery pack during discharging, and stored heat in CPCM can only be dissipated 

to ambient through active method during charging and rest period. If the charging and rest 

period is not short, and the temperature of CPCM cannot decrease to ambient temperature 

before the next discharging cycle, the performance of the BTMS will be drastically affected. A 

hybrid BTMS is believed to be a more efficiency and reliability choice under such conditions. 

The use of liquid/air cooling provides an extra cooling ability, on top of the CPCM based 

cooling, leading to a reduced weight of the BTMS and an enhanced temperature uniformity of 

traction batteries.  

2.4.6.1. Air cooling assisted battery thermal management system 

He et al. [184] developed a hybrid BTMS based on forced air cooling and EG/copper 

foam/paraffin composite cooling. The BTMS was able to control the maximum operating 

temperature of an 80 Ah battery pack under 48°C and maintain the temperature difference 

within 3.9°C. EG in the developed composite plays the role of confining paraffin meanwhile 

transfer the heat generated from battery to the copper foam skeleton, and copper foam was able 
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to transfer the heat through the composite. Eventually, the heat was removed with forced air 

convection.  

Lv et al. [185] tested and compared two different heating strategies for forced-air heating and 

silicone plate heating. The tested battery pack is consisted of 24 commercial 18650 batteries 

and surrounded by a BTMS based on aluminium fin/paraffin/expanded graphite/low-density 

polyethene composite. Results showed that forced-air heating did not achieve better 

performance than direct silicone plate heating. Silicone plate heating with high power achieved 

the best performance with 632 seconds of heating time to 10°C and low-temperature difference 

of 3.55°C.  

Huang et al. [186] designed PCM and heat pipe assisted BTMSs with air cooling or liquid 

cooling. Thirty lithium-ion batteries were connected in parallel with a capacity of 33000 mAh 

to investigate the performance of the BTMSs. With different discharge rate applied, they found 

that that heat pipe was able to transfer heat promptly and provide temperature uniformity to the 

battery pack. BTMS based on heat pipe/liquid cooling was able to control the battery 

temperature at 50°C under 3C discharge rate, and achieve 3°C reduction compared with pure 

PCM cooling and heat pipe/air cooling.  

Wang et al. [187] developed an air cooling assisted BTMS with copper foam/paraffin CPCM 

experimentally and numerically. Ten pouch cells, each with a capacity of 10Ah were connected 

to examine the performance of the BTMS. The results showed that the BTMS was able to keep 

the battery temperature under 42 °C under 4C discharge rate. Under three times of thermal 

cycling, the maximum battery temperature was still able to be controlled below 52°C.  

Shi et al. [188] investigated the performance of a BTMS using copper foam/n-Eicosane CPCM 

and air cooling (Figure 34). A prismatic cell with 10Ah capacity was used to examine the 

performance of the BTMS. A non-steady model was proposed to predict the temperature 

behaviour of the battery. The results showed that the BTMS could effectively control the 

temperature of the battery. Both the reduction of convection thermal resistance between the 

battery and the energy unit and the increase of the thermal conductivity of the energy unit can 

effectively decrease the battery temperature.  
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Figure 34 The schematic diagram of the ITMS with PCM [188] 

Ling et al. [189] tested a BTMS based on PCM with 20 Samsung 18650 lithium-ion batteries 

connected in 5S4P. They found that under discharge rates of 1.5C and 2C, the temperature of 

the battery pack increased above the safety limit after two charge/discharge cycles. Hence 

active air cooling was introduced into the passive BTMS to enhance the cooling ability. Results 

showed that the hybrid unit was able to control the battery temperature below 50°C even under 

high current rates for multiple cycles. It has been concluded that in the hybrid system, PCM is 

able to suppress temperature rise and provide temperature uniformity. Air cooling is essential 

as it recovers the thermal energy storage capacity of PCM.   

Qin et al. [190] investigated a BTMS based on PCM and air cooling numerically and 

experimentally. As shown in Figure 35, the BTMS consists of 4 commercial 18650 lithium-ion 

batteries and 12 PCM modules. The BTMS was tested under both passive and active cooling 

strategies. They found that under 3C rate, the maximum battery temperature and the maximum 

battery temperature difference were reduced by 16°C and 1.2°C, respectively. Based on the 

numerical model, the BTMS was further optimized, and 5mm recommended for the gap 

between cells.  
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Figure 35  BTMS based on air and PCM cooling [190] 

Huang et al. [191] carried out a global sensitivity analysis on an air-cooling based BTMS using 

EG based PCM. A Kriging-based high-dimensional model representation method was 

employed, and the effect of design variables on the performance of the BTMS was revealed. 

Computational efficiency was improved as the relationship between the design variable, and 

the performance of the BTMS was achieved. The results showed that heat fins assisted 

PCM/EG structure is essential for the BTMS as better cooling efficiency and temperature 

uniformity can be achieved. They found that improved inlet velocity of air is beneficial for 

enhancing the cooling performance of BTMS, while it will become insignificant after it 

exceeds its limit. The proposed BTMS was also optimized with the developed model. The 

optimal model could achieve 38.72% and 40.09% of reduction on maximum temperature and 

maximum temperature difference, respectively.  

Jiang et al. [192] developed a hybrid BTMS using both forced air cooling and EG/paraffin 

composite cooling. Each 18650 battery was first placed into a case made of 16wt% EG/84wt% 

paraffin composite. Five cells were connected in series and fitted inside an aluminium tube, 

eventually five aluminium tubes where arrayed in parallel and mounted with baffles. The 

developed module was tested under different initial temperatures, discharge rate and air 

convection methods. Thermal behaviour of the battery pack was further investigated 

numerically with and without baffles. The results showed that with forced air cooling only the 

battery temperature could reach 72°C and created 20°C of temperature difference. While 

forced-air effectively reduced the PCM solidification time with 42 minutes of difference under 

28 °C without baffle. The use of EG/paraffin case significantly reduced the battery temperature, 
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and the maximum temperature was observed within 41-44°C with 1-2°C of temperature 

difference.  

Wu et al. [193] tested the thermal performance of a heat pipe assisted BTMS using both 

EG/paraffin composite and forced air cooling. The developed module contains five prismatic 

batteries with 12Ah capacity in series connection. Two CPCM plate embedded with heat pipes 

was attached on both sides of the battery module to create a compact sandwich structure. The 

module was tested under different forced air inlet velocity of 0, 1, 2 and 3m/s. The results 

showed that with the benefit of forced air cooling, battery temperature was able to be controlled 

under 50 °C. Temperature uniformity can be improved with the use of CPCM. Heat pipe could 

decrease the temperature of the part of the battery, which is close to the condenser side. It could 

also effectively control the battery temperature under multiple operation cycles.  

2.4.6.2. Liquid cooling assisted battery thermal management system 

Hemery et al. [136] tested a mock-up battery module consisted of 27 heaters under natural air 

cooling, forced air cooling and hybrid cooling based on liquid cooling and PCM cooling 

(Figure 36). The results showed that high inlet velocity was required for battery cooling, which 

increases fan power. With air cooling, the battery temperature exceeded the battery safety limit 

under failure test, and the thermal runaway spreads quickly from the defected battery to the 

surrounding batteries. With hybrid cooling, results showed that temperature uniformity was 

provided to the battery pack. The temperature of the defected battery was also kept under the 

safety limit under the failure test.  

 

Figure 36 Experimental setup of the semi-passive BTMS [136] 

Liu et al. [194] numerically studied the effects of ambient temperature, liquid flow conditions 

(Reynolds number) and discharge rate on the performance of BTMS with different cooling 

methods. A battery module consisted of 20 prismatic cells (20Ah total capacity) was used to 
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examine the performance of the BTMS. They found that liquid cooling was generally more 

effective in reducing the battery temperature while PCM cooling provided temperature 

uniformity to the battery pack. Increase of Reynold number could enhance the cooling ability 

of liquid cooling. Although air cooling was preferred at sub-zero ambient temperature, as heat 

generated from the battery should be retained to warm the battery rather than be removed.  

Zheng et al. [195] numerically investigated the performance of a liquid cooling dominated 

BTMS with PCM cooling. A battery module consisted of 110 prismatic cells in 10*11 

arrangement (10 Ah capacity per cell) was charged under 8C rate to demonstrate the capability 

of the BTMS. Results showed that liquid cooling contributes 80% of the cooling ability of the 

BTMS. The importance of the CPCM was it boost the heat conduction between the coolant, 

and the cell, hence high thermal conductivity is required for the CPCM.   

An et al. [196] numerically investigated the performance of the liquid cooling based BTMS 

using CPCM under various flow velocities, channel arrangement and different PCMs. A 

lithium-ion battery pack consisted of 25 Panasonic 18650 lithium-ion batteries in 5S5P 

arrangement was discharge at 3C to examine the BTMS performance. Increased flow velocity 

was able to improve the heat dispassion ability of the BTMS efficiently. In contrast, the 

increase has a limit, and little enhancement was observed when the velocity was over 0.08m/s. 

When cooling channels were set at four corners, the optimal cooling performance was achieved. 

Compared with pure PCM, CPCM was found to have better cooling performance. They 

concluded that with a velocity of 0.04m/s and 6wt% EG CPCM, the best cooling performance 

was provided from the BTMS.  

2.5. Summary of Chapter 2  

The development of lithium-ion battery started from the discovery of lithium intercalation 

mechanism by Michael Stanley Whittingham, broke through by John B. Goodenough and 

commercialized by Akira Yoshino. The applications of lithium-ion batteries have been 

everywhere, especially since 2010, with the massive deployment of EVs started. The market is 

currently occupied by NCM, NCA, and LFP batteries, with NCM and NCA being the majority 

due to the higher energy density. The battery heating issue is mainly resulted from the battery 

polarization, which has always been a threat as it can cause battery ageing even fire accident. 

To control battery temperature, the use of BTMS is essential. EV with BTMS usually uses 

air/liquid/refrigerant as the cooling/heating medium without any energy storage method. The 

incorporation of phase change material with the BTMS could provide temperature uniformity 
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to the battery, and extra cooling load benefited from the inherent phase change behaviour of 

PCM. The low thermal conductivity disadvantage of PCMs can be overcome by using thermal 

enhancement materials including metal foam, expanded graphite and nano additives. All the 

thermal enhancement materials could significantly improve the thermal property of the PCM. 

Addition of polymer material could preserve the phase change material even when it is liquid 

state hence provide stability to the CPCM. Future commercial BTMS is recommended to use 

hybrid BTMS which is consisted of both active cooling and CPCM cooling. Active cooling is 

powerful to manage the battery temperature, and with the incorporation of the CPCM, part of 

the generated heat can be stored in CPCM, which can help with reducing the electricity 

consummation of active cooling method.  

The literature review suggests research on BTMS with CPCM is popular while there are some 

research gaps need to be overcome. Firstly, in the research of CPCM, there has been inadequate 

studies of particle size effect on the thermal property of CPCMs. Studies on fire retardancy of 

CPCM is limited while the battery system is fragile to fire hazards. Secondly, many published 

papers did not include accurate descriptions of the battery heat generating behaviours in their 

study, while the heat generation rate can fluctuate wildly in the charge/discharge process. 

Thirdly, in the investigation of BTMS, there have been very few studies compared the 

performance of different CPCMs in the BTMS. There are not many studies on continuous 

operations of BTMS, while extreme operations could lead to the failure of the BTMS and cause 

fire accidents. The above gaps drive me to carry out the research on the CPCM, lithium-ion 

batteries, and active cooling based BTMS using CPCM, which are presented in the following 

chapters.   
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Chapter 3 Material and Methodology 

This chapter explains the methodologies, including the experimental and modelling methods. 

Section 3.1 describes the materials and their characterisation as well as battery characterisation 

method. Section 3.2 introduces the modelling methods, including the establishment of the 

physical model, mathematical model, and the model validation.  
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3.1. Experiment 

3.1.1. Material characterisation 

3.1.1.1. Raw materials  

Table 6 Physical properties of the phase change materials 

Physical properties Parameter  

RT28HC RT35HC 

Peak melting temperature（°C） 28 36 

Peak solidification temperature （°C） 26 34 

Specific heat（kJ/kg·K） 2 2 

Latent heat (kJ/kg） 230 210 

Density（Liquid）（kg/m3） 0.77 0.77 

Density（Solid）（kg/m3） 0.88 0.88 

Flash point（°C） 165 177 

Paraffins (RT28HC and RT35HC) were purchased from Rubitherm as the phase change 

materials for this study, characteristics of the PCMs are listed in Table 6 (Rubitherm supplied 

the properties). The RT28HC and RT35HC were chosen for the CPCM study as it has a 

relatively high latent heat among the PCMs and has a suitable range of phase change 

temperature for the battery thermal management. Three types of expanded graphites (EGs) with 

different particle sizes termed EG1, EG2 and EG3, were purchased from Donghai Anfa 

International Trade Company Ltd. EG1 and EG2 were in large micrometres range (i.e. 

hundreds μm), while EG3 was in lower micrometres range (i.e. ~10 μm). These EG particles 

were sieved manually (an example of the setup shown in Figure 38). The sizes of these EG 

particles were then examined using a scanning electron microscope (SEM), and later 

statistically analysed using ImageJ. Their dimensional information is given in Figure 37. Most 

of the EG1 have a particle size of 800-1000 μm in length, and 360-540 μm in width. Most of 

the EG2 have a particle size of 160-200 μm in length, and 90-100 μm in width. Most of the 

EG3 have a particle size of 9-12 μm in length, and 3.5-4.5 μm in width. 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 37 Particle size distribution of EGs. (a) and (b) are the length and width of EG1, 

respectively. (c) and (d) are the length and width of EG2, respectively. (e) and (f) are the length 

and width of EG3, respectively. 
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Figure 38 Example of the sieving set up for material preparation of EG.  

Copper foams with different pore sizes and porosities were purchased from Wuhan Jing Chu 

Chen Pharmaceutical Chemical Co. Ltd, China. Their dimensional information is given in 

Table 7. The copper foams have a material density of 8930kg/m3 and a skeleton thermal 

conductivity of 398 W/m.k 

Table 7 Pore sizes and porosities of the copper foams 

Type of copper foam Pore size (PPI) Porosity (%) 

Copper foam 1 20 99 

Copper foam 2 50 92 

Copper foam 3 100 81 

 

Industrial grade colloidal graphite powder was used as a thermal enhancement material in 

CPCM investigation. The colloidal graphite powder has a particle size of 300 mesh and was 

purchased from Shenzhen Huananxinyang Tech Co. Ltd, China. Laboratory grade melamine 

was used as the fire retardant in the study, which was purchased from Sigma-Aldrich, UK.  

3.1.1.2. Preparation of the composite phase change material  

Shape stabilised EG/RT28HC composites were prepared by physical blending and 

impregnating the PCM into different sizes of EGs. A typical process involves the following: 

Paraffin was pre-melted using a magnetic hotplate stirrer first. Then EG was slowly added to 



67 

 

the melted paraffin with continuous stirring. The mixture was stirred for 10 minutes to ensure 

the homogeneity of the mix. Next, the mixture was transferred into an ultrasonic water bath to 

accelerate the impregnation of liquid paraffin. After the impregnation, the surface of EG was 

coated with paraffin, and the pores of the EG were filled with paraffin. The prepared sample 

was then cooled to the room temperature and compacted using a Lloyd LS100 Plus materials 

testing machine. Samples were compressed into a solid matrix with a flat cylindrical shape. 

The process of sample preparation is illustrated in Figure 39. 

 

Figure 39 Process of the CPCM sample preparation 

The samples were weighed within the error of ± 0.1mg. The prepared samples had the same 

weight of 0.24g, 13mm in diameter and roughly 3mm in height. All samples should have the 

same density as this property is directly related to the thermal conductivity and porosity 

estimation of composites. Wang et al. found out that an increased compression pressure on EG 

will cause the change of thermal conductivity and permeability [197]. Because the selected 

EGs possess different density initially, thus the compression strength was ranging from 0.2 to 

30KN to attain a similar density of final composites. During the compression, no leakage of 

paraffin was observed, which indicated the sufficient adsorption of the paraffin. Composites 
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were prepared with paraffin and different particle sizes of EG, with the EG mass ratio in a 5% 

increment from 15- 25%. The compression ratio from raw material to the tablet can be more 

than 10 times. The high compression ratio will create difficulty and high cost for the scale-up 

of the preparation method as large customized mould and dedicated compression machine will 

be required.  

The copper foam/RT35HC composites were prepared under vacuum. As shown in Figure 40, 

a copper foam and a pre-set amount of paraffin was placed in a vacuum chamber first. The 

chamber was then closed and sealed. The vacuum pump started to work and to remove the air 

in the vacuum chamber, especially air confined in the pores of the copper foam, and was kept 

under an absolute pressure of 50Pa. A hot plate was set at 60°C, and held for 60 mins to melt 

the paraffin fully. The hot plate was then switched off, allowing the vacuum chamber and the 

material to cool overnight naturally. In the next day, the fully solidified paraffin with copper 

foam trapped inside was removed from the chamber. Excess paraffin was carefully removed, 

and finally, the preparation of the copper foam/paraffin composite was finished. The vacuum 

environment for material preparation was essential as the pores and voids of the copper foam 

could hold the PCM hence significantly improves the thermal properties. If the materials were 

prepared in an ambient environment, there is always air trapped in the copper foam which 

would stop the infiltration of paraffin, leading to a reduced weight of paraffin absorbed, and a 

lower energy density of the composite. The confinement of air in the copper foam/paraffin 

composite also consequently lowers the thermal conductivity of the composite as the thermal 

conductivity of air is only 0.02W/m·K. 

 

Figure 40 Experimental set up for the copper foam/paraffin composite preparation 



69 

 

The colloidal graphite and melamine were heated in the oven at 100°C for 12 hours to remove 

moisture. The mixtures of colloidal graphite, melamine and RT28HC were then heated and 

mixed using a magnetic stirrer at 60°C according to the composition shown in Table 8.  

Table 8 Composition of the graphite-based composites  

Sample number Composition（wt%） 

1 10% colloidal graphite/90% RT28HC 

2 20% colloidal graphite/80% RT28HC 

3 30% colloidal graphite/70% RT28HC 

4 40% colloidal graphite/60% RT28HC 

5 1% Melamine/ 40% colloidal graphite / 59% RT28HC 

6 3% Melamine/ 40% colloidal graphite / 57% RT28HC 

7 5% Melamine/ 40% colloidal graphite / 55% RT28HC 

8 10% Melamine /40% colloidal graphite / 50% RT28HC 

9 15% Melamine /40% colloidal graphite / 45% RT28HC 

 

3.1.1.3. Material characterisation 

The surface morphology of the raw materials and the CPCMs were observed using a scanning 

electronic microscope (SEM, HITACHI Microscope TM3030). The observations were 

performed at different magnifications with different acceleration voltages. The SEM also has 

an Energy Dispersive X-ray Spectrometry for element analysis. 

A Nano-CT system (XRT, Bruker SKYSCAN 2211) was used to attain the internal structure 

and porosity information of paraffin/EG composites. The XRT is a non-destructive technique 

wherein thousands of 2D raw images are acquired from different angular positions of the 

composite. Using the 2D reconstructed images of the samples will be able to build a 3D volume 

rendering which enables the observation of the impregnated PCM in EG matrixes. The 3D 

model gives the structure parameter of the EG matrix and distribution condition of the PCM. 

Flat-panel X-ray detector was used, and 1200 images were generated with the scanning step 

angle of 0.3°. To obtain the structure parameters from the 3D models, VOI (volume of interest) 

needs to be carefully defined firstly. It refers to the sub-volume of the dataset within which EG 

matrix is precisely included. The images also need to be segmented, i.e. to confirm the suitable 

grey level (0-255) threshold. Same segmentation method was applied to all the samples. After 
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segmentation, voxels that represent the porosity were efficiently distinguished from the EG 

constituent. An example of the 3D binary XRT image and the grey level frequency histogram 

after segmentation is shown in Figure 41. The specific surface area was defined as the object 

surface area per object volume space. Pore volume is the difference between the VOI and the 

EG matrix volume. The porosity was calculated as follows: 

%Porosity = 1 −
𝐸𝐺 𝑚𝑎𝑡𝑟𝑖𝑥 𝑣𝑜𝑙𝑢𝑚𝑒

𝑉𝑂𝐼 𝑣𝑜𝑙𝑢𝑚𝑒
                                          (13) 

 

 

Figure 41 One of the cut surface of the EG1 3D binary image (Left), selected grey level of the 

image (right) 

Other methods for pore structure study including mercury intrusion porosimetry and surface 

area and porosity analyser (Brunauer–Emmett–Teller theory) were attempted but found not 

suitable for EG characterization. The mercury damaged the fragile expanded graphite hence no 

results was achieved, and neither from the surface area and porosity analyser.  

Thermal properties of EG/paraffin composites, such as latent heat, specific heat, melting and 

solidification temperatures, were measured by using a differential scanning calorimeter (DSC, 

Mettler Toledo DSC 3). The tests were performed in a nitrogen atmosphere over 0- 50°C 

(heating) and 50- 0°C (cooling) at a heating/cooling rate of 5°C/min. Samples were weighted 

using a high precision balance (Mettler Toledo XP6U Micro Comparator) with the readability 

of 0.0001 mg. The weight of the samples was controlled in the range of 3-6mg. All samples 

were tested under three heating and cooling cycles for repeatability. Specific heat was 

measured using a sapphire as a reference according to DIN 51007 [198]:  

𝐶𝑝 =
(�̇�𝑚𝑒𝑎𝑠−�̇�𝑏𝑙)

𝑚𝑠𝑎𝑚
∗

𝑚𝑠𝑎𝑝

(�̇�𝑠𝑎𝑝−�̇�𝑏𝑙)
∗ 𝐶𝑝.𝑠𝑎𝑝                                     (14) 
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where 𝑚𝑠𝑎𝑝  and 𝐶𝑝.𝑠𝑎𝑝  are known, which represent the weight and specific heat of the 

sapphire, respectively. �̇�𝑠𝑎𝑝  and �̇�𝑏𝑙  denote the heat flow applied to the sapphire and blank 

samples, respectively.  �̇�𝑚𝑒𝑎𝑠 is the measured total heat flow and 𝑚𝑠𝑎𝑚 is the measured sample 

weight.  

Thermal conductivities of EG/paraffin composites and graphite/paraffin composites were 

measured by a Laser Flash Apparatus (LFA, NETZSCH LFA 427). The measurements were 

performed under a nitrogen atmosphere from 30 to 70 °C with a measurement interval of 10°C. 

At each of the temperature setpoints, the measurement was repeated five times to ascertain the 

correct values. 

A thermal hot bridge (THB, LINSEIS THB 500) was used to measure the thermal conductivity 

of copper foam/paraffin composites. The reason for choosing a different method was that LFA 

is only suitable for small samples with a maximum size of 12.7mm in diameter and 3mm in 

height. Copper foam with high porosity/low PPI could have pores of several millimetres in 

diameter hence it is considered appropriate to measure with the LFA. The thermal hot bridge 

was an efficient method to measure samples in bulk size. The THB sensor needs to be 

sandwiched between two identical pieces of the copper foam/paraffin composite samples. The 

test was performed under ambient temperature and repeated for five times. Between each test, 

there was 60s of wait time for the material temperature to reach an equilibrium.  

The thermal stability of the materials was characterised by a simultaneous thermal analyser 

(STA, NETZSCH STA 449 F3 Jupiter) from 25- 400°C with a heating rate of 10°C/min. 

Leakage phenomenon was also studied by comparing the weight of the samples before and 

after cycling. The samples were cycled between 15- 45°C for 50 times, and weight loss were 

calculated according to the following equation [199] : 

𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠% = 100% −
(𝑚𝑏𝑒𝑓𝑜𝑟𝑒−𝑚𝑎𝑓𝑡𝑒𝑟)

𝑚𝑏𝑒𝑓𝑜𝑟𝑒∗𝑤
∗ 100%                           (15) 

where 𝑚𝑏𝑒𝑓𝑜𝑟𝑒 is the weight of the sample before cycling, 𝑚𝑎𝑓𝑡𝑒𝑟 is the weight of the sample 

after cycling, 𝑤 is the mass fraction of the paraffin.  
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3.1.2. Battery characterisation 

3.1.2.1. Thermal behaviour characterisation 

Commercial 18650 lithium-ion batteries (Panasonic NCR18650B) were chosen for this work. 

The specifications of the lithium-ion batteries are shown in Table 9.  

Table 9 Specifications of a single lithium-ion battery used in this work [67,200,201] 

Chemistry LiNiCoAlO2 

Nominal capacity 3.35Ah 

Nominal voltage 3.6V 

Operating temperature Charge from 273K to 318K 

Discharge from 253K to 333K 

Weight  48.5g 

Charge cut-off voltage 4.17V 

Discharge cut-off voltage 2.5V 

Maximum charge rate 0.5C 

Maximum discharge rate 2C 

Specific heat 823(J/kg-K) 

Before each experiment, each cell was tested for its static capacity using an ampere-hour 

integral method. Only batteries that meet the nominal capacity were chosen for subsequent 

experiments. The single battery cells were discharged at C/1 rate and terminated at the 

discharge cut-off voltage. The following equation was then used to calculate the static capacity:   

𝑄 = ∫ 𝑈(𝑡)𝐼(𝑡)𝑑𝑡
𝑇

0
                                                         (16) 

where 𝑄 is the static capacity, 𝑈 is the voltage, 𝐼 is the current, and  𝑡 is the discharge time of 

the battery.   

The internal resistance of the lithium-ion batteries was measured using the hybrid pulse power 

characterisation method from the PNGV Battery Test Manual [202]. The measurements were 

done at the 20oC. The test profile consisted of 10 steps, separated by 10% of the depth of 

discharge (DOD). The test began with a fully charged battery and ended at 90% DOD. Each of 

the batteries was discharged at C/1 rate for 18s at each DOD. Then it followed with 1-hour rest 
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period to allow the cell return to a charging equilibrium condition before the next step of the 

test. The discharge resistance is simply the ratio of voltage to current, given by:  

𝑅 =
∆𝑉

∆𝐼
=

𝑈−𝑉1

𝐼
                                                         (17) 

where 𝑅  is the internal resistance, 𝑈 is the open-circuit voltage before discharge, 𝑉1  is the 

voltage after discharge, and 𝐼 is the discharge current.  

The ohmic resistance (𝑅𝑂), charge transfer resistance (𝑅𝐶𝑇) and concentration polarization 

resistance (𝑅𝑃 ) were estimated at different time scales. The 𝑅𝑂  was calculated from an 

instantaneous voltage drop up to 0.1s. Currently accurate measurements of the 𝑅𝐶𝑇 and 𝑅𝑃,  are 

still a challenge, and there is so far a lack of suitable method [72]. Hence, the sum of 𝑅𝐶𝑇 and 

𝑅𝑃 was calculated from the voltage drop between 0.2 and 10s. In the respective time scale, the 

𝑅𝐶𝑇 and 𝑅𝑃 were the major contributors to the total resistance.  

 

(a) 
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(b) 

Figure 42 Proposed experimental set up for battery thermal characterisation: (a) schematic 

illustration; (b) temperature difference between platinum resistance thermometer (PRT) and 

circulator fluid 

Thermal characteristic of lithium-ion batteries was studied using an experimental set up 

illustrated in Figure 42 (a). The charge and discharge of batteries were done by using a DC 

power supply (model: PS9000 2U, EA-Elektro-Automatik, error < 0.1%), and an electronic 

DC Load (model: EL9000B, EA-Elektro-Automatik, error < 0.1%), respectively. The DC 

power supply and electronic DC load were also used to record the current and voltage. The 

lithium-ion battery was placed in a jacketed beaker. A bath circulator was connected to the 

beaker to provide a temperature environment. The beaker was fitted inside with aluminium fins 

to achieve temperature consistency between the battery and the beaker. It makes the beaker the 

“environment” of the battery. A PRT which is connected to the bath circulator was attached on 

the battery to monitor the temperature of the battery. It determines the working temperature of 

the bath circulator. A thermocouple was attached on the cell to record the cell temperature. An 

additional thermocouple was attached on the inner wall of the beaker to monitor the 

environment temperature. Necessary insulation measures were taken to assure the accuracy of 

the experiment.  
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Usually, the experimental measurements of the lithium-ion battery thermal behaviour are 

carried by accelerating rate calorimeters (ARC) [203]. However, I did not have access to the 

ARC. An experimental setup with the same principle of the ARC was designed and shown in 

Figure 42 (a). The battery was fully charged and discharged at 0.5C and 2C current rate during 

the test. Through the discharge period, the cell was discharged at the galvanostatic mode until 

the voltage dropped to 2.5V. During the charge period, the single cell was first charged at the 

galvanostatic mode until it reached 4.17V, then followed by the potentiostatic mode until the 

current drops to 0.1 A. When the charge/discharge process began, the bath circulator 

simultaneously starts working. The bath circulator had a built-in function of delta T limiter, 

which kept the temperature difference between the PRT and the circulator fluid within 1.5K. 

In this way, the temperature difference of the battery and the environment was within 1.5K, so 

it created a nearly adiabatic condition. The temperature difference between the PRT and 

circulator fluid is shown in Figure 42 (b).Temperature increase of the battery was recorded, 

which was later associated with battery property and converted into heat generation rate.  

3.1.2.2. Performance characterisation 

An experimental set up was built to examine the battery performance at different conditions. 

A schematic of the experimental setup is shown in Figure 43. Before the experiment, each 

battery was tested by an ampere-hour integral method to assure the capacity of the batteries.  

 

Figure 43 Schematic of the experimental setup for battery efficiency characterisation 

Batteries were charged using a DC power supply (model: PS9000 2U, EA-Elektro-Automatik, 

error < 0.1%), and discharged using an electronic DC Load (model: EL9000B, EA-Elektro-
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Automatik, error < 0.1%). The current and voltage were also recorded using the power supply, 

and the electronic load and the logging interval was set to 50ms. A data logger (model: DT85, 

Data Taker) was used to monitor the temperature of the lithium-ion battery. Each battery was 

attached with three thermocouples, and one additional thermocouple was used to record the 

ambient temperature. A refrigeration bath circulator (model: CC902, Huber) was connected 

with the jacketed beaker to control the ambient temperature of the lithium-ion battery. The 

battery was fully charged and discharged at 0.5C, 1C and 2C current rate during the test. The 

test temperatures of the cell were 20°C, 30°C, 40°C, 50°C, and 60°C. Through the discharge 

period, the cell was discharged at the galvanostatic mode until the voltage dropped to 2.5V. 

During the charge period, the single cell was first charged at the galvanostatic mode until it 

reached 4.17V, then followed by the potentiostatic mode until the current drops to 0.1 A. After 

each test, the battery was rested for 3 hours to allow the cell to return to a charging equilibrium 

condition before the next step of the test. 

3.1.3. Battery thermal management device  
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Figure 44 Photos of the devices set up. (a) top view of the copper foam and cooling pipe set up. 

(b) front view of the copper foam and cooling pipe set up (c) battery thermal management 

device (d) battery thermal management device with proper insulation  

As shown in Figure 44 (a), two pieces of copper foam with a diameter of 

180mm*150mm*30mm was used to build the matrix of the copper foam/paraffin composite. 

A single piece of copper foam with 65mm thickness was not able to manufacture. Hence two 

pieces with 32mm were chosen. Each copper foam was predrilled 20 holes with 20mm diameter 

from top to bottom for later battery insertion. Three holes with a diameter of 5mm were drilled 

on the copper foam from front to behind for the placement of copper pipes (Figure 44 (b)). The 

copper pipes were then inserted into the copper foam and welded as the channel for active 

water cooling.  The two copper foams were then placed in an acrylic box. Cell 1, 6, 11, and 16 

(layout is shown in Figure 46) were attached with two thermocouples near the top and bottom 

of the cylindrical. The two thermocouples were for measuring the top part and bottom part of 

the batteries. Batteries were then inserted into the copper foam and welded using spot welder 

to construct a battery pack connected in 4 in series and 5 in parallel. Liquid paraffin RT35HC 

were poured into the acrylic box (Physical property is shown in Table 6). The whole device 

was left in a vacuum oven at 40 °C overnight to ensure the full infiltration of paraffin into the 

copper foam (Figure 44 (c)). As shown in Figure 44 (d), eventually the device is insulated with 

5cm foam insulation.  

 

Figure 45 Schematic illustration of the battery thermal management device test setup 
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As shown in Figure 45, the test setup was like the thermal behaviour characterisation and 

efficiency characterisation set up (Figure 43). The DC power supply and the electronic DC 

Load were used to charge and discharge the battery pack, respectively. The DC power supply 

and electronic DC load were also used to record the current and voltage. A bath circulator was 

connected to the pipe to provide temperature control. Before each test, the bath circulator 

operated at the set temperature until the temperature of the whole device was controlled at the 

desired temperature. The battery pack was tested under 25°C. The battery pack was fully 

charged and discharged in each of the charge-discharge cycles. During charge, the batteries 

were first charged in the galvanostatic mode at a 0.5C rate (8A), with a voltage cut-off limit of 

16.8V, followed by the potentiostatic mode until current drops to 325mA. Through the 

discharge process, the batteries were discharged in the galvanostatic mode at a 0.5C rate (8A) 

or 1C rate (16A), until the voltage drops to the discharge cut-off voltage (10.4V). 

3.2. Model development 

3.2.1. Physics model 

As shown in Figure 46, a 3D numerical model was built based on the experimental set up of 

the battery thermal management device. The pipe arrangement was horizontal to the batteries 

in a parallel connection. Simulations started with an initial temperature of 298K throughout the 

domain. Water was used as the HTF with given inlet velocity of 0.02m/s, 0.01m/s, 0.005m/s, 

0.003m/s and 0.001m/s. The BTMS was also studied without liquid cooling. Pressure outlet 

was set at the cooling channel outlet. The round copper pipes had 5mm in outer diameter, the 

volume of the copper pipes inside the CPCM module was 10598mm3, and the heat transfer area 

of the between the outside round tube wall and the CPCM module was 8478mm2.  
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Figure 46 Schematic diagram of the 3D active cooling based BTMS with CPCM using round 

pipes 

As shown in Figure 47, a different 2D model based on tabular pipes with higher heat transfer 

area and higher copper foam volume was also built. The tabular pipes had 2mm in width and 

65mm in height, the volume inside the CPCM module was 58500mm3, which was 5.5 times of 

the round tube. The heat transfer area between the tabular tube and the CPCM was 58500mm2, 

which was 7 times of the round tube. The BTMS module is similar to Tesla’s BTMS, which 

has been regarded as safe and efficient under fast charging conditions. A battery pack which 

contains 20 cylindrical cells was placed in the BTMS module. The ribbon-shaped metallic 

cooling channel with a width of 2mm was used, which snaked through the battery pack. The 

cooling channel arrangement was horizontal to the batteries in series connection. Cells have 

gaps of 7.8 mm in horizontal direction and 3.6mm in vertical direction. The gaps between the 

batteries and the cooling pipe were filled with CPCM. The heat generated from the individual 

cells was transferred to the CPCM first, then to the cooling liquid flowing through the cooling 

pipe. The battery cells were indicated as Cell 1 to Cell 20. Simulations started with an initial 

temperature of 298K throughout the domain. Water was used as the HTF with given inlet 

velocity of 0.1m/s, 0.01m/s and 0.001m/s. Pressure outlet was set at the cooling channel outlet.  
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Figure 47 Schematic diagram of the 2D active cooling based BTMS with CPCM using tabular 

pipes 

Two paraffin-based CPCMs were studied, one with EG and the other with copper foam as 

thermal enhancement materials. The 25wt% EG/75wt% PCM composite was considered, and 

the copper foam with 92% porosity was used in the copper foam/PCM composite. The 

thermophysical properties of the materials are summarised in Table 10.   

Table 10 Thermophysical properties of paraffin, EG/paraffin composite, and copper 

 Paraffin Large particle size 

expanded 

graphite/Paraffin 

Copper 

Melting temperature (K) 308 308  

Latent heat (kJ/kg) 210 175  

Thermal conductivity(W/m·K) 0.2 3.59 385 

Liquid phase density (kg/m3) 770 1000  

Solid phase density (kg/m3) 880 1000 8920 

Specific heat (j/kg·K) 2000 1790 380 
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Viscosity in the liquid state (kg/m. s) 0.005   

 

3.2.2. Mathematical model 

The mathematical model is established using the following assumptions: 

 The thermophysical properties of the CPCMs are considered as isotropic and 

homogeneous.  

 The heat generation in the battery is regarded as being uniformly distributed. 

 The top, bottom and surroundings of the BTMS module are assumed to be adiabatic. 

Based on these assumptions, the continuity, momentum and energy equations are written as 

follows:  

The mass balance for 2D modelling: 

𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢)

𝜕𝑥
+

𝜕(𝜌𝑣)

𝜕𝑦
= 0    (18) 

The mass balance for the 3D modelling: 

𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢)

𝜕𝑥
+

𝜕(𝜌𝑣)

𝜕𝑦
+

𝜕(𝜌𝑤)

𝜕𝑧
= 0    (19) 

The momentum balance for the 2D modelling: 

X-direction     𝜌 (
𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
) = 𝜇 (

𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2
) −

𝜕𝑃

𝜕𝑥
+ 𝑆𝑥                          (20) 

Y-direction  𝜌 (
𝜕𝑣

𝜕𝑡
+ 𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
) = 𝜇 (

𝜕2𝑣

𝜕𝑥2
+

𝜕2𝑣

𝜕𝑦2
) −

𝜕𝑃

𝜕𝑦
+ 𝑆𝑦   (21) 

The momentum balance for the 3D modelling: 

X-direction 𝜌 (
𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+ 𝑤

𝜕𝑢

𝜕𝑧
) = 𝜇 (

𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2
+

𝜕2𝑢

𝜕𝑧2
) −

𝜕𝑃

𝜕𝑥
+ 𝑆𝑥          (22) 

Y-direction  𝜌 (
𝜕𝑣

𝜕𝑡
+ 𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
+ 𝑤

𝜕𝑣

𝜕𝑧
) = 𝜇 (

𝜕2𝑣

𝜕𝑥2
+

𝜕2𝑣

𝜕𝑦2
+

𝜕2𝑣

𝜕𝑧2
) −

𝜕𝑃

𝜕𝑦
+ 𝑆𝑦 (23) 

Z-direction  𝜌 (
𝜕𝑤

𝜕𝑡
+ 𝑢

𝜕𝑤

𝜕𝑥
+ 𝑣

𝜕𝑤

𝜕𝑦
+ 𝑤

𝜕𝑤

𝜕𝑧
) = 𝜇 (

𝜕2𝑤

𝜕𝑥2
+

𝜕2𝑤

𝜕𝑦2
+

𝜕2𝑤

𝜕𝑧2
) −

𝜕𝑃

𝜕𝑧
+ 𝑆𝑧 (24) 

The energy balance: 

EG-PCM composite for 2D modelling: 
𝜕(𝜌𝑐𝐻𝑐)

𝜕𝑡
=

𝜕

𝜕𝑥
(𝑘𝑐

𝜕𝑇𝑐

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘𝑐

𝜕𝑇𝑐

𝜕𝑦
)                (25) 
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Metal foam/PCM composite - PCM zone for 2D modelling: 

𝜀(𝜌𝑐)𝑝𝑐𝑚
𝜕𝑇𝑝

𝜕𝑡
+ 𝜀(𝜌𝑐)𝑝𝑐𝑚 (𝑢

𝜕𝑇𝑝𝑐𝑚

𝜕𝑥
+ 𝑣

𝜕𝑇𝑝𝑐𝑚

𝜕𝑦
) = 𝑘𝑝𝑐𝑚 (

𝜕2𝑇𝑝𝑐𝑚

𝜕𝑥2
+

𝜕2𝑇𝑝𝑐𝑚

𝜕𝑦2
)+ℎ𝑠𝑓𝐴𝑠𝑓(𝑇𝑝𝑐𝑚 −

𝑇𝑚𝑒) −  𝜀𝜌𝑝𝑐𝑚𝐿
𝜕𝛽

𝜕𝑡
                                                                                                              (26) 

PCM zone for 3D modelling: 

𝜀(𝜌𝑐)𝑝𝑐𝑚
𝜕𝑇𝑝

𝜕𝑡
+ 𝜀(𝜌𝑐)𝑝𝑐𝑚 (𝑢

𝜕𝑇𝑝𝑐𝑚

𝜕𝑥
+ 𝑣

𝜕𝑇𝑝𝑐𝑚

𝜕𝑦
+ 𝑤

𝜕𝑇𝑝𝑐𝑚

𝜕𝑧
) = 𝑘𝑝𝑐𝑚 (

𝜕2𝑇𝑝𝑐𝑚

𝜕𝑥2
+

𝜕2𝑇𝑝𝑐𝑚

𝜕𝑦2
+

𝜕2𝑇𝑝𝑐𝑚

𝜕𝑧2
)+ℎ𝑠𝑓𝐴𝑠𝑓(𝑇𝑝𝑐𝑚 − 𝑇𝑚𝑒) −  𝜀𝜌𝑝𝑐𝑚𝐿

𝜕𝛽

𝜕𝑡
                                                                                (27) 

For metal foam/PCM composite - metal foam zone for 2D modelling: 

(1 − 𝜀)(𝜌𝑐)𝑚𝑒
𝜕𝑇𝑚𝑒

𝜕𝑡
= 𝑘𝑚𝑒 (

𝜕2𝑇𝑚𝑒

𝜕𝑥2
+

𝜕2𝑇𝑚𝑒

𝜕𝑦2
) + ℎ𝑠𝑓𝐴𝑠𝑓(𝑇𝑚𝑒 − 𝑇𝑝𝑐𝑚)                                (28) 

metal foam zone for 3D modelling: 

(1 − 𝜀)(𝜌𝑐)𝑚𝑒
𝜕𝑇𝑚𝑒

𝜕𝑡
= 𝑘𝑚𝑒 (

𝜕2𝑇𝑚𝑒

𝜕𝑥2
+

𝜕2𝑇𝑚𝑒

𝜕𝑦2
+

𝜕2𝑇𝑚𝑒

𝜕𝑧2
) + ℎ𝑠𝑓𝐴𝑠𝑓(𝑇𝑚𝑒 − 𝑇𝑝𝑐𝑚)                        (29) 

The phase-transition of the PCM was solved with the enthalpy-porosity approach [204], and 

the melting and solidifying processes were simulated with the melting and solidification model. 

The natural convection and thermal radiation that occurred within the CPCM are neglected due 

to confinement of the PCM in the interparticle voids of the EG/PCM composite [205]. The 

non-equilibrium thermal model was employed for describing heat transfer phenomenon in the 

metal foam based CPCM, with the energy equations solved separately for porous media and 

PCM [206]. Among the above equations, 𝜌 is the density; 𝑢, 𝑣 and 𝑤 stand for the 𝑥, 𝑦 and 𝑧 

coordinates velocities, respectively; subscripts of 𝑓, 𝑐 and 𝑚𝑒 respectively represent the HTF, 

composite and metal foam; 𝑘 is the thermal conductivity; 𝜀 is metal foam porosity; ℎ𝑠𝑓 and 

𝐴𝑠𝑓 refer to the local heat transfer coefficient and the surface, respectively; 

𝐻 relates to the enthalpy sum of the sensible (ℎ) and latent forms (∆𝐻):  

    𝐻 = ℎ + ∆𝐻                                                                                                                      (30) 

    ℎ = ℎ𝑟𝑒𝑓 + ∫ 𝐶𝑝
𝑇

𝑇𝑟𝑒𝑓
𝑑𝑇                                                                                                      (31) 

    ∆𝐻 = 𝛽𝐿                                                                                                                            (32) 
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    𝛽 = {

0                  𝑖𝑓 𝑇𝑝𝑐𝑚 ≤ 𝑇𝑠 
𝑇𝑝𝑐𝑚−𝑇𝑠

𝑇𝑙−𝑇𝑠
         𝑖𝑓 𝑇𝑠 ≤ 𝑇𝑝𝑐𝑚 ≤ 𝑇𝑙

1                  𝑖𝑓 𝑇𝑝𝑐𝑚 ≥ 𝑇𝑙  

                                                                                (33) 

where ℎ𝑟𝑒𝑓, 𝑇𝑟𝑒𝑓 and  𝐶𝑝 are the reference enthalpy, the reference temperature and the specific 

heat of PCM at constant pressure, respectively, and 𝐿 is the latent heat, 𝛽 is the liquid fraction; 

𝑆𝑥, 𝑆𝑦, and 𝑆𝑧 are momentum sink given by of 𝑆𝑖 = 𝐶𝑢𝑖(1 − 𝛽)2/(𝛽3 + 𝛾) with i= x, y, or z;  

C is a constant reflecting of the mushy zone, and a numerical number of 105 is assigned in this 

study; 𝛾 refers to a small constant that used to avoid division by zero. 

A few parameters for the metal foam/paraffin composite has been evaluated before solving the 

above equations, and they are summarised as follows. First, the metal foam and PCM effective 

thermal conductivities of 𝑘𝑚𝑒 and 𝑘𝑝𝑐𝑚 are calculated using a three-structured model [207]:  

    𝑘𝑝𝑐𝑚 = 𝑘𝑒𝑓𝑓 =
√2

2(𝑅𝐴+𝑅𝐵+𝑅𝐵+𝑅𝐷)
|
𝑘𝑚𝑒=0

                                                                               (34) 

    𝑘𝑚𝑒 = 𝑘𝑒𝑓𝑓 =
√2

2(𝑅𝐴+𝑅𝐵+𝑅𝐵+𝑅𝐷)
|
𝑘𝑝𝑐𝑚=0

                                                                              (35) 

    𝑅𝐴 =
4𝜎

(2𝑒2+𝜋𝜎(1−𝑒))𝑘𝑚𝑒+(4−2𝑒2−𝜋𝜎(1−𝑒))𝑘𝑝𝑐𝑚
                                                                      (36) 

    𝑅𝐵 =
(𝑒−2𝜎)2

(𝑒−2𝜎)𝑒2𝑘𝑚𝑒+(2𝑒−4𝜎−(𝑒−2𝜎)𝑒2)𝑘𝑝𝑐𝑚
                                                                             (37) 

    𝑅𝐶 =
(√2−2𝑒)2

2𝜋𝜎2(1−2𝑒√2)𝑘𝑚𝑒+2(√2−2𝑒−𝜋𝜎2(1−2𝑒√2))𝑘𝑝𝑐𝑚
                                                               (38) 

    𝑅𝐷 =
2𝑒

𝑒2𝑘𝑚𝑒+(4−𝑒2)𝑘𝑝𝑐𝑚
                                                                                                       (39) 

    σ = √
√2(2−(5/8)𝑒3√2−2𝜀)

𝜋(3−4𝑒√2−𝑒)
                                                                                                     (40) 

    e = 0.339                                                                                                                            (41) 

Second, the structural characteristics of metal foam including permeability, A, inertia 

coefficient, 𝐶𝑖, and porosity (𝜀)-pore density (𝜔)-ligament diameter (𝑑𝑓) relationship, they can 

be determined by the following equations [208]:  

    
𝐴

𝑑𝑝
2 = 0.00073(1 − 𝜀)−0.224 (

𝑑𝑓

𝑑𝑝
)
−1.11

                                                                                (42) 
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    𝐶𝑖 = 0.00212(1 − 𝜀)−0.132 (
𝑑𝑓

𝑑𝑝
)
−1.63

                                                                                (43) 

    
𝑑𝑓

𝑑𝑝
= 1.18√

1−𝜀

3𝜋
(

1

1−𝑒−(1−𝜀)/0.04
)                                                                                            (44) 

    𝑑𝑝 =
0.0254

𝜔
                                                                                                                          (45) 

Last, the local heat transfer coefficient between the PCM and copper foam, ℎ𝑠𝑓, and interfacial 

surface area, 𝐴𝑠𝑓 , they are from Zhukauskas’s model and Calmidi and Mahajan’s model 

[207,208]. 

    ℎ𝑠𝑓 =

{
 
 

 
 

0.76𝑅𝑒𝑑
0.4𝑃𝑟0.73𝑘𝑝𝑐𝑚 

𝑑𝑓
                  1 ≤ 𝑅𝑒𝑑 ≤ 40 

0.76𝑅𝑒𝑑
0.4𝑃𝑟0.73𝑘𝑝𝑐𝑚 

𝑑𝑓
                40 ≤ 𝑅𝑒𝑑 ≤ 103

0.76𝑅𝑒𝑑
0.4𝑃𝑟0.73𝑘𝑝𝑐𝑚 

𝑑𝑓
      103 ≤ 𝑅𝑒𝑑 ≤ 2 × 105 

                                                        (46) 

    𝑅𝑒𝑑 = ρ√𝑢2 + 𝑣2
𝑑𝑓

𝜀𝜇
                                                                                                           (47) 

    𝐴𝑠𝑓 =
3𝜋𝑑𝑓(1−𝑒

−(1−𝜀)/0.04)

(0.59𝑑𝑝)2
                                                                                                    (48) 

3.2.3. Modelling details and model validation 

  

(a) (b) 

Figure 48 Meshing of the computational domain (a) 2D modelling (b) 3D modelling 

Figure 48 shows the meshing of the modelling domain. The 2D meshing was established using 

the grid of combined structured and unstructured cells by the Gambit software, and the 3D 

meshing was built by the meshing function in Ansys® meshing. Different mesh sizes were 
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examined, and the results showed that a total of 24,198 cells for the 2D modelling, which were 

able to ensure the grid independence without consuming too much computational resource. A 

total of 2,169,322 cells were used for 3D modelling. The whole computational domain was 

initially set at a temperature of 𝑇𝑖  which was the same as the experimental value, and a zero 

velocity. A velocity inlet boundary was defined where the HTF velocity and temperature were 

set as constant. At the outlet, a fully developed outflow condition was performed. The 

interfaces between the fluid pipe and PCM as well as that between the PCM and battery cells 

were set as coupled-wall boundary conditions for heat transfer. Insulated boundary conditions 

were assumed for the outside walls of the modelling domain. A commercial software of Ansys 

Fluent was used for the modelling, and software of Gambit was adopted for mesh generating. 

The User Define Function files were interpreted to calculate the HTF thermophysical properties 

and also the PCM-metal foam interfacial heat transfer coefficient. The scheme of Second-Order 

Upwind was employed to solve the momentum and energy equations, and Pressure Staggering 

Option Scheme was used for pressure correction. The Under-Relaxation factors of 0.5, 1, 0.3 

and 0.9 were respectively taken for the velocity, energy, pressure correction and liquid fraction. 

The time-step effect on the calculation was attentively checked before the modelling. The 

calculation convergence was evaluated at each time step, and the residuals were below 10-4 

under all calculation conditions, and the energy residuals were less than 10-6 when converged. 

 

Figure 49 Comparison between numerical modelling and experimental results from Zhao et al. 

[207] for metal foam/PCM composite 
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To ensure the reliability and confidence of the numerical model for the metal foam/PCM 

composite, a validation simulation based on the 2D model was carried out to compare the 

modelling results with experimental literature data. The modelling case based on the work 

reported by Zhao et al. [207] was run for a rectangular configuration (0.2 × 0.025 m) containing 

metal foam embedded with paraffin wax as the PCM. The numerical code for the validation 

was the same as that for this study. During the comparison, the initial temperature for the whole 

computational area was set as 20 °C, and the heat flux was kept as 1.6 kW/m2. As shown in 

Figure 49, a reasonable good agreement between the modelling and experiments has been 

achieved, giving the confidence in the use of the models and the numerical methods as 

described above for the present study. An investigation on the copper foam/paraffin composite, 

which was detailed discussed in chapter 4 also validates the copper foam/paraffin model.  
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Chapter 4 Characterization of composite phase change 

materials  

In this chapter, three different composite phase change materials were studied for their thermal 

properties, microstructures, surface morphologies and safety improvement. The particle size 

effect of expanded graphite on the thermal properties of the expanded graphite/paraffin 

composites was investigated first. The thermal conductivity of the copper foam/paraffin 

composites was then also experimentally measured, which was used for the numerical 

modelling work. The flame retardancy of the colloidal/paraffin composites was improved with 

the addition of the melamine. The research on expanded graphite [209] has been previously 

published in Applied Thermal Engineering in 2020.  
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4.1. Expanded graphite /paraffin composite phase change materials 

4.1.1. Microstructure of the composites 

4.1.1.1. Morphology observations 

   

(a)  

   

(b)  

   

(c)  

Figure 50 Particle size observation of different EG particles: (a) EG1, (b) EG2, (c) EG3 

Figure 50 shows SEM images of the purchased EG particles. A distinct difference in the 

morphology can be observed between EG3 and the other two EGs. EG1 and EG2 are in large 

micrometres scale with a loose vermicular shape. On the surface of EG1, sets of graphite sheets 

are seen in parallel, with gaps with an approximate size of (30μm × 200 μm ) in between each 

of graphite sheet sets. EG3 are micro-scale and take the form of graphite sheets arranged 

irregularly.  
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                   （a)                                         （b)                                        （c) 

   

                       (d)                                            (e)                                     (f) 

   

                       (g)                                        (h)                                            (i)  

Figure 51 Pores of varied sizes on the surface of infiltrated EG1, EG2 and EG3 particles. (a) 

EG1 (×500) (b) EG1 (×1200) (c) EG1 (×12000); (d) EG2 (×500) (e) EG2 (×1200) (f) EG2 

(×12000); (g) EG3 (×500) (h) EG3 (×1200) (i) EG3 (×12000) 

Continually zooming into the surface of EG1 and EG2 particles, as shown in Figure 51, pores 

with varying sizes in a range of 1-60 μm are apparent. These pores intersect with each other, 

forming an irregular networking structure. However, when the particle size of the EGs is 

reduced to a low micrometre scale (i.e. EG3), there is a lack of the connected networking 
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structure, and particles are primarily in the form of loose graphite sheets, see Figure 51 (g, h 

and i).  

 

  

                                 (a)                                                                    (b)  

  

                                 (c)                                                                     (d) 
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                                 (e)                                                                     (f) 

Figure 52 Cross-sectional positions of composites at different magnification. Light area- 

RT28HC, Dark area- EG (a) EG1 Composite, ×300. (b) EG1 Composite, ×1200. (c) EG2 

Composite, ×300. (d) EG2 Composite, ×1200. (e) EG3 Composite, ×300. (f) EG3 Composite, 

×1200. 

Figure 52 presents the cross-sectional positions of the composite tablets made from different 

types of EGs. Paraffin is seen to exhibit good compatibility with EGs, and when paraffin is 

confined in the graphite pores interaction is likely to occur between the paraffin and graphite 

layer. Patrik et al. [210] carried out a detailed X-ray diffraction study on low-density 

polyethene, paraffin and expanded graphite composites. Their results suggested the partial 

intercalation of the paraffin wax chains between the graphite layers. The highest intercalation 

was observed with the highest amount of EG and paraffin wax. The existence of the various 

pore sizes in the EG matrixes, especially of EG1 and EG2, is therefore considered to contribute 

to the adsorption of most of the paraffin.  

These different structural arrangements of EGs have a great impact on paraffin absorption. The 

SEM pictures (Figure 52) indicate that composites based on EG1 and EG2 behave differently 

towards paraffin, compared with composites based on EG3. For composites made from EG1 

and EG2, paraffin is absorbed into large pores and the gaps among EG particles, crystallised 

and aggregated into big particles (see Figure 52 a and c). In addition to this, owing to the 

capillary force, a mass of the paraffin is seemed to be retained in relatively small pores of the 

networked structures. In these circumstances, the morphology of paraffin appears to be in 

needle shapes as indicated in the green area of Figure 52 a. Moreover, the paraffin can be easily 

impregnated into the void and pore structures of the large micro size EG, also due to the high 
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wetting ability of paraffin in the liquid phase. Li et al. [211] observed the EG with 180 μm size 

formed a large number of microvoids on the EG. The voids were constituted by parallel and 

collapsed layers, which were concluded by them to be a key reason for the EG’s excellent 

adsorption.  

On the contrary, by reasoning of lacking the compact networked structure, the capability of the 

absorption reduced a great extent. Only a small amount of the PCM was confined in the voids 

formed among loosed EG3 particles. Most of the paraffin sit on the surface of graphite sheets, 

so largely white colour can be seen in Figure 52 (e) and (f).  

The compact networked structure of EG1 and EG2 matrixes are expected to provide good 

thermal behaviour to the composites. While in the case of EG3 composites, interfacial thermal 

resistance is expected among the small particles, which would hinder the heat transfer among 

the composites. Subsequently, the phase change temperature, thermal conductivity and thermal 

degradation temperature are expected to be affected by the structures, which will be discussed 

in the following chapters with evidence.  

4.1.1.2. 3D structural characterization of the pure EG matrix and paraffin/EG composites  

Pure EG matrix made of different particle sizes were imaged in 3D using the Nano-CT system 

(XRT). The porosity and specific surface area of the EG matrixes were obtained from the 3D 

binary images (see Table 11). It was found that EG1 and EG2 have a relatively large porosity 

and a high specific area compared with EG3. 

Table 11 Structure parameters of the pure EG matrix. 

Material Porosity (%) Specific area (1/mm) 

EG1 38.01 13.07 

EG2 30.06 11.86 

EG3 18.03 9.04 

The pore size distribution of different pure EG matrixes before the absorption is shown in 

Figure 53 (a). It illustrates that EG3 has a relatively narrow porosity distribution. The pore size 

of EG3 is also relatively small, sitting within 27-180 μm. The pore sizes of EG1 and EG2 
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mainly locate in the range of 135 - 243 μm, which are relatively larger than the EG3 matrix. 

The latter one mostly consists of small particles without significant compact pore structure. 

These small particles are loosely arranged to form unconnected voids (see Figure 51 g-i), the 

void size is relatively small, compared with the porous structure in EG1 and EG2 matrixes. 

These observations can also be confirmed by SEM images. EG/paraffin composites were also 

studied preliminarily. The 3D surface-rendered models are shown in Figure 53 (b). Different 

material components are visualised in different colours according to the material density (x-ray 

opacity). The brown colour indicates a low density which is EG, and the blue colour denotes a 

high density which is paraffin.  The results demonstrate the impact of particle size on the EG 

matrix/PCM absorption. The pronounced colour difference illustrates that EG matrixes with a 

connected porous structure have a better capability for PCM uptake and confinement. EG1 and 

EG2 have connected pore structures, and PCM are confined in the pores of EG. Hence few 

blue coloured zones are observed at the cross-section of the 3D model. However, in the case 

of composites with EG3, PCM is not observed in pores but held in the void between small EG 

particles. The cross-section of the 3D model corresponds to blue colour, which is paraffin, 

indicating the bad uptake of paraffin into the EG.  

 

Figure 53 (a) Pore size distribution of EG matrixes, calculated from the binary images (b) 3d 

surface-rendered models of the cross-section of EG/Paraffin composite with 25wt% of EG 

loading (brown to blue scale bar indicates the density changing from low to high) 

4.1.2. Thermal characterization  

4.1.2.1. Phase change behaviour study  

The phase change temperature of the composites is affected by both thermal conductivity and 

the porous structure of the EGs in a complex manner. The melting peak temperature (𝑇𝑝,𝑚) and 

a b 

EG2 composite EG3 composite EG1 composite 

L 

H 
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solidification peak temperature (𝑇𝑝,𝑠) are chosen for illustrating the melting and solidification 

behaviours of the composites. It should be mentioned that the following analysis is only valid 

for a small size sample which is discussed in this paper. For a scaled-up system (e.g. in the 

application with a full-size EV battery system), the phase change behaviour might be different 

due to different heat transfer and kinetics.  

 

Figure 54 DSC scanning curve for EG based composites. (a) EG1 based composites (b) EG2 

based composites (c) EG3 based composites (sample mass for DSC measurement were different 

hence the heat flow does not always increase with the increase of the mass ratio of paraffin) 

Figure 54 shows the DSC results of the composites, which displays the well-defined peaks, 

which are associated with the melting and solidification processes. The position of the peaks 

varies with the different mass contents of EGs.  

Table 12 Peak melting temperatures obtained from DSC measurement 

Material 𝑻𝒑,𝒎 (°C) 𝑻𝒑,𝒔 (°C) ∆𝐓= 𝑻𝒑,𝒎-𝑻𝒑,𝒔 

EG1 15wt% 29.9 24.33 5.57 

20wt% 29.45 24.77 4.68 

25wt% 28.32 25.48 2.84 

EG2 15wt% 28.85 23.31 5.54 

20wt% 28.38 24.62 3.76 

25wt% 28.16 24.75 3.41 

(a) (b) (c) 
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EG3 15wt% 28.19 25.79 2.4 

20wt% 28.17 26.34 1.83 

25wt% 28.16 25.72 2.44 

RT28HC 28.02 26.24 1.78 

 

Table 12 gives the peak temperatures obtained from the DSC measurements and their 

differences. It can be found that the maximum differences of 𝑇𝑝,𝑚  and 𝑇𝑝,𝑠  between the  

composites and the raw PCM are 1.88 and 2.93 °C, respectively. The 𝑇𝑝,𝑚 of both EG1 and 

EG2 based composites is increased compared with the pure RT28HC. In contrast to the 𝑇𝑝,𝑚, 

the shift of the 𝑇𝑝,𝑠 of EG1 and EG2 from bulk RT28HC is negative. Pronounced hysteresis 

between solidification and melting is observed in the present of EG. The temperature difference 

(∆𝑇) between 𝑇𝑝,𝑚 and 𝑇𝑝,𝑠 of the composites increases by up to 3.79 °C, compared with the 

raw PCM. The shift on the phase change temperature of the PCM has also been observed by 

some other researchers [212–214].  

The change of the phase change behaviour could be affected by the interface between the PCM 

surface and the pore surface. Alkane form solid adsorbed monolayers at a graphite surface, 

which can affect the interfacial phenomena of adhesion. A strong interaction between the PCM 

surface and the pore surface can give an elevated melting temperature and depressed 

solidification temperature.  

From the above, one can see that the structure of the confined PCM is relevant to the melting 

and freezing temperature. As observed in this study, EG matrix has a tight network structure. 

The pore networking effect influences the hysteresis. The interconnected pores affect the 

melting and solidification of the PCM and cause a large hysteresis, leading to different thermal 

properties, compared with the pure PCM.  
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Figure 55 Melting and solidification peak temperatures of EG based composites in comparison 

with the bulk PCM 

The morphology of EG is not the only factor that affects the phase change temperature of the 

PCM. Figure 55 illustrates the impact of the EG content on the PCM phase change behaviour. 

The melting temperature of the EG1 and EG2 based composites decreases with the increase of 

EG mass percentage, with the composites containing 25wt% EG content having the lowest 

𝑇𝑝,𝑚, close to the 𝑇𝑝,𝑚 of the pure PCM. The 𝑇𝑝,𝑠 in this case increases with increasing mass 

percentage of the EG. 𝑇𝑝,𝑠 of the composites with 25wt% EG content is also close to the 𝑇𝑝,𝑠 

of the pure PCM. Hence the hysteresis of EG1 and EG2 based composites reduces with 

increasing EG content.  

The difference in the thermal conductivity of composites is expected to contribute to the 

differences discussed above. As increased EG content increases the thermal conductivity of 

composites, strengthening the heat transfer among the composites. In the case of solidification, 

heterogeneous nucleation of the PCM also benefits from the increased EG content. 

The 𝑇𝑝,𝑚 and 𝑇𝑝,𝑠 of EG3 based composites are not observed to have an apparent phase change 

temperature changes. As indicated in the SEM study (see Figure 51 and Figure 52), EG3 does 

not appear to have a complex networked structure because of the small particle size. Although 

a limited number of micro-pores (~15μm) still exist among the EG3 particles, it has an 

insignificant impact on the phase change behaviour of the PCM.  

4.1.2.2. Latent heat and specific heat study 

Table 13 tabulates that the latent heat and specific heat of the composites as a function of EG 

mass percentage. The latent heat (𝐿) was obtained by the integration of the area under the peak 

with an extrapolated baseline. The results of the latent heat measurement of the EG composites 

with different mass percentages are also shown in Figure 56.  

(a) (b) 
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Figure 56 Variation of latent heat versus EG mass percentage at different EG particle size 

Table 13 Latent heat and the specific heat (of both liquid and solid phases) of composites 

obtained from the DSC measurements 

Material Latent heat (kJ/kg) specific heat (kJ/kg·K) 

Solid state  Liquid state  

EG1 15wt% 196± 1.47 1.16± 0.03 2.13± 0.07 

20wt% 183± 1.15 0.88± 0.06 1.79± 0.12 

25wt% 175± 1.73 0.76± 0.13 1.12± 0.11 

EG2 15wt% 196± 0.75 2.19± 0.12 2.81± 0.06 

20wt% 189± 1.00 1.83± 0.06 2.35± 0.05 

25wt% 178± 1.14 1.79± 0.11 2.1± 0.06 

EG3 15wt% 195± 1.48 1.65± 0.05 1.92± 0.09 

20wt% 186± 0.84 1.52± 0.06 1.91± 0.09 
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25wt% 178± 1.53 1.43± 0.08 1.82± 0.07 

The latent heat of composites is inversely proportional to the EG content, which decreases by 

5% for every 5wt% increase in EG content.  

The results of the specific heat of the composites are also listed in Table 13. The specific heat 

of EG is in the range of 0.47 ~ 0.65 kJ/(kg·K) at ambient temperature [215], while RT28HC 

has a specific heat of 2 kJ/(kg·K) at the same condition. With more EG added, the specific heat 

of the composite decreases as EG has a lower specific heat than the RT28HC.  

4.1.2.3. Thermal stability study 

The thermal stabilities of the composites with different mass percentages and different particle 

sizes of EG were evaluated by the TG analyses. In this PhD study, the onset (degradation) 

temperature (𝑇𝑜𝑛,𝑑) is chosen as the criteria for studying the thermal characteristics of the 

composites. As shown in Figure 57 (a), an extrapolated onset temperature (𝑇𝑜𝑛,𝑑) indicates the 

beginning of the weight loss. 

 

(a) 
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(b) 

 

(c) 

Figure 57 DTG curve for EG based composites. (a)EG1 based composites (b)EG2 based 

composites (c)EG3 based composites 
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The derivative thermogravimetry (DTG) result of the composites is shown in Figure 57. The 

degradation temperatures and the charred residue amount after the degradation are shown in 

Table 14.  

Table 14 Thermal stability properties obtained from the DTG curve (𝑻𝒐𝒏,𝒅 is onset degradation 

temperature) 

Materials 𝑻𝒐𝒏,𝒅  (oC) Charred residue (%) 

EG1 

15wt% 219 16.40 

20wt% 205 19.96 

25wt% 196 27.15 

EG2 

15wt%  212 15.98 

20wt%  207 21.66 

25wt%  199 25.60 

EG3 

15wt%  227 14.83 

20wt% 227 19.55 

25wt% 230 25.91 

RT28HC 196 0.38 

 

It can be seen from Figure 57 that the thermal degradation process completes in one step for 

all composites, corresponding to the degradation of RT28HC. A larger amount of the charred 

residues was observed from measurements of the composites with more weight percentage of 

EG content. This is because the degradation temperature of EG is more than 800 oC. Besides, 

the charred amount was almost consistent with the EG content of the corresponding composite. 

Therefore, the residue from the degradation tests is mainly EG.   

𝑇𝑜𝑛,𝑑 is influenced by the particle size and mass percentage of the EG. The 𝑇𝑜𝑛,𝑑 of RT28HC 

is 196oC. It could be observed from the results that EG had a positive effect on the degradation 
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of composites, leading to a significant increase in the degradation temperatures. The maximum 

increase in the 𝑇𝑜𝑛,𝑑 of composites is 34 oC compared with pure RT28HC.  

From Figure 57 and Table 14, one could conclude that the existence of EG has a great 

contribution to the thermal stability of the composites. In the case of EG with a large particle 

size (i.e. EG1 and EG2), the PCM is confined in the pores of the EG particles. The porous 

structure of the EG particles is therefore advantageous for slowing the escape of the volatile 

products generated during thermal degradation. Hence it hinders the degradation process, and 

improves the thermal stability of the composites. Although EG3 with a small particle size has 

an unconnected porous structure, it also increases the degradation temperature of the 

composites and has a positive effect on the thermal stability. The fine EG particles from a 

matrix that could also help with slowing down the escape of the paraffin vapour. Interfacial 

thermal resistance reduces the heat transfer in the composite, which could further increase the 

thermal degradation temperature.  

The amount of EG content plays a role in the degradation process. For EG1 and EG2 based 

composites, a higher weight percentage of EG leads to a lower thermal degradation 

temperature. When comparing the composites at different mass percentages of EG1, 23 oC of 

difference is observed for the 𝑇𝑜𝑛,𝑑. The differences between the 𝑇𝑜𝑛,𝑑 is 13 oC in the case of 

EG2 based composites. A higher EG content gives a greater thermal conductivity of the 

composites. In such a way, it strengthens the heat transfer inside the composite, thus leading to 

a lower degradation temperature. Composites contained EG3 do not show a significant 

difference in the degradation temperatures.  
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4.1.2.4. Leakage study 

 

(a) 

 

(b) 
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(c) 

Figure 58 PCM mass ratio change after 50 thermal cyclings. (a)EG1 based composites (b)EG2 

based composites (c)EG3 based composites 

The leakage phenomena of the composites were studied through thermal cycling tests. Figure 

58 shows the mass ratio change of the PCM in the composites made of EG 1, EG2 and EG3 

with 10wt%, 15wt% and 25wt% EG content after 50 thermal cycles. The most pronounced 

leakage occurs in EG3 composite with 15wt% EG. After the first cycle, 24wt% of PCM leaks 

out of the composite, and the leakage then continues at a rate of 5wt% PCM per 5 cycles until 

25 cycles. The PCM leakage of the EG3 composites is improved when the mass ratio of EG 

increases. After 50 cycles, EG3 composite with 20wt% EG retains 87wt% PCM, and EG3 

composite with 25wt% EG has no significant leakage. 

Regarding the composites using large particle sized EG, the composites containing 20wt% and 

25wt% EG are observed to be form stable after 50 cycles, with less than 5wt% PCM leakage. 

The composites with 15wt% of large EG particles show slightly worse cycling stability, and 

15wt% EG1 composite and 15wt% EG2 composites are found to have 8wt% and 6wt% PCM 

leakage after 50 cycles, respectively.  

From the results above, it can be concluded that the mass ratio of EG is the determining factor 

for the cycling stability of EG based composites. After 50 cycles, most of the PCM remained 

in the composites with 20wt% and 25wt% large EG particles. The leakage also significantly 

reduced when the mass ratio of EG3 in the composite increased to 20% and 25%. Particle size 

is another factor which influences the composite cycling stability. Comparing EG3 with EG1, 
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after 50 cycles the remaining PCM mass ratios of EG3 are 46%, 8wt% and 4wt% less than EG1 

with 15wt%, 20wt% and 25wt% EG contents, respectively. The difference in the stability 

between these composites is due to structurally dissimilar of the different particle sizes of EG. 

Large EG particles have pores and voids which are able to confine the PCM, while small EG 

particles are lack of pore structure and are not able to preserve the PCM.  

4.1.2.5. Thermal conductivity study 

The thermal conductivity measurement results of the composites with different mass 

percentages and particle sizes of EG is shown in Figure 59 and Table 15. The measurements 

were carried out using the laser flash apparatus. 

 

(a) 
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(b) 

 

(c) 

Figure 59 Thermal conductivity of solid and liquid phases as a function of temperature. (a) EG1 

EG based composites (b) EG2 EG based composites (c) EG3 EG based composites 

With the addition of EG, the thermal conductivity of the composites is improved effectively. 

The larger the particle size of the EG, the more pronounced the effect on the thermal 

conductivity of the composites. The thermal conductivity of the composites increases in the 

order of EG1≈ EG2> EG3. For instance, with 25wt% of EG loading, EG1, EG2, and EG3 

composites have a thermal conductivity of 3.16, 2.74 and 0.38 W/m·K at 30oC, respectively 
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Regarding the large micrometres scale EG, the thermal conductivity increases with the EG 

loading. However, in the case of EG3, the rising tendency is unnoticeable. The decreased 

thermal conductivity with reduced particle size could be attributed to the effect of interfacial 

thermal resistance. When the particle is small, the interfacial thermal resistance dominates the 

influence on the thermal conductivity of the composites. Nevertheless, if the particle size is 

relatively large, the thermal conductivity of the composites is decided by the bulk property. In 

Figure 59 (c), the sudden drop in the thermal conductivity of the EG3 composites suggests that 

interfacial thermal resistance exists among the small graphite particles.  

Table 15 Thermal conductivity data obtained from the LFA measurement. 

 Thermal conductivity (W/m·K) 

Material 30oC 40oC 50oC 60oC 70oC 

EG1 15wt% 2.45± 0.19 2.29± 0.01 2.24± 0.09 2.20± 0.09 2.16±0.09 

20wt% 2.53± 0.07 2.69± 0.03 2.64± 0.05 2.57± 0.05 2.41±0.05 

25wt% 3.16± 0.15 3.57± 0.10 3.59± 0.14 3.42± 0.01 3.25±0.06 

EG2 15wt% 2.50± 0.03 2.56± 0.06 2.56± 0.03 2.51± 0.02 2.44±0.03 

20wt% 2.64± 0.04 2.62± 0.06 2.69± 0.05 2.64± 0.04 2.62±0.05 

25wt% 2.74± 0.06 2.76± 0.11 2.92± 0.07 2.90± 0.06 2.82±0.06 

EG3 15wt% 0.71± 0.09 0.64± 0.06 0.60± 0.03 0.64± 0.05 0.67±0.02 

20wt% 0.88± 0.04 0.83± 0.04 0.81± 0.02 0.74± 0.01 0.74±0.02 

25wt% 0.38± 0.06 0.41± 0.04 0.40± 0.05 0.39± 0.02 0.38±0.02 

 

Thermal conductivities of composites/mixtures have been a subject of numerous studies. Many 

models have been proposed for the estimation of the effective thermal conductivity. In this 

study, the two-form Maxwell-Eucken model was also used for estimating the thermal 

conductivity of EG composites. The model is given as following [216]:  



107 

 

Κ =
𝑘1𝑉1+𝑘2𝑉2

3𝑘1
2𝑘1+𝑘2

𝑉1+V
3𝑘1

2𝑘1+𝑘2

                                                        (49) 

where Κ is the effective thermal conductivity of the composites, 𝑘1 is the thermal conductivity 

of the continuous phase (EG), 𝑉1 is the volume fraction of the continuous phase, 𝑘2 is the 

thermal conductivity of the dispersed phase (paraffin), 𝑉2  is the volume fraction of the 

dispersed phase.  

 

Figure 60 A comparison between the theoretical predictions and experimental measured 

thermal conductivities of EG composites 

The thermal conductivity of pure EG1, EG2 and EG3 matrix was measured to be 3.23, 3.92 

and 0.5 W/m·K, respectively. Xia et al. [213] observed the distribution of EG in the EG/PCM 

composites using a polarizing optical microscope and found that  EG matrix forms a continuous 

phase when the mass percentage of EG in the composite is more than 4%. In this study, the 

mass fraction of the EG was more than 15wt%, hence the EG matrix presented as the 

continuous phase, and RT28HC was the dispersed phase. It can also be observed from the SEM 

picture of the cut surface of composites (Figure 52) that EG matrix existed continuously. The 

volume fraction of the continuous phase was achieved from the measured value. The volume 

fraction of the dispersed phase was calculated from the weight and density of the dispersed 

phase at solid-state. The predicated data is shown in Figure 60. The results show that the 

predicted data has good agreement with experimental data.  
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4.2. Copper foam/ paraffin composite phase change materials  

4.2.1. Morphology observation  

 

  
 

(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

Figure 61 SEM observation of the composites at 30 times magnification. (a) copper foam 1 (b) 

composite 1 (c) EDS element mapping of composite 1 (d) copper foam 2 (e) composite 2 (f) EDS 

element mapping of composite 2 (g) copper foam 3 (h) composite 3 (i) EDS element mapping of 

composite 3 

Morphology observations of the copper foam and the composites are shown in Figure 61. 

Figure 61 (a) (d) (g) indicate that the pore size of the composites increases from copper 1 to 

copper 3. These can also be observed from SEM images of the composite. As shown in Figure 

61 (c) (f) (i) the element mapping indicates that the white zones in Figure 61 (b) (e) (h) are 

copper foam skeleton and the dark zones are paraffin. The white zones reduce from composite 

1 to composite 3.  
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(a) (b) (c) 

Figure 62 SEM observation of the composites at 1000 times magnification (a) composite 1 (b) 

composite 2 (c) composite 3 

Further zooming into the composites, Figure 62 is obtained, which shows the morphology of 

the composites with a 1000 time magnification. One can see that the paraffin has been closely 

integrated with the copper foam skeleton, leading to the excellent adsorption of paraffin.  

4.2.2. Thermal characterization  

Since the copper foam with high porosity/low PPI could have pores of several millimetres in 

diameter, the samples will be too large to fit the measuring crucibles of the DSC. The 

composites are prepared under vacuum and eliminate the air bubble traps inside the copper 

foam skeleton. The SEM analysis (Figure 62) also shows that the copper foam skeleton has 

good adsorption of the paraffin. The latent heat of the composites can be theoretically 

calculated based on the absorbed weight of PCM into the copper foam skeleton. The results are 

showing in Figure 63. The composite 1 (99% porosity) and composite 3 (81% porosity) have 

latent heat of 190 kJ/kg and 62 kJ/kg, respectively. Compare the latent heat of composite 1 and 

composite 3, with 18% of porosity difference the difference of latent can be 67% of composite 

1. The latent heat of composite 2 (92% porosity) sits in the middle, which is 111 kJ/kg.   



110 

 

 

Figure 63 Thermal properties of the different composites. Copper foam skeleton of composite 1 

has a porosity of 98%, copper foam skeleton of composite 2 has a porosity of 92%, copper foam 

skeleton of composite 3 has a porosity of 81% 

The thermal conductivity of the copper foam/paraffin composite was characterized using the 

thermal hot bridge with results plotted in Figure 63. With only 18% of porosity difference, the 

thermal conductivity shows a great contrast. Composite 1 has a thermal conductivity of 0.5 

W/m·K, which is 2.5 times of the pure paraffin. The composite 3 has a thermal conductivity of 

22 W/m·K, which is 110 times of the pure paraffin and 44 times of composite 1.   

Measured thermal conductivities were compared with the theoretical thermal conductivities of 

the composites, which were calculated based on the model proposed by zhao et al. [207] 

(equation 34-41). The results of the theoretical calculations are also shown in Figure 63. It 

shows a good consistency between the measured and theoretical values. It is important as the 

operation of the thermal hot bridge replies on experience. The measurement time and current 

of the heating wire of the device need to be adjusted each time empirically according to the 

estimated thermal conductivity, size, and surface roughness of the samples, which may cause 

an error due to human error.  

Using copper foam as the composite skeleton and thermal enhancement material is truly 

double-edged. With 81% porosity, the thermal conductivity could reach 22 W/m·K, which sees 

an improvement of 110 times compared to pure paraffin. In contrast, the latent heat of the 
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composite is only 62 kJ/kg, which is 30% of the original paraffin. With 99% porosity, the 

composite has a latent heat of 190 kJ/kg, while the thermal conductivity is only 0.5 W/m·K. 

The 92% porosity has a thermal conductivity of 8.76 W/m·K and latent heat of 111 kJ/kg. 

When applied to battery thermal management, copper foam porosity should be carefully 

selected first to make sure the composite has sufficiently high enough thermal conductivity for 

heat dissipation and the latent heat can be then decided.   

In the real application of copper foam/paraffin composite, if ordinary copper foam as 

mentioned in current research is used, the composite needs to be placed in a container. The 

large pores of ordinary copper foam could not confine the paraffin in its pores, once above the 

melting temperature, the paraffin will leak from the copper foam. This can be addressed by 

developing novel copper foam with nanopores. Research on copper foam with the anti-leaking 

property was carried out by Grosu et al. [217]. The hierarchical macro-nanoporous metals have 

both macro and nanopores. The developed novel copper foam PCM composite has excellent 

anti-leakage performance due to strong capillary force in nanopores, together with high energy 

density due to high porosity created by macropores.  

4.3. Colloidal graphite /paraffin composite phase change materials  

4.3.1. Thermal characterization 

4.3.1.1. Phase change behaviour study 

For comparison purpose, colloidal graphite was also added to RT28HC phase change material. 

Figure 64 shows the heat flow from the DSC measurement curve (Figure 64a) and latent heat 

(Figure 64b) of samples 1-4 (containing 10wt%, 20wt%, 30wt%, and 40wt% colloidal graphite 

particles). With 10% graphite content, the latent heat of the composite is 196 kJ/kg. When the 

graphite mass ratio increases to 40%, the latent heat is observed to be 135 kJ/kg. Then latent 

heat of the composites reduces by 20 kJ/kg with every 10% increase of the graphite mass ratio. 

The experimental results show that the latent heat of composites is inversely proportional to 

the mass ratio of the graphite content. The latent heat is provided by RT28HC. With the 

increase of graphite content in mass ratio, the mass ratio of the RT28HC decreases hence the 

latent heat decrease.  
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Figure 64 Phase change behaviour and latent heat of colloidal graphite /paraffin composite. (a) 

DSC scanning curve of composite 1-4 (b) Latent heat of composite 1-4 

4.3.1.2. Thermal conductivity study 

 

Figure 65 Thermal conductivity of colloidal graphite /paraffin composite 1-4 

Organic PCMs usually have low thermal conductivity. Adding high thermal conductivity 

materials to organic phase change materials is a commonly used method to improve the thermal 

conductivity of materials. Different proportions of colloidal graphite were added to RT28HC 

to improve its thermal conductivity. The thermal conductivity of the composites with different 

mass ratios of graphite was experimentally measured by laser flash apparatus. 

Figure 65 shows the thermal conductivity of the composites prepared by adding different mass 

ratio of graphite content. The samples were measured at the temperature range of 20-60°C. It 

can be seen from the figure that the addition of graphite can effectively enhance the thermal 
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conductivity of the paraffin, and the thermal conductivity increases with the increase of the 

mass ratio of graphite. At 20°C, and the thermal conductivity of composites with 10%, 20%, 

30% and 40% of graphite content was 3.995 times, 6.05 times, 9.09 times and 10.27 times of 

the thermal conductivity of the pure materials (about 0.2 W/m·K), respectively. The thermal 

conductivity measured at different temperatures did not show much deviation from the thermal 

conductivity measured at 20°C, even after the phase change. Table 16 shows the values of 

thermal conductivity of composite 1-4 measured under different temperatures.  

Table 16 Thermal conductivity of colloidal graphite/paraffin composite 1-4 

Colloidal graphite/paraffin composites 

 1：9 2：8 3：7 4：6 

20°C 0.799±0.032 1.21±0.156 1.618±0.088 2.053±0.119 

30°C 0.634±0.067 1.156±0.147 1.39±0.096 1.813±0.085 

40°C 0.762±0.195 1.3±0.142 1.588±0.081 1.883±0.18 

50°C 0.717±0.133 1.301±0.062 1.603±0.122 1.78±0.155 

60°C 0.653±0.085 1.31±0.149 1.586±0.004 1.786±0.132 

 

4.3.1.3. Thermal stability study 

Thermal stability is an essential property of thermal energy storage materials, especially in an 

electric vehicle application. Figure 66 is the thermogravimetric analysis of pure paraffin and 

composites. Adding graphite to paraffin caused a difference in thermal stability property. 

Compared with the 𝑇𝑜𝑛,𝑑 of the pure paraffin (196°C), the onset degradation temperature of the 

composites was improved. The evaporation of the paraffin could have been delayed from the 

protection of the graphite content. When comparing composites with a different mass ratio of 

the graphite, there was no significant difference.  
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Figure 66 TG curve for colloidal graphite/paraffin composites 

Table 17 Thermal stability properties of the colloidal graphite-based samples (𝑻𝒐𝒏,𝒅 is onset 

degradation temperature) 

Sample number composition（wt%） 𝑻𝒐𝒏,𝒅/°C 

1 10% graphite/90% RT28HC 210 

2 20% graphite/80% RT28HC 215 

3 30% graphite/70% RT28HC 205 

4 40% graphite/60% RT28HC 208 
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Figure 67 DTG curve for melamine/colloidal graphite/paraffin composites 

To further improve the thermal stability of the composites, melamine was added into the 

composites. As can be observed from Figure 67,  adding 5% melamine material can increase 

the 𝑇𝑜𝑛,𝑑of the material by 12°C to 220°C. The endset degradation temperature (𝑇𝑒𝑛𝑑,𝑑) of the 

composites was the most significantly affected parameter. As shown in Figure 68, with 

melamine content increases from 1wt% to 15wt%, the 𝑇𝑒𝑛𝑑,𝑑 increased from 245 °C to 334 °C, 

forms a gradient of 89 °C. Addition of melamine could not only delay the start of the 

degradation process but also hugely affect the degradation process. Much higher temperature 

will be needed to undergo the full decomposition of the material. Multiple reasons can be 

contributed to the improvement of thermal stability. With the test samples being heated in the 

furnace of STA, the melamine had undergone evaporation/decomposition. The process of 

evaporation and decomposition of melamine absorbed a lot of heat, which led to an increase in 

the decomposition temperature of the composite material. Melamine vapour contains nitrogen, 

which is a non-combustible gas and dilutes the gas paraffin produced from the 

evaporation/decomposition of RT28HC. It was effectively increasing its decomposition 

temperature. Besides, the decomposition products of melamine can effectively form a carbon 

layer on the surface of composite, thereby inhibiting the evaporation of paraffin, and increased 

the decomposition temperature.  
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Figure 68 Effect of melamine on the improvement of thermal degradation temperature of the 

composite. With higher mass ratio of the melamine, 𝑻𝒆𝒏𝒅,𝒅 was significantly increased 

4.4. Summary of the chapter 4 

In this chapter, paraffin-based CPCM using EG, copper foam and colloidal graphite as the 

thermal enhanced material was studied. The structural and thermal property of the different 

composites has been investigated.  

It has been observed that EG particles with different particle size have different structures, 

results in dissimilarities on EG matrix structures. SEM pictures showed that large EG particles 

(i.e. EG1 and EG2) with loose vermicular shape possessed interconnected pore structure, while 

the small EG particles (i.e. EG3) was primarily in the form of loose graphite sheets without 

connected networking structure. 3D structure characterization revealed that large EG matrix 

had higher porosity and larger pore/void size comparing with the small EG matrix. Different 

structural arrangements of EG had a significant impact on paraffin adsorptions, hence affects 

the thermal behaviour of EG/paraffin composites. The interconnected pore structure of large 

EG matrix confined PCM in the pores and voids and led to an increased temperature hysteresis 

comparing with the pure paraffin. The pore structure of the large EG matrix could help with 

confining the EG, and it had advantageous in slowing the escape of the volatile products 

generated during thermal degradation. The confinement behaviour was further confirmed in 

the thermal cycling test.  The test showed composites using large particle size EG has a 
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significantly lower PCM loss than composites using small size EG. It was also revealed that 

the mass ratio of the EG content is the determining factor of the composite cycling stability. 

Thermal stability of composites containing large EG particles was effectively improved as 

indicated by the results from TG analysis. The thermal conductivity of composites with large 

EG particles increased by 1360% - 1695% because of the high thermal conductivity of the EG 

matrix. In the case of small EG particles, interfacial thermal resistance dominates the influence 

on thermal conductivity, which results in less improvement in thermal conductivity. A 90 ~ 

340% increment on thermal conductivity was obtained regarding different EG contents. 

Interfacial thermal resistance also helped with improving the thermal stability of the composite. 

Copper foam/paraffin composites with different porosity of copper foam were investigated 

regarding its morphology and thermal property. The SEM pictures confirmed the good 

adsorption of PCM into the copper foam skeleton. The experimental measurement validated 

the copper foam/paraffin composite model, which was used for numerical modelling. The 

porosity of the copper foam could have a significant effect on the thermal property of the 

composites. With 18% of porosity difference, the difference in latent heat can be 128kJ/kg and 

the difference in thermal conductivity reached 20.5W/m·K.  

The thermal properties of the colloidal graphite/paraffin composite were studied. The latent 

heat of the composites is inversely proportional to the mass ratio of the colloidal graphite, and 

there was 20 kJ/kg of difference with every 10wt% of graphite content difference. The thermal 

conductivity of the composite is proportional to the mass per cent of colloidal graphite in the 

composite, and with 40wt% of colloidal graphite, the composite can achieve thermal 

conductivity of 2W/m·K at 20 °C. With the addition of melamine, the end set degradation 

temperature can be significantly increased. With 15wt% of melamine, the 𝑇𝑒𝑛𝑑,𝑑 reached 334 

°C, which was increased by 126 °C when compared with 0% melamine.  

 

 

 

 

 



118 

 

Table 18 Comparison of the paraffin-based composites using expanded graphite, copper foam 

or colloidal graphite as the thermal enhancement material 

Material composition Latent  

heat  

(kJ/kg) 

Thermal 

conductivity 

(W/m·K) 

Cost  

($/kg) 

15wt% EG1/85% paraffin 196 2.45 9 

99% porosity copper foam/paraffin 190 0.5 40 

10wt% colloidal graphite/ 90wt% paraffin 196 0.8 9 

（The cost is based on the purchase price of the raw materials from market in China. The copper foam was 

purchased at a price of $345/kg, expanded graphite with 400 μm in diameter was purchased at the price of $5/kg, 

colloidal graphite was purchased at a price of $0.5/kg. RT28HC was purchased at the price of $10/kg. The factor 

of manufacturing cost is not considered as it can be varied in different countries/areas） 

A comparison on the paraffin-based composites is summarized below in Table 18. With the 

latent heat in the range of 190-200 kJ/kg, the 15wt% EG/85% paraffin composite has the 

highest thermal conductivity, which is 4.9 times of 99% porosity copper foam/paraffin 

composite and 3.1 times of 10wt% colloidal graphite/ 90wt% paraffin composite. Since the 

battery thermal management system will be practically applied to industrial products, the cost 

of the materials needs to be calculated. The cost of EG based composite and colloidal based 

composites are $9/kg. Due to the high cost of copper foam and high density of copper skeleton, 

even with 99% porosity, the cost of the material was still $40/kg, which is 4.4 times of the 

other materials. It can be concluded that from this research, the EG/paraffin composite is the 

best choice for industrial application due to its advantage in thermal property and cost. While 

the copper foam/paraffin composite has a high cost, however thermal conductivity of it can 

reach 22W/m·K with 81% porosity copper foam which is way above the other materials. The 

high thermal conductivity could dissipate the heat to the ambient very fast, which is useful for 

battery under high current rate cycling operation. It can be applied to sectors which do not 

consider cost as the main factor, e.g. military use. Hence in the numerical studied both the 

EG/paraffin and copper foam/paraffin composites has been investigated.  
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Chapter 5 Characterization of lithium-ion batteries  

This chapter presents the work on the thermal characteristics and the performance of lithium-

ion batteries studied in the PhD study. Firstly, the heat flux of a battery under different 

charge/discharge current rates is discussed. The relationship between the heat flux and internal 

resistance is described. Secondly, the performance, including the specific energy and specific 

power of the lithium-ion batteries is discussed under different operation temperatures and 

different current rates.  
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5.1 Battery characteristics.  

5.1. Thermal characterization  

Consider a battery has an average heat capacity, 𝐶𝑝, its the heat generation can be estimated by 

the following equation: 

�̇� = 𝑚𝐶𝑝
𝑑𝑇

𝑑𝑡
+ ℎ𝑠𝑓𝑎(𝑇 − 𝑇𝑎) + ε𝑒𝑚𝑎(𝑇

4 − 𝑇𝑎
4) − 𝑘𝑎

𝜕𝑇

𝜕𝑙
                     (50) 

where 𝑚 is the weight of LIB,  
𝑑𝑇

𝑑𝑡
 is the rate of the temperature increase, ℎ𝑠𝑓 is heat transfer 

coefficient, 𝑎 is surface area,  𝑇 is the temperature of LIB, 𝑇𝑎 is the temperature of ambient, 

ε𝑒𝑚 is the emissivity, 𝑘 is thermal conductivity, and 𝑙 is the length of heat conduction. The first 

item on the right side represents the thermal energy generated during battery operation, the 

remaining three items on the right side represent the heat loss by convection, radiation and 

conduction, respectively;  

The experiment was always carried out in an adiabatic condition. The heat loss due to 

convection and radiation can be neglected. In fact, the temperature difference between the 

single battery and the surrounding is less than 1.5K. The entire cell is also nearly in a uniform 

temperature due to the small contact area within the cell. Hence the heat conduction is 

negligible as well. Therefore, the following simplified equation can be used for the study:  

�̇� = 𝑚𝐶𝑝
𝑑𝑇

𝑑𝑡
                                                           (51) 

The heat flux in equation (53) can be further calculated based on the surface area: 

�⃗� =
�̇�

𝑎
                                                                (52) 
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(a) 

 

(b) 

Figure 69 Characteristics of Panasonic NCR18650B charged at 0.5C, 1C, 1.5C and 2C: (a) Time 

evolution of the heat flux �⃗⃗⃗�; (b) Variation of the voltage and current as a function of time 

Figure 69 shows the characteristics of a single battery charged at different current rates. The 

heat flux as a function of time is plotted in Figure 69(a) during charge, demonstrating that the 

�⃗� of the charging process depends on the current rate; the higher the current rate, the larger the 

�⃗�. The reason for this is associated with heat generation of the battery, which consists of both 
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reversible heat and irreversible heat. The reversible heat is achieved based on the change of 

entropy of the chemical reaction, which is proportional to the current rate. The irreversible heat 

is based on the resistance, R, which is proportional to the square of the current rate [218].  

The �⃗� of the battery charge process can be divided into several stages, which is affected by R 

(see section 3.1.2 in chapter 3). At the initial stage of the changing process (ref. to Figure 69(a)), 

the �⃗� increases rapidly to reach a peak in the first 120-180s, especially at high charge rates. A 

similar observation was also observed by Barai et al. [72] and attributed to the effect of R. The 

𝑅𝑂  and sum of 𝑅𝐶𝑇 and 𝑅𝑃 were measured using hybrid pulse power characterisation method 

at every 10% of depth of discharge. As shown in Figure 70, at 20 oC, the 𝑅𝑂 keeps constant (~ 

0.13 Ω) at different SoCs, the sum of 𝑅𝐶𝑇 and 𝑅𝑃 is relatively low (~0.05 Ω) at 100% SoC. The 

𝑅𝑂 becomes a dominant factor in the battery system immediately after the charge begins. After 

a few hundred milliseconds, the oxidation reaction at the negative electrode happens, and it 

requires activation energy, which further generates the 𝑅𝐶𝑇 . Then the concentration 

polarization starts to affect the R. Lithium ions are released into the electrolyte, and electrons 

are transferred into the positive electrode. The diffusion speed of lithium ions is much slower 

than the electrons, which causes concentration difference, leading to the generation of the 𝑅𝑃 , 

especially at high charge/discharge rates. For 0.5C, 1C and 1.5C, the �⃗� changes with the charge 

rate. However, the peak values of  �⃗� at 1.5C and 2C are similar, which are 393 W/m2 and 416 

W/m2, respectively. It is reflected by the voltage data, as shown in Figure 69(b). At 120s, the 

battery voltage under both 1.5C and 2C rates are close to the cut-off limits, which are 4.14V 

and 4.17V, respectively. The rapid voltage increase is mainly due to the concentration 

polarization.  

After the heat flux reaches the peak, the �⃗� starts to decrease with a trend consistent with the 

current change. Under the 1.5C and 2C rates, the �⃗� starts to decrease rapidly after 120s, so do 

the current rates. While under 1C rate, a clear 3-stage process can be observed, with the �⃗� 

dropping fast with time first, followed by a slow rate of decrease and finally a fast drop again. 

Under the 0.5C rate, a 2-stage process is apparent with the �⃗� decreasing relatively quick first, 

followed by a slow decreasing process. During this period, the excess activation energy is not 

required for the reaction, and a stable concentration gradient is formed. Hence both 𝑅𝐶𝑇 and 

𝑅𝑃 decrease to a low level. As shown in Figure 70, the 𝑅𝐶𝑇 and 𝑅𝑃 drop to ~0.01 Ω at 50% 

SoC. The 𝑅𝑂 still takes a role in the battery system as it does not change with SoC.  
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The final stage is a period within which the �⃗� is zero. The reason for this is that, during this 

period, although the sum 𝑅𝐶𝑇 and 𝑅𝑃 reaches a peak value of ~0.09 Ω, the battery is charged at 

potentiostatic mode, which means a low current rate. As shown in Figure 69 (b), the current 

rate gradually decreases, and hence the heat generation is negligible. Similarly, no heat 

generation period has been observed in other published studies, using accelerating rate 

calorimeters (ARC) to characterize the battery heat generation [203]. 

 

Figure 70 Internal resistance of a testing lithium-ion battery at different SoC at 20 oC 
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(a) 

 

(b) 

Figure 71 Characteristics of a Panasonic NCR18650B discharged at 0.5C, 1C, 1.5C and 2C: (a) 

The heat flux �⃗⃗⃗� (b) The voltage and current 

Figure 71(a) shows the heat flux profile of a battery discharge process as a function of time. 

The heat flux �⃗� is also seen to depend on the current rate; a high discharge rate leads to a high 

�⃗�. Similar to the charge process, the discharge process can also be divided into stages. When 

the discharge starts, the �⃗� reaches its maximum value almost instantly and the peak value 

increases with the increasing current rate; at 0.5, 1, 1.5 and 2C, the peak values of �⃗�  are 

respectively 40, 192, 411 and 917 W/m2. This significant increase in �⃗� at the initial stage is 

attributed to the effect of the R. After the peak heat flux, the �⃗� decreases with time due to the 

stabilization of the RCT and RP, and the rate of decrease declines with time. For the 0.5C, 1C 

and 1.5C rates, the last stage of discharge is different from the final stage of the charging 

process towards, where the voltage under these current rates decreases dramatically, whereas 

the �⃗� rises.  At the end of the discharge process, the values of the �⃗� at 0.5C, 1C and 1.5C rates 

are respectively 111, 157 and 181 W/m2. During this period the positive cathode is rich in 

lithium ions due to a poor ability to absorb lithium ions, leading to the generation of the RCT 

and RP. As shown in Figure 70, the sum of the RCT and RP at 10% SoC reaches its peak of 

0.09 Ω. However, at the 2C discharge rate, the �⃗� does not show an increase towards to the end 
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of  the process. This could be the reason that the R at high discharge rates is always at a high 

point, which could not give a sudden increase.  

 

Figure 72 Heat flux of a lithium-ion battery under 3 cycles of charge and discharge at different 

rates  

In order to examine the performance of the active cooling based BTMS with CPCM, different 

operation conditions were studied. Figure 72 shows the results obtained by using the thermal 

characteristics of the battery over three charge-discharge cycles at 0.5C and 2C 

charge/discharge rates as the input. The reasons the taking the two rates are that the 0.5C current 

rate can serve the normal charge with a regular EV driving profile, and 2C current rate can 

represent the fast charge with a fast EV driving profile. An active cooling based BTMS with 

CPCM was studied numerically. The definition of a proper operation here refers to constraints 

including an upper limit of the battery temperature and maximum temperature difference 

within individual cells. As indicated by the battery supplier, the maximum working temperature 

of the lithium-ion battery is 333K, and the temperature difference within a single cell in a 

battery module should not exceed 5K. 
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5.2. Energy efficiency characterization  

 

(a) 

 

(b) 

Figure 73 (a) Charge voltage and current and (b) discharge voltage of Panasonic NCR18650B 

battery under 1C current rate and 20, 30, 40, 50, and 60 oC 
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When charged under a 1C current rate, the cell first undergoes a constant current charging 

progress. As can be observed in Figure 73 (a), the charge voltage at 0s of charge starts from 

3.3V to 3.6V at different charge temperatures, and the battery has a lower start voltage at a 

higher temperature. The dependency of the start voltage on temperature is attributed to battery 

polarization, which leads to the sudden voltage increase when the battery charging starts, and 

is caused by the internal resistance includes the 𝑅𝑂, 𝑅𝐶𝑇  and 𝑅𝑃 . Once the battery starts to 

operate the internal resistance begins to affect the battery. The 𝑅𝑂  immediately causes the 

voltage increase, followed by 𝑅𝐶𝑇 and 𝑅𝑃, leading to a further increase in the start voltage of 

the battery.    

At the start of the battery charge, the voltage increases and hits the 4.17V upper cell voltage 

limit. The time for this process ranges from 1000s to 2400s at different charge temperatures, 

and a shorter period is needed to reach the upper limit when the battery is charged under lower 

temperature. The difference can also be explained by battery polarization. Low temperature 

causes high internal resistance, leading to unexpected high initial battery voltage and 

unanticipated shorter plateau of the current during the charging process. The constant current 

charge process of the battery provides most of the energy in one charge. There have been many 

reports on the fast charging technology on mobile phones and electric vehicle,  claiming that 

80% of the battery energy can be charged within 30 minutes [219,220]. The 80% limit is 

precisely the constant current charge process where the battery can be charged under 2C or 

even higher current rate. After the constant current charge, the battery is charged under constant 

voltage process, and the current of the battery decreases until it reaches the current lower limit 

(65mA with Panasonic NCR18650B battery). The constant voltage charge process under a low 

current charge is much less efficient than a constant current process, as indicated in Figure 73 

(a). 80% of the total charge time could only provide 20% of the electrical energy. The current 

of the battery under different temperatures also varies, which is consistent with the voltage 

change. The time of the constant voltage charge process of the cell under 20 oC is the longest. 

It is because a smaller portion of the electrical energy is charged into the battery compared with 

the cell under high temperatures, and the remaining space needs to be filled with a slow 

constant voltage process. Charging at 60 oC, the current of the battery remains at a constant 

value for the longest period and starts to drop at the 2400s. However, the subsequent dramatic 

declining leads to the overall charging completion at the earliest around 6000s. The results have 

shown that higher temperature could significantly increase the charge speed with a longer fast 

constant current charge period and a shorter slow constant voltage charge period.  
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When discharged under 1C current rate, the cell undergoes a constant current discharging. The 

open circuit voltage (OCV) of the battery is at 4.18V. As shown in Figure 73 (b), when the 

discharge starts, the degree of battery polarization is also different. The starting discharge 

voltages of the cells under 20, 30, 40, 50, and 60 oC are observed to be 3.81V, 3.85V, 3.88V, 

3.89V and 3.9V, respectively. The sudden voltage drop is also caused by battery polarization 

which is essentially the effect of internal resistance. The internal resistance is temperature-

dependent, and the lower the temperature, the higher the battery polarization. The discharge 

cut off voltage of the Panasonic NCR18650B is 2.5V, with a lower starting discharge voltage, 

the voltage range for the battery to discharge is undoubtedly smaller, leading to a shorter 

discharge time and lower discharge energy. With the cell continues to discharge, the cell 

voltage had a steep decline, the rapid decrease is caused by the increase of charge transfer 

resistance 𝑅𝐶𝑇  and the polarization resistance 𝑅𝑃  when it close to the end of discharge. As 

shown in Figure 70, the 𝑅𝐶𝑇 and 𝑅𝑃 are the lowest at 50% SoC and increase when the SoC is 

further decreased. The rapid drop of the battery voltage is seen in the range of 2700s to 3500s 

at different discharge temperatures. The time is temperature-dependent which is also due to the 

internal resistance.  An elevated internal resistance of the battery causes more heat generated 

during the discharge (the irreversible heat), reduces the energy which can be taken from the 

battery, and eventually affects the energy efficiency of the battery. The current effect on the 

battery charge and discharge performance is further studied in the following section.   

 

(a) 
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(b) 

Figure 74 (a) Charge voltage and current and (b) discharge voltage of Panasonic NCR18650B 

battery under 0.5C, 1C and 2C current rate under 20oC 

 

(a) 
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(b) 

Figure 75 (a) Charge voltage and current and (b) discharge voltage of Panasonic NCR18650B 

battery under 0.5C, 1C and 2C current rate under 30oC 

 

(a) 
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(b) 

Figure 76 (a) Charge voltage and current and (b) discharge voltage of Panasonic NCR18650B 

battery under 0.5C, 1C and 2C current rate under 40oC 

 

(a) 
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(b) 

Figure 77 (a) Charge voltage and current and (b) discharge voltage of Panasonic NCR18650B 

battery under 0.5C, 1C and 2C current rate under 50oC 

 

(a) 
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(b) 

Figure 78 (a) Charge voltage and current and (b) discharge voltage of Panasonic NCR18650B 

battery under 0.5C, 1C and 2C current rate under 60oC 

As can be observed from Figure 74 to Figure 78, the current rate has a significant effect on the 

battery charge and discharge process. These results indicate that in all cases under 2C current 

rate, the battery polarization is the most significant, especially when the battery is charged. 

Comparing the 2C charging curve under 20-40 oC as shown from Figure 74 (a) to Figure 76 

(a), the charge voltage starts at the upper limit of 4.17V which means the battery is charged 

under a constant voltage from the very beginning. A high current rate is the leading causes of 

the severe battery polarization, at this point, a low charge/discharge temperature would 

aggravate the situation. In the case of 1C charge rate, the starting charge voltage ranges from 

3.6 to 3.7V with a constant current charge period of 1000 to 2000s. At the same temperature 

range, the battery polarization is further suppressed under 0.5C. The starting charge voltage is 

from 3.3 to 3.4V, and the constant current charge periods ranges from 4200 to 4500s. When 

the battery temperature increases to 50 oC, under 2C current rate, the starting voltage is 

observed to be at 4.1V, and 50s of constant charge process is observed (Figure 77(a)). At the 

same temperature, the constant current charge periods is the 2100s and 4500s under 1C and 

0.5C, respectively, which is 42 and 90 times that under 2C. Figure 78 (a) shows that when the 

battery is charged under 2C at 60 oC, the starting charge voltage of the battery is at 4V, and the 

constant current charge process maintains for 100s. Compared with 0.5C and 2C, there is more 

than 0.7V of difference. The constant current charge processes under 0.5C and 1C last 2500s 
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and 4300s, respectively. The current of the battery under 2C discharge rate starts at 6.4A, which 

is 2 and 4 times that under 1C and 0.5C charge, respectively. However, the current under 2C 

discharge declines much faster than that under 1C and 0.5C. At 60 oC, the current under 2C 

drops under the 1C current at 1000s and under the 0.5C current at the 2000s. Looking at Figure 

74(b) to Figure 78 (b), the battery polarization under 2C discharge process is less significant, 

as the starting voltage still dropped gradually to 3.7V at 60 oC, 3.6V at 50 oC, 3.55V at 40 oC, 

3.5V at 30 oC, and 3.35V at 20 oC. The starting voltages of 1C and 0.5C are similar and are 

maintained above 3.7V even at 20 oC.  

The results of the battery charging process have shown that the current rate could have a 

significant effect on battery charging behaviour, and the temperature could further influence 

the charging process. The battery polarization is severe under 2C current rate. The constant 

charge time decreases with the increase of charge current rate, under abusive 2C charge rate 

and at 20-40 oC, the constant charge period is observed to be 0s. Even at a high temperature of 

60 oC when the chemical reactions are active if charged under 2C current rate, the constant 

charge period is only 1/45 that under 0.5C. During the discharge process, the less significant 

current effect is observed under the discharge process compared with the charging process, 

while the starting discharge voltage difference between 0.5C and 2C is still 0.5V at 20 oC.  

The specific energy and power of the battery when charged/discharged under different current 

rates and different temperatures are shown in Figure 79 to Figure 81. Most of the results show 

a linear relationship under the same current rate, the linear fitted curve is also plotted with the 

summary of the curves shown in Table 19 to Table 21. 
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Figure 79 Specific energy and specific power under 0.5C charge/discharge as a function of 

temperature. Red lines are linear fitting curves 

Table 19 Summary of the fitted curve of the specific energy and specific power under 0.5C 

current from 20-60 oC 

  

Intercept 
 

Slope 
 

Statistics 
  

Value Standard 

Error 

Value Standard 

Error 

Adj. R-

Square 

Charge Specific 

energy 

236.49 2.39 0.62 0.05 0.96 

 
Specific 

power 

73.47 1.53 0.55 0.03 0.98 

Discharge Specific 

energy 

205.16 1.92 0.47 0.04 0.96 

 
Specific 

power 

113.41 1.93 0.26 0.04 0.89 
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Figure 80 Specific energy and specific power under 1C charge/discharge as a function of 

temperature. Red lines are linear fitting curves 

Table 20 Summary of the fitted curve of the specific energy and specific power under 1C 

current from 20-60 oC 

  

Intercept 
 

Slope 
 

Statistics 
  

Value Standard 

Error 

Value Standard 

Error 

Adj. R-

Square 

Charge Specific 

energy 

225.39 10.98 0.67 0.25 0.59 

 
Specific 

power 

99.70 7.45 0.93 0.1 0.87 

Discharge Specific 

energy 

177.06 4.78 0.85 0.11 0.93 

 
Specific 

power 

212.43 0.50 0.16 0.01 0.97 
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Figure 81 Specific energy and specific power under 2C charge/discharge as a function of 

temperature. Red lines are linear fitting curves 

Table 21 Summary of the fitted curve of the specific energy and specific power under 2C 

current from 20-60 oC 

  

Intercept 
 

Slope 
 

Statistics 
  

Value Standard 

Error 

Value Standard 

Error 

Adj. R-

Square 

Charge Specific 

energy 

192.94 5.85 1.02 0.13 0.93 

 
Specific 

power 

116.92 1.40 0.73 0.03 0.99 

Discharge Specific 

energy 

138.07 4.43 0.69 0.10 0.91 

 
Specific 

power 

378.51 2.78 0.76 0.06 0.97 

 

As can be observed in Figure 79, when charged under 0.5C at 20 oC, the specific energy is 

248wh/kg. As indicated in Table 19, with every 10 oC of the temperature increase, the energy 

charged into the battery is increased by 6.2 Wh/kg. The same increase can be observed for the 
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specific power. The specific power under 0.5C at 20 oC is 83 W/kg, and the increment is 5.6 

W/kg with every 10 oC of temperature increase. The discharge process is also significantly 

affected by temperature.  The discharge specific energy under 0.5C at 20 oC is 216 Wh/kg, and 

with an every 10 oC increase, the specific energy increases by 4.8 Wh/kg. The discharge power 

under 0.5C at 20 oC is 119 W/kg, and the increment is 2.7 W/kg for every 10 oC increase. The 

discharge specific energy is lower than the charge specific energy while the discharge specific 

power is higher than the charge specific power. Although the coulombic efficiency (the 

efficiency with which charge is transferred in the battery facilitating an electrochemical 

reaction) of the commercial LIB can reach 99%, the existence of battery polarization 

determines that the voltage efficiency (ratio of the average discharge voltage to the average 

charge voltage) is normally under 95%. This can be aggravated under abusive discharge 

conditions, e.g. low temperatures and high discharge current rates. Therefore, the charged 

energy, which is the input into the battery, cannot be fully extracted when discharged. While 

the reason for the high specific discharge power is under discharge, the battery has a constant 

current. As can be observed from Figure 74 to Figure 78, the majority of the charging process 

is under a constant voltage with a decreasing current, which causes a long operation time and 

a low power.  

When the charge/discharge current rate is increased to 1C current rate, the battery can deliver 

a much improved power but a slightly decreased energy. Figure 80 shows under 1C charge rate 

and at 20 oC, the specific energy of the cell is 230.04 Wh/kg, which is 18Wh/kg lower than the 

value under the 0.5C rate. As the current rate is increased, the specific charge power under 1C 

is 113 W/kg, which is 31W/kg higher than that under 0.5C operation. At 20 oC, the discharge 

specific power is significantly increased to 216W/kg, which is almost twice of that under a 

0.5C operation.   

When the cell is discharged under 2C current rate at 20 oC, the specific power is almost 2 times 

that under 1C and 4 times that under 0.5C (Figure 81). However, the specific energy is 80% 

and 71% under 1C and 0.5C, respectively. A higher current rate causes a more severe 

polarization, and a lot of electrical energy has been dissipated as irreversible heat, as reflected 

in Figure 71 (a), which shows that the heat flux under 2C discharge is much higher than 1C 

and 0.5C. When temperature increases, the loss of electrical energy under 2C current rate is 

eased. At 60 oC the specific energy under 2C discharge is 81% and 79% that under 1C and 

0.5C, respectively. In the case of 2C charge, the loss of electrical energy due to the high current 
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rate is not very significant. At 20 oC the specific energy is 214 Wh/kg, which is 86% that under 

0.5C, while the charge time is only 55% that under a 0.5C operation. With the charge 

temperature increased to 60 oC, the difference in the specific energy between 2C and 0.5C only 

gives a 5% difference, while the charge time can be saved by 37% under a 2C current rate.  

Battery charging under a high current rate is very common, which benefits the electric vehicle 

market. One of the factors that limit the development of electric vehicle is the much longer 

battery charge time than the refuel of petrol or diesel. The results suggest that charge under a 

high current rate could achieve a much-improved power with a shorter charge speed, but a 

slightly reduced energy efficiency. The appears to support the reliability of fast charging 

technology. Although charging under a high current rate could cause a relatively high 

temperature of the lithium-ion battery, an efficient battery thermal management system can be 

a solution.  

 

Figure 82 Ragone plot for a battery charged under 20-60 oC 
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Figure 83 Ragone plot for a battery discharged at 20-60 oC. Red lines are linear fitting curves 

To further summarise the results, Ragone plots of the specific power as a function of specific 

energy are produced, see Figure 82. The results from the battery charging under different 

temperatures. It shows that high power and high energy could be achieved at a relatively high 

battery temperature. The battery specific energy is less sensitive to power at 60 oC, as when the 

specific power increases from 106 to 160 W/kg, the specific energy only decreases by 22 

Wh/kg. In the case of 20 oC, when the specific power increases from 83 to 131 Wh/kg, the 

specific energy decreases by 34Wh/kg. Another conclusion is that the specific energy generally 

decreases with increasing power when charged under the same temperature.  

The discharge behaviour under different temperatures is shown in Figure 83. Temperature 

effect on the battery energy can be observed from the results. At the same specific power, the 

specific energy generally increases with increasing temperature.  
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The round-trip efficiency (RTE) has been widely used to indicate the efficiency of energy 

storage technologies, including pumped-hydro energy storage, liquid air energy storage, 

flywheel energy storage, etc.  When applied to battery energy storage, it is defined as the energy 

input to the battery can be retrieved: 

𝜂𝑟𝑡 =
𝑄𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦𝑜𝑢𝑡𝑝𝑢𝑡

𝑄𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦𝑖𝑛𝑝𝑢𝑡
                                                            (53) 

The RTE of the battery when discharged under different current rates and different 

temperatures are shown in Figure 84. As can be observed from the figure, the current rate has 

the most significant effect on the RTE. At 20 oC, the difference of RTE between 0.5C and 2C 

current rates was 25%. Under all current rates, the RTE gradually increases with increasing 

temperature. The RTE difference between 0.5C and 2C current rate is reduced to 19% at 60 oC.  

  

Figure 84 Round trip efficiency of the battery as a function of temperature when discharged 

under 0.5C, 1C and 2C current rate (the input energy when the battery was charged at 30 oC 

and under 0.5C current rate was chosen as the charging energy) 

5.3. Summary of chapter 5 

Heat flux of lithium-ion battery during both charge and discharge process is highly dependent 

on the current rates; a higher current rate leads to a higher heat flux. Heat flux during both 

charge and discharge processes exhibit multiple stages, which is affected by the RCT and RP. 

RCT and RP are relatively higher at high and low SoC, low and stable at 50% SoC. As a result, 
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the heat flux of the battery reached its peak when the charge/discharge began, then decreased 

along with the decrease of RCT and RP. At the end of the discharge, heat flux started to increase 

again due to the elevated RCT and RP, except at a high current rate. Although RCT and RP are 

also high during the end of the charging process, the battery was charged at potentiostatic mode, 

and the current rate is low, so the heat generation became negligible. 

The battery performance is highly dependent on the current rate and operating temperature. 

Under low operation temperature, battery polarization is aggravated and causes reduced 

constant current charging time and discharging time. It prolongs the charging time and 

decreases the discharging time and leads to reduced battery performance in terms of the specific 

energy and specific power. Under 0.5C discharge current rate, the specific energy and specific 

power at 20 oC is 93% and 82% of which at 60 oC, respectively. The high current rate could 

further aggravate battery polarization. The LIB could observe much shorten constant current 

charging time and discharging time. At 20 oC, when the discharge rate is improved to 2C, the 

battery will have 28% of loss in specific energy. Although the high current rate causes reduced 

specific energy due to heat generation, it greatly saves the charging time. The specific power 

is increased proportionally to the current rate. At 60 oC, the charge time under 2C current rate 

is only 63% of which under 0.5C with only 5% of specific energy loss.  
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Chapter 6 Experimental and numerical investigation into 

active cooling-based battery thermal management system using 

composite phase change materials   

This chapter presents the work on thermal management of two active cooling-based battery 

thermal management systems using composite phase change materials with different designs. 

The work on the battery thermal management system using a round tube focuses on the effect 

of inlet velocity of cooling liquid and the current rate on the thermal management performance. 

The work on the battery thermal management system using a tabular tube focuses on the effect 

of material type on the thermal management performance under multi charge-discharge cycles. 

The research on battery thermal management system using tabular shaped cooling channels 

[221] has been previously published in International Journal of Energy Research in 2020.  
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6.1. Battery thermal management system using round-shaped cooling channels  

6.1.2. Experimental investigation on the battery thermal management system  

 

 

(a) (b) 

 

 

(c) (d) 

Figure 85 Average cell temperature (𝑻𝒂𝒗𝒆) as a function of time from the experimental test 

(solid lines) and numerical modelling (dash lines). The cell was discharged under 1C current 

rate at an initial discharge temperature of 298K, with inlet velocity of the heat transfer fluid 

(HTF) to be 0.005 m/s. (a) Cell 1 (b) Cell 6 (c) Cell 11 (d) Cell 16 

Figure 85 shows the average cell temperature, 𝑇𝑎𝑣𝑒, as a function of time for cells 1, 6, 11 and 

16, see Figure 46 for battery layout. One can see that the measured and calculated 𝑇𝑎𝑣𝑒 

increases with time from 298K to 303-304K. The simulation results show an excellent match 

with 𝑇𝑎𝑣𝑒 from the device test, with a maximum temperature difference (∆𝑇𝑚𝑎𝑥) below 0.5K. 

This indicates a good accuracy of the model.  
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Since the BTMS module was spitted into two parts with two layers of cooling tubes, both the 

temperature of the top and bottom parts of the cells were monitored using thermocouples.  

Table 22 Cell temperature difference (∆𝑻) between the upper and lower part of the cells. The 

device was tested under 0.5C discharge at 298K, with the inlet velocity of the HTF to be 0.02, 

0.01, 0.005, 0.003, 0.001 and 0 m/s. 

 

 

Figure 86 Cell temperature difference as a function of time between the upper and lower part of 

the cells. The device was tested under 0.5C discharge at an initial discharge temperature of 

298K, with the inlet velocity of the HTF to be 0.005 m/s 

Table 22 lists the ∆𝑇 of the 2 cells close to the inlet of the HTF, with Figure 86 showing an 

example of the results.  As can be observed, there was little difference between the upper and 

lower parts, which is important for the performance and safety of battery operation.  

 Cell temperature difference (K) 

Cell 

number  

0.02m/s 0.01m/s 0.005m/s 0.003m/s 0.001m/s 0m/s 

1 0.1 0.04 0.04 0.06 0.02 0.25 

6 0.25 0.14 0.14 0.1 0.08 0.03 
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With the heat transferred to the HTF from the batteries close to the fluid inlet, the cells at the 

back of the flow path would have been heated up, leading to a more significant temperature 

difference.  

 

Figure 87 Temperature difference as a function of time between the upper and lower part of the 

cell 11. The device was tested under 0.5C discharge at an initial discharge temperature of 298K, 

with the inlet velocity of the HTF to be 0.02, 0.01, 0.005, 0.003, 0.001 and 0 m/s 

Figure 87 shows that, without HTF cooling, ∆𝑇 within the cell 11 is negligible with only 0.1K. 

∆𝑇 within the cell starts to increase with HTF cooling. Although the differences are all within 

a reasonable range, this still brings risk to the battery operation. With a relatively low inlet 

velocity (0.003 and 0.001m/s), ∆𝑇 tends to be less significant as it is less than 0.3K. At a higher 

inlet velocity of 0.005 and 0.01m/s, ∆𝑇 reaches 0.6K. At ν𝑓,in = 0.02m/s, ∆𝑇 drops due to the 

effective cooling from the HTF.  
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Figure 88 Temperature difference as a function of time between the upper and lower part of the 

cell 16. The device was tested under 0.5C discharge at 298K, with the inlet velocity of the HTF 

to be 0.02, 0.01, 0.005, 0.003, 0.001 and 0 m/s 

With the HTF flowing to the cell 16, which is the farthest from the inlet of the HTF, ∆𝑇 

becomes more significant. This can be observed in Figure 88. At ν𝑓,in =

0.02. 0.01 and 0.005m/s, ∆𝑇 is observed to be between 1.6K and 1.8K, whereas under a lower 

inlet velocity, the maximum cell temperature difference is 0.25K. Like cell 11, ν𝑓,in =

0.01 and 0.005m/s give ∆𝑇 the most significant values. This has also been observed in the 

numerical results; see below for more details.  
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6.1.2. Numerical investigation on the battery thermal management system  

6.1.2.1. Effect of inlet velocity of heat transfer fluid on battery module temperature 

 

Figure 89 Maximum cell temperature (𝑻𝒎𝒂𝒙) as a function of time when the device was tested 

under 0.5C discharge at an initial discharge temperature of 298K, with the inlet velocity of the 

HTF to be 0.02, 0.01, 0.005, 0.003, 0.001 and 0 m/s 

Figure 89 shows the maximum temperature 𝑇𝑚𝑎𝑥 as a function of time. High inlet velocity of 

HTF gives a low 𝑇𝑚𝑎𝑥. The battery temperature has only a 2K increase from the initial value 

at ν𝑓,in = 0.02m/s. 𝑇𝑚𝑎𝑥 increases gradually with reducing inlet velocity, when ν𝑓,in = 0m/s, 

the battery has a linear temperature increase against the discharging time, and 𝑇𝑚𝑎𝑥 reaches 

307K when discharge is ended.  

 

Figure 90 Heat transfer rate between the CPCM module and the heat transfer fluid as a 

function of time when the device was tested under 0.5C discharge at an initial discharge 
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temperature of 298K, with the inlet velocity of the HTF to be 0.02, 0.01, 0.005, 0.003, 0.001 and 0 

m/s 

The velocity effect on the BTMS cooling performance has also been reflected by the heat 

transfer rate between the CPCM model and the HTF. Figure 90 shows that under the same 

discharging period, the heat transfer rate increases with increasing inlet velocity of HTF, and 

reaches 2.2W at ν𝑓,in = 0.02m/s, which is the highest under the conditions studied. With the 

same discharge current rate, this gives the greatest thermal control on the maximum battery 

temperature.  

 

Figure 91 Maximum temperature difference (∆𝑻𝒎𝒂𝒙) within single cells as a function of time 

when the device was tested under 0.5C discharge at an initial discharge temperature of 298K, 

with the inlet velocity of the HTF to be 0.02, 0.01, 0.005, 0.003, 0.001 and 0 m/s 

A meticulous study shows that, for a single cell, the growing trend of ∆𝑇𝑚𝑎𝑥changes with the 

increasing HTF velocity.  ∆𝑇𝑚𝑎𝑥  within the battery module can also be reduced with HTF 

velocities higher than 0.01m/s, which elevates the cell temperature difference. The heat 

accumulates in the HTF which heats up the cells at the back of the cell. As can be observed 

from Figure 91, ∆𝑇𝑚𝑎𝑥 is only 0.2K when there is only CPCM cooling. ∆𝑇𝑚𝑎𝑥 reaches 1.2K 

with the use of HTF at ν𝑓,in = 0.003 and 0.005m/s . Although ∆𝑇𝑚𝑎𝑥  decreases with the 

increase of inlet velocity, it is still 0.4K at ν𝑓,in = 0.02m/s.  
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Figure 92 Temperature distribution of the BTMS module at the end of the operation with 

different cooling methods. The BTMS module was discharged under 2C current rate at an 
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initial discharge temperature of 298K (a) 𝛎𝒇,𝐢𝐧 = 𝟎. 𝟎𝟐𝐦/𝐬 (b) 𝛎𝒇,𝐢𝐧 = 𝟎.𝟎𝟏𝐦/𝐬 (c) 𝛎𝒇,𝐢𝐧 =

𝟎. 𝟎𝟎𝟓𝐦/𝐬 (d) 𝛎𝒇,𝐢𝐧 = 𝟎. 𝟎𝟎𝟑𝐦/𝐬 (e) 𝛎𝒇,𝐢𝐧 = 𝟎. 𝟎𝟎𝟏𝐦/𝐬 (f) 1C discharge, 𝛎𝒇,𝐢𝐧 = 𝟎𝐦/𝐬  

Under a 2C discharge current rate, ∆𝑇𝑚𝑎𝑥 is more significant. Figure 92 shows the temperature 

distribution within the BTMS module at different inlet velocities of HTF. At the highest 

velocity of ν𝑓,in = 0.02m/s , ∆𝑇𝑚𝑎𝑥  within different cells is 6K (Figure 92(a)). ∆𝑇𝑚𝑎𝑥 

increases to 8K with a lower inlet velocity of ν𝑓,in = 0.01 and 0.005m/s, and it drops back to 

6K with a further decrease in the inlet velocity to ν𝑓,in = 0.003 and 0.001m/s. The same 

behaviour can also be observed on ∆𝑇𝑚𝑎𝑥 within the same cell in the module (Figure 92). At 

ν𝑓,in = 0.02m/s , ∆𝑇𝑚𝑎𝑥  within the same cell is 2K, and it increases to 4K at ν𝑓,in =

0.01, 0.005 and 0.003m/s. Where the inlet velocity drops to 0.001m/s, ∆𝑇𝑚𝑎𝑥 is again 2K. 

Without the HTF cooling, ∆𝑇𝑚𝑎𝑥 is neither be observed within different cells nor in the same 

cell. Although the temperature difference is controlled well under both high and low inlet 

velocities, under a high discharge current rate, a high inlet velocity is still required to further 

bring down the maximum battery temperature.  

6.1.2.2. Effect of current rate on battery module temperature 

 

Figure 93 Maximum cell temperature as a function of the depth of discharge when the device 

was tested under 0.5C, 1C and 2C discharge at an initial discharge temperature of 298K, with 

the inlet velocity of the HTF to be 0.02 and 0 m/s 

𝑇𝑚𝑎𝑥 is found to be affected by the battery discharge current rate, which is shown in Figure 93. 

One can see that under a high inlet velocity of liquid cooling (ν𝑓,in = 0.02m/s), 𝑇𝑚𝑎𝑥 under 
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0.5C and 1C is around 300K, while under 2C 𝑇𝑚𝑎𝑥 increases by 8K, reaching 308K. At ν𝑓,in =

0m/s there is also a 8K of temperature difference when comparing 𝑇𝑚𝑎𝑥  between 2C and 

1C/0.5C.  

 

Figure 94 Heat transfer rate between the CPCM module and the heat transfer fluid as a 

function of time when the device was tested under 0.5C discharge at an initial discharge 

temperature of 298K, with the inlet velocity of the HTF to be 0.02, 0.01, 0.005, 0.003, 0.001 and 0 

m/s 

A higher discharge current rate can cause a high heat transfer rate within the BTMS module. 

This is shown in Figure 94, one can see the heat transfer rate between the CPCM module and 

HTF is 14W at the end of discharge, when discharged under 2C at ν𝑓,in = 0.02m/s. With the 

same inlet velocity, the heat transfer rate was only 4W and 2W under 1C and 0.5C, respectively. 

Without HTF cooling, the difference of heat transfer rate is small with only 1W of difference.  



153 

 

 

 

Figure 95 Temperature of the BTMS module at the end of the operation with different cooling 

methods. The BTMS module was discharged at an initial discharge temperature of 298K and 

without HTF cooling (a) 0.5C discharge (b) 1C discharge (c) 2C discharge 

As shown in Figure 95, although the temperature of the BTMS reaches the maximum when 

there is no HTF cooling, under all discharge rates, there was no temperature difference between 

the cells. 

The current rate influences the cell temperature difference when the HTF cooling is used. The 

temperature gradient is also built up within the BTSM, as can be observed in Figure 96. Under 

0.5C discharge and at ν𝑓,in = 0.003m/s , there is a 3K of ∆𝑇𝑚𝑎𝑥 within different cells. 

∆𝑇𝑚𝑎𝑥 within the battery module increases to 6K when the discharge rate is increased to 2C 

(Figure 96 (e)), forming a 3K of temperature difference compared with ∆𝑇𝑚𝑎𝑥  at ν𝑓,in =

0.003m/s. Temperature difference above 5K can lead to different OCV between single cells, 

leading to a short circuit. With more cycling of the battery module, the degree of battery ageing 

is different. Eventually, the single cells will have different capacities and hence affect the safety 

and performance. When the inlet velocity of HTF is increased to 0.02m/s, ∆𝑇𝑚𝑎𝑥 within 

different cells is reduced to 1K in the case of 0.5C and 1C discharge. Under 2C discharge rate, 

the value is 6K.  

Controlling the temperature difference within the same cell is also crucial as high temperature 

differences can also cause hazards. Under 0.5C and 1C discharge, ∆𝑇𝑚𝑎𝑥 within  a single cell 

can be controlled below 3K when discharged at ν𝑓,in = 0.003m/s (Figure 96 (a) and (c)). 

Under the same velocity, ∆𝑇𝑚𝑎𝑥 increases to 4K at a discharge rate of 2C. By increasing the 
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velocity to 0.02m/s, ∆𝑇𝑚𝑎𝑥 within a cell is reduced to 2K which is still 1K higher than that 

under 0.5C and 1C.  

 

Figure 96 Temperature distribution of the BTMS module at the end of the operation with 

different cooling methods. The BTMS module was discharged at an initial discharge 

temperature of 298K (a) 0.5C discharge, 𝛎𝒇,𝐢𝐧 = 𝟎𝐦/𝐬 (b) 0.5C discharge, 𝛎𝒇,𝐢𝐧 = 𝟎. 𝟎𝟎𝟑𝐦/𝐬 (c) 
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0.5C discharge, 𝛎𝒇,𝐢𝐧 = 𝟎. 𝟎𝟐𝐦/𝐬 (d) 1C discharge, 𝛎𝒇,𝐢𝐧 = 𝟎𝐦/𝐬 (e) 1C discharge, 𝛎𝒇,𝐢𝐧 =

𝟎. 𝟎𝟎𝟑𝐦/𝐬 (f) 1C discharge, 𝛎𝒇,𝐢𝐧 = 𝟎.𝟎𝟐𝐦/𝐬 (g) 2C discharge, 𝛎𝒇,𝐢𝐧 = 𝟎𝐦/𝐬 (h) 2C discharge, 

𝛎𝒇,𝐢𝐧 = 𝟎. 𝟎𝟎𝟑𝐦/𝐬 (i) 2C discharge, 𝛎𝒇,𝐢𝐧 = 𝟎. 𝟎𝟐𝐦/𝐬 

6.2. Battery thermal management system using tabular shaped cooling channels 

From this section onward, the results of BTMS using tabular shaped are presented for 

continuous multi-charge and discharge cycles. The effects of material type, liquid cooling 

capacity and battery current rate on the performance of BTMS are discussed. As mentioned in 

Section 3.2.1, the cooling channels occupy more space within the CPCM module while the 

heat transfer area of the tabular channels is 7 times higher than the round tube design.  

6.2.1. Single charge/discharge 

 

(a) 0.5C charge 
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(b) 2C charge 

 

(c) 0.5C discharge 
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(d) 2C discharge 

Figure 97 Time evolution of  average battery surface temperature within the battery pack 

without cooling (under adiabatic condition), and at heat transfer fluid inlet velocity 𝛎𝒇,𝐢𝐧 =

𝟎. 𝟎𝟎𝟏 𝐚𝐧𝐝 𝟎. 𝟎𝟏𝐦/𝐬 with EG based CPCM and copper foam-based CPCM for cooling, under 

(a) 0.5C charge (b) 2C charge (c) 0.5C discharge and (d) 2C discharge 

Figure 97 shows the average temperature, 𝑇𝑎𝑣𝑒 on the battery surface as a function of time 

under different operation conditions with different charge/discharge rates. The temperature 

variation without cooling measures and with different thermal management strategies are 

compared. Without any cooling measures, under a moderate 0.5C rate, at the end of the 

charging and discharging, the 𝑇𝑎𝑣𝑒 values are at 332K and 325K, respectively, which are under 

the upper safety limit (333K) of the lithium-ion battery. However, under a more abusive 2C 

rate, the 𝑇𝑎𝑣𝑒  exceeds the safety limit. Under 2C charge rate (fast charging scenario), 𝑇𝑎𝑣𝑒 

reaches 348K, whereas with 2C discharge, 𝑇𝑎𝑣𝑒 rises further to 360K. Compared with the initial 

temperature, there is a significant increase by 62K. Elevated battery temperatures accelerate its 

ageing as the rates of side reactions becomes significant. At this high temperature, thermal 

runaway could occur, leading to a safety hazard. 

When different cooling methods are applied, a significant level of temperature control is 

achieved. This can be observed from Figure 97, the maximum temperature using all cooling 

methods is observed to be 320K, under a safe battery operation condition. Under 2C discharge, 

at ν𝑓,in = 0.01m/s, with EG based CPCM cooling, 𝑇𝑎𝑣𝑒 can be controlled close to the initial 
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temperature. While with the other three cooling methods, a phase change process can be 

observed between ~500-900s, which is due to the inherent thermal regulation function of the 

PCM. The duration that 𝑇𝑎𝑣𝑒 can be maintained at the phase change temperature account for 

some 70% of the total discharge time with EG based CPCM at ν𝑓,in = 0.001m/s, showing that 

the PCM plays an important role in managing battery temperature.  

6.2.2. Multi charge-discharge cycles 

Figure 98 shows the battery temperature variation versus time with an EG based CPCM cooling 

unit under charge-discharge cycles, at different current rates. The time at which the upper safety 

limit (333K) occurs inversely proportional to the current rate: the higher the charge/discharge 

rate, the shorter the duration length.  

 

Figure 98 Time evolution of average battery surface temperature with only EG based CPCM 

cooling 

For operations with the 0.5C current rate including charge-discharge cycles of 0.5C-0.5C, 

0.5C-2C and 2C-0.5C, the time at which the upper safety limit is reached is observed to be 

30700s, 22500s and 10000s, respectively, after the first charge/discharge cycle. Under the 

0.5C-0.5C charge-discharge operation, after the first cycle (ending at t =19259s), 𝑇𝑎𝑣𝑒 reaches 

320K, which is still under the safe limit of 333K given by the manufacturer datasheet. However, 

EG based CPCM is not able to control the battery temperate with continuous operation. When 

the second charge/discharge cycle begins, the starting 𝑇𝑎𝑣𝑒 is 22K higher than the first cycle. 

T𝑎𝑣𝑒 reaches 333K at 30700s during the second charge period. Under 0.5C-2C rate, the first 

plateau occurred in the constant voltage charging period when the current decreased to a very 
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low level, and the heat generated from the battery is insignificant, hence the CPCM temperature 

remains constant. In the second plateau, when the battery is at constant current discharging 

period, the CPCM took effect and the battery heat is stored as latent heat, hence the temperature 

remained the same for a period. Under an abusive 2C-2C operation, EG/PCM cooling gives an 

unacceptable performance. At t = 2900s when the first discharge period begins, 𝑇𝑎𝑣𝑒  has 

already exceeded the safe temperature.  

 

Figure 99 Time evolution of average battery surface temperature at 𝛎𝒇,𝐢𝐧 =

𝟎. 𝟎𝟎𝟏, 𝟎. 𝟎𝟏 𝐚𝐧𝐝 𝟎. 𝟏𝐦/𝐬, with EG based CPCM and copper foam-based CPCM cooling, under 

2C-2C charge-discharge cycle 

To resolve the uncontrolled temperature increase, liquid cooling at ν𝑓,in =

0.001, 0.01 and 0.1m/s is used in the BTMS, which can boost the heat dissipation from the 

batteries and CPCM. Figure 99 compares 𝑇𝑎𝑣𝑒 with EG based CPCM and copper foam based 

CPCM, under three abusive 2C-2C charge-discharge cycles. Comparing with pure CPCM 

cooling (Figure 98),  𝑇𝑎𝑣𝑒 is significantly reduced due to the benefit of liquid cooling, with 

maximum temperature observed to be 325K with EG based CPCM cooling. A significant heat 

transfer enhancement is observed when comparing ν𝑓,in = 0.01𝑚/𝑠  with ν𝑓,in = 0.001𝑚/𝑠, 

with EG based CPCM the maximum temperature is reduced by 23K to 302K, and with copper 

foam-based CPMC the maximum temperature is observed to be 315K. These are both under 

the safe limit of 333K. However, further enhancement has not been achieved when the  ν𝑓,in is 

increased from 0.01m/s to 0.1m/s. The temperature variations at  ν𝑓,in = 0.01m/s and ν𝑓,in =

0.1m/s overlap each other, indicating that an increase in the flow rate can only enhance heat 
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transfer to a certain level, and hence in the following only the cases at ν𝑓,in =

0.001 and 0.01m/s will be discussed.  

 

 

(a) 0.5C-0.5C  

 

 

(b) 0.5C-2C  
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(c) 2C-0.5C 

 

(d) 2C-2C 

 

Figure 100 average cell temperature of cell (1), cell (9) and cell (20) during each cycle, at 𝛎𝒇,𝐢𝐧 =

𝟎. 𝟎𝟎𝟏 𝒂𝒏𝒅 𝟎. 𝟎𝟏𝒎/𝒔 and with EG based CPCM and copper foam-based CPCM cooling, under 

(a) 0.5C-0.5C, (b) 0.5C-2C, (c) 2C-0.5C and (d) 2C-2C charge-discharge cycle 

Figure 100 illustrates 𝑇𝑎𝑣𝑒 at different cycles under different operation conditions (positions of 

the are cells shown in Figure 47). The current rate has a significant impact on 𝑇𝑎𝑣𝑒, as can be 

observed from Figure 100. The maximum cell temperature is 308K under 0.5C-0.5C cycle, 

~317K under 0.5C-2C and 2C-0.5C cycles and a much higher value of 370K under 2C-2C 

cycle. It can also be concluded that EG based CPCM generally has a better cooling ability than 
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copper foam-based CPCM. This can be observed from Figure 100 (a), in the third cycle at 

ν𝑓,in = 0.001 𝑚/𝑠, with EG based CPCM cooling, 𝑇𝑎𝑣𝑒 of cell (20) is observed to be 6K less 

than the case with copper foam based CPCM cooling. Less temperature difference within the 

battery pack is apparent with EG based CPCM cooling. Under 0.5C-2C cycle (Figure 100 (b)), 

the maximum temperature difference (between cell 20 and cell 1) with copper foam-based 

CPCM cooling at ν𝑓,in = 0.001 𝑚/𝑠 is found to be 12K, while that with EG based CPCM 

cooling the temperature difference is only 6K. The T𝑎𝑣𝑒 is also seen to increase with cycle 

number, as shown in Figure 100 (d). With EG based CPCM cooling at ν𝑓,in = 0.001 𝑚/𝑠, the 

cell (20) temperature is 310K in the first cycle, and 323K in the second cycle. With copper 

foam-based CPCM cooling, the increment is 44K.  

 

Figure 101 Temperature distribution of the BTMS module under 0.5C-2C cycle at the end of 

the operation with different cooling methods. (a) 𝛎𝒇,𝐢𝐧 = 𝟎. 𝟎𝟎𝟏 𝒎/𝒔, copper foam based CPCM 

(b) 𝛎𝒇,𝐢𝐧 = 𝟎. 𝟎𝟎𝟏 𝒎/𝒔 EG based CPCM (c) 𝛎𝒇,𝐢𝐧 = 𝟎. 𝟎𝟏𝒎/𝒔 copper foam based CPCM (d) 

𝛎𝒇,𝐢𝐧 = 𝟎. 𝟎𝟏𝒎/𝒔 EG based CPCM 

Temperature differences within BMTS module can also be observed. The contour shown in 

Figure 101 clearly shows the non-uniformity of the temperatures with different cooling 

methods. Significant temperature gradients can result in mismatched capacities within single 
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cells, and the battery pack cannot release all stored energy. With copper foam-based CPCM 

cooling and at ν𝑓,in = 0.001 𝑚/𝑠 (Figure 101 (a)), after the 3 charge/discharge cycles, the 

temperature of the battery (1), which is close to the inlet of the fluid, rises by 19K, where the 

battery (20) which is close to the outlet of the fluid, rises by 24K, forming a 5K difference in 

the temperature. The significant temperature difference also forms on the single cell as 19K of 

temperature gradient can be observed between the two sides of the battery (20). With an 

increased  ν𝑓,in (Figure 101 (c)), lower temperature difference of 4K is observed within both 

the battery pack and the single cell. EG based CPCM provides an excellent temperature 

uniformity to the battery pack. As it is shown in Figure 101 (b) and Figure 101 (d), the 

maximum temperature difference within the battery module and single cell are kept of 5K. 

Dimensional analysis has been carried out on the numerical results. With an aim to generalize 

the finding. The results with the following dimensionless parameters:  

 Dimensionless time: 𝜏 =
𝐶𝑝(𝑇𝑖−𝑇𝑚)

𝐿

𝛼𝑡

𝑙2
                                                                                   (54) 

where 𝐶𝑝 is the specific heat capacity,  𝑇𝑖𝑛 is the initial temperature, 𝑇𝑚 is the phase change 

temperature, 𝐿 is the latent heat, 𝛼 is the PCM thermal diffusivity, t is the time elapsed, 𝑙 is the 

length through heat conduction.  

 Dimensionless temperature: 𝜃 = |
𝑇−𝑇𝑚

𝑇𝑖−𝑇𝑚
|                                                                                (55) 

 Nusselt number: 𝑁𝑢 =
�⃗⃗�

∆𝑇

𝑙

𝑘
                                                                                                     (56) 

where �⃗� is the heat flux, ∆𝑇 is the temperature difference between the 𝑇𝑓  and 𝑇𝑚  , 𝑘 is the 

thermal conductivity of HTF.  

  

(a) 0.5C-0.5C (b) 0.5C-2C 
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(c) 2C-0.5C (d) 2C-2C 

Figure 102 Dimensionless HTF temperature 𝛉 at 𝛎𝒇,𝐢𝐧 = 𝟎. 𝟎𝟎𝟏 𝐚𝐧𝐝 𝟎. 𝟎𝟏𝐦/𝐬, with EG based 

CPCM and copper foam based CPCM, under (a) 0.5C-0.5C, (b) 0.5C-2C, (c) 2C-0.5C and (d) 

2C-2C charge-discharge cycle 

Dimensionless HTF temperature θ against dimensionless time τ is shown in Figure 102. One 

can see from Figure 102(a), θ in all cases are maintained under 1, which shows that the CPCMs 

are in a solid state. This is due to a relatively low heat generation rate under the low current 

rate. In Figure 102(b), under 0.5C-2C charge-discharge rate, at ν𝑓,in = 0.01m/s the CPCMs 

are also in the solid state, which is resulted from the high heat transfer coefficient under a high 

inlet velocity. At ν𝑓,in = 0.001m/s, with EG based CPCM, there is a period within which θ = 

1. EG based CPCM exhibits an inherent thermal regulation function, maintaining the HTF 

temperature at the phase change temperature. While with copper foam-based CPCM, the phase 

change period does not last for a long time, and the CPCM changes into a liquid phase within 

a short duration. After each discharge period, i.e. at τ = 1.6 and 3.3 , the battery pack is 

charged under a low current rate, the θ is then able to be cooled down close to 0. The case 

under 2C-0.5C charge-discharge cycle shows similar results with the case under 0.5C-2C 

charge-discharge rate. Under abusive 2C-2C charge-discharge rate, at ν𝑓,in = 0.01m/s, with 

EG based CPCM the θ is still kept close to 0. With copper foam based CPCM, during most of 

the periods the HTF temperature is held under the phase change temperature. However, at 

ν𝑓,in = 0.001m/s, with EG based CPCM after the second charge period, i.e. at τ = 0.9, the 

HTF temperature is over the CPCM phase change temperature. The heat generated from 

previous charge-discharge cycle accumulates in the CPCM, and HTF is not efficient enough to 

cool down the CPCM under relatively low inlet velocity. The case with copper foam-based 

CPCM is out of control, and the  

θ reached 3.2 (𝑇𝑓=330K).  
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Figure 103  The Nusselt number of HTF at 𝛎𝒇,𝐢𝐧 = 𝟎. 𝟎𝟎𝟏 𝐚𝐧𝐝 𝟎. 𝟎𝟏𝐦/𝐬, with EG based CPCM 

and copper foam based CPCM, under (a) 0.5C-0.5C, (b) 0.5C-2C, (c) 2C-0.5C and (d) 2C-2C 

charge-discharge cycle 

The Nusselt number against the dimensionless time is shown in Figure 103. Since most of the 

time in all cases, Nu is lower than 1, it can be concluded that conduction heat transfer dominates 

the heat transfer process. Short periods of convective heat transfer can be observed with EG 

based CPCM under ν𝑓,in = 0.01m/s , i.e. τ = 1.4, 3.6 and 5.6  under 0.5C-0.5C charge-

discharge cycle, τ = 1.3, 3 and 4.5  under 0.5C-2C charge-discharge cycle and τ =

0.3, 1.5, 2.6 and 3.3 under 2C-0.5C charge-discharge cycle. It can also be observed from the 

results that, in all cases the Nu with EG based CPCM under ν𝑓,in = 0.01m/s is higher than 

other cases, and it leads to better temperature control than the other cases, as indicated in Figure 

100.  

 
 

(a) 0.5C-0.5C (b) 0.5C-2C 

  

(c) 2C-0.5C (d) 2C-2C 
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CPCM with high thermal conductivity filled the gaps between the cells and the cooling 

channels, and efficiently enhancing the heat transfer. If CPCM is not used, the gap between the 

cooling channels and cells will be air (very low thermal conductivity), and the temperature 

uniformity will be significantly reduced.  

6.3. Summary of chapter 6 

In chapter 6.1, the performance of active cooling based BTMS with copper foam-based CPCM 

was investigated experimentally and numerically. The experimental results showed an 

excellent match with the simulation results, with the maximum temperature deviation being 

0.5K. Both inlet velocity of the HTF and discharge current rate influenced the maximum 

temperature of the battery pack and the temperature difference within different cells and the 

same cell.  

With CPCM cooling only, the battery pack has a relatively high temperature as the heat 

accumulated in the CPCM and was not able to dissipate. The temperature difference was not 

observed due to the uniform heat transfer within the whole module. When liquid cooling was 

used, it efficiently reduced the temperature. Under 0.5C discharge rate, the maximum battery 

temperature was 7K higher than without liquid cooling. However, it caused the temperature 

non-uniformity within the battery module. The temperature difference was at a relatively low 

level at a low inlet velocity of HTF, and it increased with the increase of inlet velocity and 

reached the peak before the highest inlet velocity. The temperature difference then dropped at 

the highest inlet velocity. Under 2C discharge rate, the temperature difference within different 

cells was 6K at ν𝑓,in = 0.003 and 0.001m/s, and the difference increased to 8K at ν𝑓,in =

0.005 and 0.01m/s, then back to 8K at ν𝑓,in = 0.02m/s.  

The current rate also had a significant effect on the maximum temperature and temperature 

difference, and high current rate lead to higher maximum temperature and higher temperature 

difference. At ν𝑓,in = 0.02m/s, under 0.5C discharge rate both the maximum temperature 

difference within different cells and the same cell was 1K. While under 2C discharge rate, the 

maximum temperature difference reached 6K within different cells and 2K with the same cell. 

In a real application in EV, it is recommend that the hybrid BTMS based on liquid/CPCM 

cooling should be used. The liquid cooling can control the maximum battery temperature, and  

CPCM with high thermal conductivity brings temperature uniformity to the cells.  
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In chapter 6.2, the investigation on the BTMS focused on the comparison between EG based 

CPCM and copper foam-based CPCM, and the performance of BTMS under multi 

charge/discharge cycles. The performance of BTMS using CPCM has been explored 

numerically. The computational results indicate that with CPCM cooling only, battery 

temperature under low current rate can be controlled under only one charge/discharge 

operation. It is insufficient for continuous operation, and under high current rate, hence BTMS 

with liquid cooling was further studied.  

The effects of inlet velocity of HTF and material type on the performance of BTMS under 

different current rates have been examined. With 0.001m/s inlet velocity of liquid cooling and 

EG based composite cooling, the maximum battery temperature can be controlled below 325K 

under three abusive 2C-2C charge/discharge cycle. Further temperature reduction of 23K was 

observed when the inlet velocity was improved to 0.01m/s. It has been concluded that EG based 

CPCM has better cooling ability than copper foam-based CPCM. With EG based CPCM, both 

the maximum operating temperature and temperature difference within the battery pack and 

single cell was well maintained at a lower value and in its optimum range. Under 2C-2C 

charge/discharge cycle, the differences on battery temperature between copper foam-based 

composite and EG based composite were observed to be 13K and 35K under 0.01m/s and 

0.001m/s inlet velocity of HTF, respectively. At 0.001m/s inlet velocity of HTF, 19K of battery 

temperature gradient was observed with copper foam-based composite while the temperature 

was controlled within 5K with EG based CPCM.  

Generalization of the results has been attempted through a dimensional analysis with results 

showing that heat conduction dominates the heat transfer between the CPCM and the HTF. 

Future commercial BTMS is recommended to use hybrid BTMS which is consisted of both 

liquid cooling and CPCM cooling. Liquid cooling is powerful to manage the battery 

temperature, and with the incorporation of the CPCM, part of the generated heat can be stored 

in CPCM, which can help with reducing the load of water cooling pump hence reduces the cost 

and volume of BTMS. The CPCM is also advantageous to enhance the heat transfer between 

the cells and the cooling tube.  

For further application of BTMS using CPCM in sub-zero temperature environment, the 

isothermal property of CPCM could not only absorb heat from battery to reduce battery 

temperature, but also provide the heat to the battery when battery temperature drops. This is 

practically meaningful for lithium-ion battery system (e.g. backup power for 
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telecommunication cell towers, traction battery system of EV, and energy storage system 

integrated with renewable energy sources, etc.) in cold areas.     
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Chapter 7 Conclusions and Future Work 

This chapter summarizes the main conclusions from this PhD work and recommendations for 

the future work are given based on the results of this research. 
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7.1. Summary of main conclusions 

In this study, battery thermal management system (BTMS) using both active liquid cooling and 

passive composite phase change material cooling (CPCM) has been investigated. The three 

promising CPCMs for battery thermal management, including expanded graphite (EG)/paraffin 

composite, copper foam/paraffin composite and colloidal graphite/paraffin composite has been 

studied first.  

In the study of EG/paraffin composite, it has been observed that EG particles with different 

particle size have different structures, results in dissimilarities on EG matrix structures. 

Different structural arrangements of EG had a significant impact on paraffin adsorptions, hence 

affects the thermal behaviour of EG/paraffin composites. The pores and voids of large EG 

matrix confined PCM and led to an increased temperature hysteresis. The pore structure of the 

large EG matrix also helps with improving the thermal stability of the composite after the 

thermal cycling test. The thermal conductivity of composites with large EG particles increased 

by 1360% - 1695% because of the high thermal conductivity of the EG matrix. In the case of 

small EG particles, interfacial thermal resistance dominates the influence on thermal 

conductivity, which results in less improvement in thermal conductivity. A 90 ~ 340% 

increment on thermal conductivity was obtained regarding different EG contents. Interfacial 

thermal resistance also helped with improving the thermal stability of the composite.  

Copper foam/paraffin composites with different porosity of copper foam were investigated. 

The SEM observation revealed that the absorption of paraffin into copper foam was successful. 

The porosity of the copper foam had a significant effect on the thermal property of the 

composites, with the increase in copper foam porosity, the latent heat dramatically increased 

with the dramatic decrease of thermal conductivity. With 18% of porosity difference, the 

difference in latent heat can be 128kJ/kg and the difference in thermal conductivity reached 

20.5W/m·K. The experimental measurement of thermal conductivity validated the copper 

foam/paraffin composite model, which was used for numerical modelling.  

The thermal properties of the colloidal graphite/paraffin composite were also studied. Study 

on latent heat showed that the composites have 20 kJ/kg of decrease with every 10% increase 

of graphite mass ratio. With 40wt% of colloidal graphite, the thermal conductivity of the 

composite was 2 W/m·K, which was 10.27 times of the pure paraffin. With the addition of 

melamine, the end set degradation temperature can be significantly increased. With 15wt% of 
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melamine, the endset degradation temperature reached 334 °C, which was increased by 126 °C 

when compared with 0% melamine.  

Through the comparison of the different CPCMs, it was found that, with the same latent heat, 

the EG/paraffin composite has the highest thermal conductivity and reasonable price for 

industrial applications. The copper foam/paraffin composite can reach very high thermal 

conductivity with low copper foam porosity, which could dissipate heat efficiently and is 

necessary for battery operation under high current rate cycling operation.  

In the battery characterization, it was concluded that battery heat generation is highly 

dependent on the current rate, and a higher current rate leads to higher heat generation rate. 

Under the charging process, the peak heat flux at 2C is 8 times of which at 0.5C. Under the 

discharge process, the ratio was 9 times. The internal resistance affected the heat generation 

rate at different state of charge (SoC). The internal resistance is relatively high at high and low 

SoC. Hence the heat generation rate of the battery reached its peak when the charge/discharge 

began and increased again when it is close to the end of discharge.  The battery performance is 

highly dependent on the current rate and operating temperature. Low operation temperature 

causes significant battery polarization and leads to reduce constant current charging time and 

discharging time. Under 1C charge process, the constant current charge time was 2400s at 60 

°C and 1000s at 20°C. It prolongs the charging time and decreases the discharging time and 

leads to reduced battery performance in terms of the specific energy and specific power. Under 

high current rate, although the battery polarization was further aggravated, the specific power 

is increased proportionally to the current rate. It saves much charging time with relatively small 

energy loss. Under 0.5C discharge current rate, the specific energy and specific power at 20 oC 

is 93% and 82% of which at 60 oC, respectively. The study of current rate on battery charging 

discovered that although high current rate causes reduced specific energy due to heat 

generation, it greatly saves the charging time. At 60 oC, the charge time under 2C current rate 

is only 63% of which under 0.5C with only 5% of specific energy loss. Both current rate and 

temperature have a significant effect on round trip efficiency (RTE) of LIB.  

In the research of BTMS using the round tube, the experimental results showed an excellent 

match with the simulation results. Both the inlet velocity of the heat transfer fluid (HTF) and 

the discharge current rate influenced the maximum temperature of the battery pack and the 

temperature difference within different cells and the same cell. With CPCM cooling only, the 

battery pack has a relatively high temperature and no temperature difference within the battery 
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module. When liquid cooling was used, it efficiently reduced the temperature while it caused 

the temperature non-uniformity within the battery module. The temperature difference was at 

a relatively low level at a low inlet velocity of HTF, and it increased with the increase of inlet 

velocity and reached the peak before the highest inlet velocity. The temperature difference then 

dropped at the highest inlet velocity.  

In the research of BTMS using the tabular tube, the investigation on the BTMS focused on 

the comparison between EG based CPCM and copper foam-based CPCM, and the performance 

of BTMS under multi charge/discharge cycles. The computational results indicate that with 

CPCM cooling only, battery temperature under low current rate can be controlled under only 

one charge/discharge operation. It is insufficient for continuous operation, and under high 

current rate, hence BTMS with liquid cooling was further studied. It has been concluded that 

EG based CPCM has better cooling ability than copper foam-based CPCM. With EG based 

CPCM, both the maximum operating temperature and temperature difference within the battery 

pack and single cell was well maintained at a lower value and in its optimum range. 

Generalization of the results has been attempted through a dimensional analysis with results 

shown that heat conduction dominates the heat transfer between the CPCM and the HTF.  

Future commercial BTMS is recommended to use hybrid BTMS which is consisted of both 

liquid cooling and CPCM cooling. Liquid cooling is powerful to manage the battery 

temperature, and with the incorporation of the CPCM, part of the generated heat can be stored 

in CPCM, which can help with reducing the load of water cooling pump hence reduces the cost 

and volume of BTMS. The CPCM is also advantageous to enhance the heat transfer between 

the cells and the cooling tube. In a real application, it is recommended that the hybrid BTMS 

based on both liquid cooling and CPCM cooling should be used. The hybrid system can not 

only control the battery maximum temperature, but also provide temperature uniformity.  

7.2. Recommendations for future work 

(1) Composite phase change material with “solid-solid” phase change 

Further development on the BTMS will focus on novel phase change material with “solid-

solid” phase change. As mentioned in section 2.5.5, the polymer is a promising supporting 

material which confines the phase change material and prevents the leakage during phase 

change. Ongoing research is aiming to develop the CPCM without any leakage problem. Hence 

it can be used as the outer covering for LIBs. As shown in Figure 104, the initial test showed 

that after 100 times of thermal cycling, no change on the physical shape could be observed, 
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meaning the material only had “solid-solid” phase change. The polymer-paraffin composite 

can not only thermally manage the battery temperature, the elasticity of it could also provide 

protection. The research will include both the thermal property and mechanical property of the 

material. High energy density pouch cells will be tested along with the novel CPCM.  

  

(a) (b) 

Figure 104 Developed polymer-phase change material composite samples (still in the study) (a) 

Sample before cycling (b) Sample after 100 times of cycling 

(2) Electric vehicle thermal management system 

When applied in EV, the BTMS using CPCM will not work independently. As discussed in 

section 2.4.3, the BTMS is a part of vehicle thermal management. In some EV models, one 

heating/cooling unit serves the function of thermally managing vehicle cabin and the battery 

pack simultaneously. Hence a further development of the BTMS should be integrated with the 

vehicle thermal management system. Currently, the cooling method in the electric vehicle is 

the HVAC system, and the heating method is heat pump or PTC heating. The methods consume 

a significant amount of electric energy from the traction battery and reduce the driving range.  

A report from American Automobile Association [222] revealed that, under Urban 

Dynamometer Driving Schedule, at an ambient temperature of -6.7℃, BWM i3s (2018 model) 

will have 60% of range loss if the vehicle thermal management system is on. The range loss is 

56% for Chevy volt (2019 model), 38% for Nissan leaf (2018 model), 46% for Tesla Model S 

75D (2017 model), and 47% for Volkswagen Golf-e (2017 model). With the thermal energy 

storage onboard, the loss driving range resulted from the power drain from the HVAC, heat 
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pump or PCT heating will regain, which maximizes the vehicle driving range. Figure 105 

showed the design of the electric vehicle thermal management system from the PCT patent 

[223]. The battery pack 102 is surrounded by CPCM and has heat exchange behaviour through 

heat transfer fluid with the thermal energy storage 108. Thermal energy storage108 provides 

heating or cooling to the battery pack 102 and to the vehicle cabin through cabin vent 122. The 

objective of this work will be building the prototype for vehicle thermal management based on 

the published patent and validating the proposed system.  

 

Figure 105 Electric vehicle thermal management system based on phase change material [223] 
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