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Abstract 

Electric vehicles (EVs) can be considered an ideal solution for transportation as they 

are pollutant free and independent of petroleum. Of all cell chemistries, Lithium-ion (Li-ion) 

batteries are the best candidate for energy storage systems in EVs due to their high specific 

energy, high power and high discharge capacity. Despite the rapid growth of Li-ion 

applications in the EV market, its market share in the automotive industry remains limited. In 

addition to high battery cost, Li-ion batteries suffer from poor performance in different 

conditions. They are highly temperature dependent and temperature affects several aspects of 

the batteries in the operation of EVs: charge acceptance, power and energy capability, 

reliability, safety issues (e.g. thermal runaway) and life. There is thus an urgent need to explore 

Li-ion battery cell and battery pack performance and safety to understand their performance in 

EVs in different conditions.  

 To understand the fundamental principles of Li-ion batteries and battery packs and 

determine their suitability for particular applications, modelling and numerical simulation is a 

better option than costly and time-consuming experimental tests. Moreover, modelling 

indicates detailed physical field information inside the battery, impossible to obtain by 

experiments. Thus, modelling and numerical simulation was used to study thermal phenomena 

of battery packs in constant current discharge and EV driving cycle based variable currents, 

crucial for designing EV thermal management systems.  

Coupled electrochemical-thermal models are generally more accurate than empirical 

models or black-box neural network models as these only simulate battery behaviours from the 

input-output point of view while neglecting the mass transfer balance taking place inside the 

battery. To solve the governing equations of the electrochemical-thermal models, existing 

numerical methods are time-consuming and computationally expensive. In this study, a novel 

numerical method was proposed to accelerate the solution of the electrochemical-thermal 

model for a Li-ion battery. The method was implemented in four steps. In the first step, a 

physical analogy of the electrochemical process to an electric circuit was used to solve charge 

conservation equations. In the second and third steps, a control-volume method was used to 

solve species conservation equations. The simulation results show that the proposed method 
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was 2.2 times faster than the existing standard methods while maintaining high accuracy, 

verified by both simulation and experimental data. 

 In EV applications, the Li-ion battery pack consisting of multiple cells in series and 

parallel must meet the high demands of current, voltage, power and energy. The temperatures 

of each cell in the pack are monitored to prevent them from gradually rising to the maximum 

allowable value which accelerate the degradation rate and leads to thermal runaway. Hence, 

it is necessary to fully understand the thermal characteristics of Li-ion battery packs under EV 

driving cycles and ensure the cell temperature in the pack is effectively controlled below the 

maximum allowable value. In this study, a theoretical electrochemical- thermal model 

combined with a thermal resistive network was proposed to investigate thermal behaviours of 

a battery pack. The combined model was used to study heat generation and heat dissipation as 

well as their influences on the temperatures of the battery pack with and without a fan under 

constant current discharge and variable current discharge based on EV driving cycles.  

 The poor performance of Li-ion batteries at low temperatures poses a technical barrier 

for EV applications. A theoretical electrochemical-thermal model was also proposed to 

evaluate performance of a Li-ion cell and a Li-ion battery pack at low temperatures. The 

purpose-designed Li-ion pouch cells were made in the laboratory with known internal 

parameters and a battery pack was built from four pouch cells connected in series. The proposed 

model was validated on both the cell and pack over a wide range of temperatures from -10 to 

20 degrees at various constant discharge currents and discharge profiles based on EV driving 

cycles. It was found that the terminal voltages of the cell and pack calculated from the proposed 

model agree well with those obtained from the experiments. A simulation was also carried out 

in the validated model to provide insights into cell and pack performance. The study reveals 

that at the low temperature of -10 degrees, a high discharge rate can cause low diffusivity of 

the salt in electrolyte and lithium ion in graphite particles and hence in high Ohmic surface and 

concentration resistances, leading to the poor performance (low available capacity) of the Li-

ion cell and Li-ion battery pack, particularly under current profiles of EV driving cycles with 

high power demand.  
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Chapter 1   Introduction 
 

 

 

 

 

 

 

 

 

1-1 Background and motivation  
 

Electric vehicles (EVs) have been in existence ever since the inception of the 

automobile [1]. However, in the early race for dominance, the internal combustion engine 

(ICE) quickly overtook EVs as the prime propulsion power system for road vehicles. Although 

the electric powertrain was superior in terms of performance and energy conversion efficiency, 

the restrictive factor remained the source of electrical energy. Battery powered vehicles simply 

cannot match the high energy density, abundant supply and logistical attributes of petroleum 

based propulsion [2]. Even with ICE energy conversion efficiency figures below 20%, the 

energy density (Joules/kg) of petroleum far surpasses the energy density of any known battery 

technology. While economically recoverable petroleum deposits continue to diminish, the 

automobile population is ever increasing, causing cities to become congested with toxic 

hydrocarbon by-products. As a result, the ICE is increasingly becoming a target of 

environmental debate.  

Assuming that personal transportation continues to be a vital link in the economic chain 

of modern societies, the private automobile appears to be the system of choice. This provides 

opportunities to rethink private transportation modes. At present, after more than a century 

since its introduction and decades since they were forced into near oblivion, EVs have regained 

a strong global presence [3, 4]. Industry efforts, coupled with paradigm shifts in transportation 

perspectives provide substantial grounds for continuing EV research. There are many reasons 

to seek more clean energy options to replace ICE vehicles. EVs are propelled by an electric 

motor using electrical energy stored in batteries, with the advantages of high energy efficiency, 
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low air pollution, less dependence on foreign oil, reduced driving noise and smooth 

acceleration. Increases in gasoline price and greenhouse gas emissions have spurred the growth 

of EVs. Examples are the Nissan Leaf and Tesla Model S. 

 
Table 1-1: Comparison of specific power and energy of batteries [5, 6] 

 Lead Acid NiMH Li-ion 

Energy Density(Wh/kg) 30-50 60-120 110-160 

Cycle Life (to 80% of initial capacity) 200 to 300 300 to 500 500 to 1000 

Cell Voltage(nominal) 2V 1.25V 3.6V 

Operating Temperature (discharge only) -10 to 50°C -20 to 60°C -30 to 60°C 

Maintenance Requirement 3 to 6 months 60 to 90 days not required 

Cost per Cycle (US$)11 $0.10 $0.12 $0.10 

 

Applying batteries in EVs is already commercialised. In order to find the perfect battery 

for EV applications, different aspects should be reviewed. Table 1-1 compares the main factors 

of NiMH, Lead-acid and Lithium-ion (Li-ion) batteries. It can be found that although NiMH 

batteries are capable of delivering high discharge currents, repeated discharge with high load 

currents reduces the battery’s cycle life. Also, NiMH batteries have limited service life if 

repeatedly deep cycled especially at high load currents. Lead-acid batteries are inexpensive and 

simple to manufacture, but they have low energy density and the danger of thermal runaway in 

high temperatures.  

On the other hand, the objectives of EVs by 2020 (Table 1-2) should be considered when 

choosing batteries for EVs. Li-ion batteries almost meet the main required criteria for EVs and 

make them a perfect candidate for EV applications. 

During the past two decades, the energy density and life span of Li-ion batteries have 

experienced a significant increase. Table 1-3 demonstrates the details of some popular EVs, 

their battery-pack manufacturer, usable capacity, and price at the calendar year 2015. In the 

meantime, the cost of Li-ion batteries keeps decreasing. Some of the required characteristics 

for EVs are already achieved by Li-ion batteries and the rest are being currently researched. 

Li-ion batteries are used in a variety of portable electronics and hand-held devices, and owing 

the primary energy source for EVs. 
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Table 1-2: EV battery objectives by 2020 by the United States Advanced Battery Consortium [7] 

 System level Cell level 

Energy Density at C/3 discharge rate (Wh/kg) 500 750 

Cycle Life (to 80% of initial capacity) 1000 1000 

Cell Voltage (nominal) 380V N/A 

Operating Temperature (discharge only) -40 to 66oC -40 to 66°C 

Maintenance Requirement not required not required 

Cost per Cycle (US$)11 $0.08 $0.06 

 

Despite the rapid growth of Li-ion applications in the EV market, its market share in 

the automotive industry is still limited. In addition to high battery cost, Li-ion batteries suffer 

from poor performance in different conditions. Li-ion batteries are highly temperature 

dependent and temperature affects several aspects of the batteries in the operation of EVs: 

charge acceptance, power and energy capability, reliability, safety issues like thermal runaway, 

and life and life-cycle costs. It is thus timely to explore the Li-ion battery cell, battery-pack 

performance and safety using computer modelling to understand their performance in EVs in 

different conditions.  

To understand the fundamental principles of Li-ion batteries and battery packs and 

determine their suitability for a particular application, numerical simulation is proposed to 

predict battery behaviours and internal physical limitations [8-16] rather than experiments, 

which are costly and time-consuming. Comprehensive modelling of Li-ion batteries and battery 

packs, which are highly dependent on temperature, are required to predict battery-pack 

behaviour under different EV-driving cycles. In addition, poor performance of Li-ion batteries 

at low temperatures is also a significant barrier to commercialization of EVs. Li-ion batteries 

need to handle bursts of power during quick acceleration (high rate discharge) and regenerative 

braking (high rate charge). For plug-in hybrid electric vehicles (HEVs), batteries are required 

to function under unassisted operation, charge at -30°C, and survive at -46°C [7]. For power 

assisted HEVs, batteries should be able to deliver 5kW cold-cranking power (three 2-s pulses, 

10-s rests between) at -30°C. Research on low-temperature performance of Li-ion batteries 

should be conducted to meet these stringent goals.  
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Table 1-3: Details of selected EVs with Li-ion batteries as energy storage in 2015 

Car Battery-pack manufacturer Usable capacity (kWh) Price ($) 

Tesla model S[17] Panasonic 40 91,400 

Nissan Leaf[18] NEC 24 39,900 

BMW i3[19] A123 system 22 42,275 

Renault Zoe[20] LG-Chem 22 20,350 

Chevy Spark EV[21] LG-Chem 19 25,995 

VW e-Golf[22] Panasonic/Volkswagen 24.2 30,000 

Kia Soul EV[23] SK innovation 27 33,700 

Ford Focus Electric[24] LG-Chem 23 29,950 

Fiat 500e[25] Bosch/Samsung 24 31,800 

 

 

In this chapter, the operating principles of the Li-ion battery are briefly introduced. The 

relevant literature in the areas of fundamental numerical modelling of the Li-ion battery cell 

and battery packs, and the poor performance of Li-ion batteries at low temperatures are also 

reviewed.  

 

1-2 Basic principle of the Li-ion battery 

 

A basic Li-ion battery consists of a negative electrode and positive electrode (or anode 

and cathode, respectively), which are separated by a separator as shown in Figure 1-1. The 

electrolyte acts as an electronic insulator, but also functions as a good ionic conductor that 

provides a transport-medium for Li-ions to travel from one electrode to another while keeping 

the electrons in the external circuit.  
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Figure 1-1: Internal regions of a Li-ion cell 

 

Take a cell with a graphite anode and a LiFePO4 cathode for example. During the charge 

process, Li-ions de-insert from Li1-xFePO4 solid particles and travel through the electrolyte 

solution to intercalate1 into LixC6 [6]. Electrons are forced to follow an opposite path through 

an external circuit. During the discharge process, Li-ions and electrons then travel in reverse. 

These kinds of batteries are thus called Li-ion (rechargeable) batteries with Li-ions shuttling 

between the cathode and the anode hosts during the charge and discharge processes that can be 

described by the electrode reactions. Electrochemical reactions occurring at the 

electrode/electrolyte interfaces are as follows:  

 negative electrode reaction:  



 zexLiCCxLi 66  

 positive electrode reaction: 

                                                             
1 In Chemistry, intercalation is used to describe the process of inserting a guest atom or ion into a planar crystalline 
host without losing the structural integrity of the host-like graphite. Any other Li storage process without 
significant layered structure is considered as insertion. 
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441 LiFePOzexLiFePOLi x 


 


 
 net reaction 

64641 CLiFePOCLiFePOLi xx 




 

Here, the two way reaction refers to the battery discharge (right arrow) and the battery charge 

(left arrow). 

Carbon (such as graphite and coke) being light weight and having a low electrode 

potential of less than 1 V versus Li/Li+ has become an attractive anode material. It has a 

theoretical capacity of 372Ah/kg, which corresponds to an insertion of one lithium per 6 carbon 

atoms (x = 1 in LixC6). On the cathode side, LiFePO4, LiCoO2, LiNiO2 and LiMn2O4 oxides, 

having a high electrode potential of 4V versus Li/Li+, have become the materials of choice for 

cathode in the present generation of Li-ion cells [26].  

Besides the electrode materials, the electrolyte is also important in designing a good Li-

ion battery that can offer high performance with long cycle life. The working voltage for Li-

ion cells (in the range of 2.5-4.5 V) requires an electrolyte having a wide electrochemical 

stability window. Only a few non-aqueous alternatives (including solid, liquid, and polymeric 

electrolytes) are among other choices and liquid electrolytes are most commonly exploited to 

date because of their superior ionic conductivity at ambient temperatures [27]. 

Commonly used electrolytes in Li-ion batteries are solvent mixtures of alkyl carbonates 

together with a lithium salt. Solvents used include Ethylene carbonate (EC) [28], dimethy 

carbonate (DMC) [29], diethyl carbonate (DEC) [30], ethylmethyl carbonate (EMC) [31] and 

methyl propylene carbonate (MPC) [32]. EC is the preferred solvent, but is solid at room 

temperature; therefore, EC is often mixed with other solvents such as DMC and EMC to obtain 

a working electrolyte over a wider temperature interval.  

Lithium hexafuorophosphate (LiPF6) is the most commonly used salt in research 

studies and commercial cells. It has good anodic stability and high ionic conductivities in alky-

carbonate solutions. It shows excellent cycling properties at room temperature, but poor cycling 

behaviour for some electrode materials at elevated temperature. A pronounced disadvantage of 

LiPF6  solutions is that when LiPF6 decomposes into LiF, high resistive LiF surface films form 

on the electrode, increasing the electrode’s impedance [33].  

Finding a replacement for the currently used alkyl-carbonate solvents (LiPF6) is difficult and 

it is much easier to use functional additives that improve electrode interfaces and enhance 
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conductivity. Alkyl nitrates, sulfates and phosphonates were suggested as passivation-

improving additives whose presence reduces the irreversible capacity of Li-C anodes [6]. 

 

1-3 Modelling studies of Li-ion batteries 

 

In tandem with experimental studies, electrochemical models were developed to 

understand cell behaviours. Due to the limitation of experimental characterization techniques, 

especially during high charge or discharge rates or low and high temperature operation, 

electrochemical models are of great help in understanding the fundamental mechanisms that 

dictate cell behaviours.  

To understand the fundamental principles of Li-ion batteries and determine their 

suitability for a particular application, electrochemical models of batteries are proposed to 

predict battery behaviours and internal physical limitations [8-15] rather than experiments. The 

electrochemical models are generally more accurate than empirical models, such as equivalent 

circuit models (ECMs) [34] and others, such as black-box neural network models [35-37], as 

these only simulate battery behaviours from the input-output point of view while neglecting 

the mass-transfer balance taking place within batteries.  

The electrochemical models can provide a detailed physical field information inside the 

cell, including concentration distributions, reversible and irreversible heat generations, and 

heat dissipations. This internal information is difficult to obtain through in-situ observations. 

By using electrochemical models, engineers are able to find rate-limiting mechanisms and 

performance controls in EV applications. 

Electrochemical models are effective in aiding cell design—a critical process for 

battery manufacturers. The capacity of 18650 cells has been increased from 1.2Ah to above 

2.4Ah with active electrode materials remaining nearly the same (LiCoO2 and graphite). The 

gain in capacity is mainly attributed to optimization in cell design. Cell design seeks an optimal 

set of parameters (electrode thickness, porosity, capacity ratio, etc.) with the goal of achieving 

the highest performance under a specific operational condition. As a result, batteries are usually 

designed to suit to different levels of power applications (e.g. automotive applications). While 

the optimization concept is intuitively well known, a great number of experiments are needed 

to generate an optimum solution, which is an expensive task in terms of time. Mathematical 

models are able to perform this task in a rapid and cost-effective manner. 
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In 1990s, Newman and his co-workers developed a macro-homogeneous 

electrochemical model for the Li-ion battery based on porous electrodes  and concentrated 

solution theories [11, 12], followed by various experimental validations [8, 38]. This model is 

widely used in subsequent literature. Based on a volume-averaged micro-macroscopic 

modelling approach, in 2000, Gu and Wang [39] proposed an electrochemical-thermal (ECT) 

fully coupled framework able to simultaneously predict battery electrochemical and thermal 

behaviours. Song and Evans [40] also attempted the modelling of lithium polymer batteries by 

solving electrochemical and thermal equations simultaneously, although only electrolyte 

conductivity and salt diffusivity were considered as functions of temperature. In 2003, 

Srinivasan and Wang [41] incorporated all relevant kinetic and transport properties as 

dependences on temperature, as well as the state of charge (SOC) dependence of entropic heat. 

In 2008, Kumaresan et al. [42] updated the temperature and concentration dependence of 

electrolyte properties obtained from recent experimental data. However, the model was 

validated only at low discharge rates (no larger than 1C) from 15°C to 45°C, where 

electrochemical-thermal coupling is insignificant.  

In the past decade, while multi-dimension modelling was scarce [43, 44] several studies 

have modelled  thermal effects in one dimension by including the energy balance equation and 

temperature-dependent material properties [41, 42, 45, 46]. Only most recently, multi-

dimensional modelling of Li-ion batteries revived its attention due to the huge interest in large-

format batteries for electric and hybrid vehicles. Both Gerver and Meyers [47] and Kim et al. 

[48] attempted multi-dimensional modelling of large-format cells under simplifying 

assumptions in order to render the computational task manageable. Gerver and Meyers [47] 

modelled current distribution in current-collecting foils through a network of empirically 

determined resistors. Kim et al. [48] employed a state-variable model (consisting of algebraic 

equations) to model electrochemical and transport processes occurring across the thickness of 

a cell by assuming linear electrolyte transport and also updates of cell temperature. Both 

simplified models have severe limitations in dynamic operating conditions of vehicle batteries.  

Heat conduction in cylindrical cells has been studied in various simplified geometry 

models: lumped thermal mass[49], 1-D radial direction [50, 51], 2-D spiral geometry [52-54], 

1-D radial spiral modelling with the domain reduced from a 2-D spiral model through the 

coordinate-transform technique [55], 2-D concentric rings [56], and 3-D concentric rings [57]. 

On the other hand, several studies only solve electrical current along cylindrical metal current 

collectors assuming uniform kinetics over a cell volume without temperature calculation [58]. 
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1-4 Numerical method studies for Li-ion battery simulation 
 

In order to study Li-ion battery behaviours, numerical methods are used to solve 

governing equations. The numerical methods are required as electrochemical battery models 

cannot be solved analytically. The mathematical method used to solve the equations of battery 

system can also have a significant impact on the computational cost. Including additional 

physical phenomena in a model increases the computational cost in terms of both solution time 

and memory. As mentioned in the previous section, several modelling approaches for Li-ion 

batteries exist, there is a trade-off between accuracy and computational cost. An ideal model 

would be perfectly predictive under all operating conditions for the entire life of the battery 

with minimal computational requirements. However, such a model does not exist for battery 

models due to the many coupled and nonlinear physical phenomena in battery systems. To 

reduce the computational time, some simplifications can be done on electrochemical model 

based on their applications. Considering model simplifications, electrochemical models can be 

generally classified into two groups: 

 

Single Particle Model.—The single-particle model (SPM) is a simple model that 

represents each electrode as a single particle [59] and considers diffusion in the solid phase. 

But, it neglects solution phase effects [60-62]. The SPM battery models are typically solved by 

discretization of the spatial derivatives. Hence, equations become a set of first-order differential 

algebraic equations (DAEs) [63, 64] that can be solved using optimized solvers for initial value 

problems.  

DAEs can be difficult to solve because the initial conditions must be consistent with 

the algebraic equations, which causes many solvers to fail if inconsistent conditions are 

provided, especially when nonlinear algebraic equations are considered [65, 66].  

The SPM has been used to predict capacity fade due to the growth of the SEI layer[59], 

which makes the SPM a good choice as an initial attempt for implementation in a 

microcontroller. The SPM has been validated for rates up to a 1C discharge rate. At higher 

rates of discharge, the electrolyte characteristics become important and cannot be neglected. 

Hence, this SPM model cannot be used for the discharge rates higher than 1C [60, 61, 67].  
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The SPM can be further reduced if a parabolic profile approximation in the solid phase 

is considered [68]. After reduction, it can only track the average and surface lithium 

concentration in the solid phase by solving the minimum number of DAEs, e.g. 4 DAEs, which 

makes the SPM very efficient for use in simulations for low current rate (or power) 

applications. However, for applications in which high current rates are experienced, a more 

comprehensive model is needed to accurately estimate the internal states to develop aggressive 

control strategies. 

Electrochemical engineering models—The pseudo-two-dimensional model, mentioned 

in the previous section, is a more detailed physics-based model that considers the 

electrochemical potentials within the solid phase and electrolyte along with lithium 

concentration in both the solid- and liquid-phases [11], and is flexible to include additional 

physical phenomena [8, 12, 38, 54, 61, 69-72]. The improved predictive capability of this 

model has contributed to its popularity among battery researchers. It has two independent 

spatial variables: x to track the variables across the thickness of the cell sandwich and r to track 

the lithium concentration radially in the solid electrode particles [11]. Multiple spatial variables 

increase the dimensionality of the problem, which greatly increases the number of equations to 

be solved and computational cost if a finite difference approach is used to discretize both x and 

r directions. If 15 node points are used in the radial direction, 50 node points across each 

electrode, and 25 node points for the separator, nearly 2000 DAEs must be solved. With such 

a large number of DAEs, appropriate mathematical techniques are required to reduce 

computational time which allows the model to be implemented in EV applications [66]. This 

motivates researchers to develop mathematical techniques to simplify the battery models and 

enable faster simulation. For example, proper orthogonal decomposition has been used to 

reduce the total number of states simulated in [73]. Quasi-linearization combined with a Pade 

approximation has also been used to simplify the model and simplify simulation [74]. 

Many commercial software packages, such as COMSOL and Fluent, use well-

understood numerical methods to solve ordinary differential equations (ODEs) or partial 

differential equations (PDEs). However, many nodes, control volumes, or elements are 

required for convergence, which makes these software packages computationally expensive.  

Even for linear problems, it is difficult to implement into an EV application. 

Furthermore, many commercial solvers are over-designed in order to handle a wide variety of 

problems with minimal input from the user. They do not exploit the structure and unique 

characteristics of the underlying models, which can be used to improve the computational 

performance without compromising on the robustness. 
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In order to reduce the number of DAEs that must be solved for the electrochemical-

thermal model, the reformulation methods described previously for the SPM can be 

implemented for the solid phase diffusion in the electrochemical-thermal model. Using the 

parabolic profile approximation for the concentration profile can significantly reduce the 

number of DAEs, thereby improving computational efficiency [63]. For the case with 50 nodes 

across each electrode and 25 nodes for the separator, roughly 500 DAEs must be solved, much 

less than the 2000 for a full finite difference approach. The parabolic profile approximation is 

valid for long times and low rates, but has inaccuracies when there is a large gradient in the 

solid phase particles, which become significant for rates greater than 4C and high variable 

discharge rates [63].  

Reformulation in x-direction can also be applied to further reduce the computational 

demands of simulation. To solve the reformulated equations, spectral methods are used to find 

the solution which have faster convergence comparing to the finite difference methods. The 

disadvantage of the reformulation is that the method implantation is not easy and the resulting 

set of equations is not sparse, unlike for the finite difference method. 

In spectral methods, the unknowns are approximated as a series solution of trial 

functions, such as cosines, with time-dependent coefficients. The coefficients are determined 

by minimizing the residual of the governing equations across the domain typically by using the 

Galerkin or orthogonal collocation (OC) methods [66], though OC can better handle non-linear 

parameters, the integration required for the Galerkin approach is computationally prohibitive. 

Since each dependent variable is approximated as a series solution, it may be possible to solve 

some equations analytically. Symbolic math tools such as Maple or Mathematica can play an 

important role in solving unknown variables to reduce the number of equations that the solver 

must compute. This can increase the complexity of the remaining equations, testing is often 

required to determine if this approach is indeed advantageous.” 

 

1-5 Modelling studies of the Li-ion battery pack 

 

In EV applications, a Li-ion battery pack consisting of multiple cells in series and parallel is 

required to meet high demands of current, voltage, and energy. The temperature of each cell in the pack 

is monitored to prevent it from gradually rising to the maximum allowable value, leading to the 

acceleration of the degradation rate and thermal runaway [75]. Hence, it is necessary to fully understand 



21 
 

the thermal characteristics of Li-ion battery packs under EV-driving cycles and ensure cell temperature 

in the pack is effectively controlled below the maximum allowable value. 

Numerical modelling and simulation is a better way to improve the fundamental understanding 

of thermal behaviour of battery packs compared with costly and time-consuming experimental tests. 

Thus, in this study, numerical modelling and simulation was used to study thermal phenomena of 

battery packs in constant current discharge and EV driving-cycles based variable currents—crucial for 

properly designing the EV thermal management system. 

The precise temperature prediction of battery packs strongly relies on heat-generation and 

dissipation rates. According to the differences in the calculation methods of heat-generation and 

dissipation rates, existing thermal models can be classified into empirical, semi-empirical, and 

theoretical-thermal models.  

In empirical-thermal models, the heat-generation rate is calculated by Joule’s law with internal 

resistances determined by fitting the experimental data at different temperatures [76] or measuring the 

temperature evolution of the battery [77]. The heat-dissipation rate is found by using the experimental 

results of measured temperature at different discharge rates and the temperature relaxation curve [39, 

78]. The determined heat-dissipation rate accounts for the effect of heat conduction and convection. 

Since reliable predictions of heat-generation and dissipation rates rely on experimental data, the 

application of this empirical-thermal model is limited to a few specific battery packs. 

 In semi-empirical thermal models, the heat-generation rate is calculated on the general energy 

balance equation [79], which is derived from the electrochemical reaction and charge-transfer processes 

inside the Li-ion battery. The parameters in the general energy balance equation are determined from 

experimental data [57, 80]. For the calculation of the heat-dissipation rate, it is assumed that heat 

transfer was a function of the location and the surrounding temperature of the battery, where the required 

functional parameters are determined by experiment [81]. The semi-empirical thermal model has wide 

application scope for battery packs compared with empirical-thermal models, but model accuracy needs 

to be improved because the spatial variation of the parameters in the electrodes (such as reaction current 

density, active material concentration etc.) were neglected, which leads to significant errors in heat-

generation estimates [82].  

In theoretical-thermal models, the heat-generation rate is determined from the porous electrode 

theory, electrode-reaction mechanisms, and concentration solution theory [83]. The heat-dissipation 

rate is calculated based on boundary-layer theory to specify the convective heat coefficient in the battery 

pack [84]. Considering the fact that the theoretical-thermal model assumes the universal electrode 

reaction and the spatial variation of electrode parameters in the heat-generation rate calculation as well 

the application of boundary-layer theory [85] in the heat-dissipation rate calculation, this thermal model 

can be used for varieties of battery packs with high accuracy compared to the other thermal models. 

less, the current theoretical-thermal model neglects both reversible heat, which contributes to a 
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significant proportion of heat generation, and conduction-heat transfer, which plays an important role 

in heat dissipation in battery packs for EV applications. 

 

1-6 Studies of Li-ion batteries at low temperatures 

 

The energy and power capability of Li-ion batteries reduces significantly at low 

temperatures.  It has been reported that 1.4Ah Panasonic 18650 cells retained only 5% of energy 

density and 1.25% of power density at -40°C as compared to their 25°C values [86]. Significant   

research has been undertaken to understand and improve the low-temperature performance of 

Li-ion batteries. However, the main performance-limiting mechanisms remain contentious. 

 

1-6-1 Electrolyte 

 

The electrolyte solution is considered the main limitation by many researchers. The 

ionic conductivity of 1M solution of LiPF6 in 1:1 EC-DMC reduces from 18mS/cm at 25°C to 

3mS/cm at -20°C [87]. The solution even freezes at about -30°C. It is expected that Li-ion cells 

using this electrolyte will have a significant performance drop at -20°C and die at -30°C. 

Investigations currently seek electrolyte solutions with a lower freezing point and higher 

conductivity. Due to the high freezing points of widely used carbonate-based solvents, such as 

Ethylene carbonate (EC) and dimethyl carbonate (DMC), binary, ternary, and quaternary 

electrolytes were used to reduce freezing points. Smart et al. [88] found that the ternary, equi-

proportion formula of EC, DMC, and DEC, displayed higher ionic conductivity, faster Li 

intercalation kinetics, and better surface-film characteristics than the binary analogues, 

especially at low temperatures (-20°C). Ethylmethyl carbonate (EMC) was found to be a useful 

co-solvent because of its low freezing point (-55°C) [89]. Plichta and Behl proposed the use of 

a 1:1:1 EC-DMC-EMC mixture for the electrolyte. Li-ion cells using it were found to deliver 

most capacity at -20°C at 1/20C rate. Quaternary formulas were also investigated. Using 1M 

LiPF6 in the quaternary mixture of EC, DEC, DMC, and EMC (1:1:1:3), prototype 9Ah cells 

were able to deliver 76% of their room temperature capacity at  -40°C with C/10 rate [90]. 

Co-solvents are also incorporated into multicomponent electrolyte formulations for 

enhanced performance at low temperatures. Solvents that possess very low freezing points and 
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viscosities, such as esters, are very effective in improving ionic conductivity of the carbonate 

electrolyte. Shiao et al. [91] found that the use of methyl acetate (MA) in an EC:EMC mixture 

significantly improved cell capacity below -20°C. Cells using an EC:EMC:MA:toluene solvent 

were able to deliver 50% nominal capacity at -40°C with C/10 rate. Herreyre et al. [92] tested 

the use of ethyl acetate (EA) and methyl butyrate (MB) as co-solvents in EC/PC and linear 

carbonate in 5.5Ah Gr-LCO cells. EA and MB enabled very good performance (90% nominal 

capacity) down to -40°C, even under C/2 rate. A more comprehensive study was given by 

Smart et al. [93]. 

A number of ester co-solvents, including MP (methyl propionate), EP (ethyl 

propionate), MB, EB (ethyl butyrate), PB (propyl butyrate), BB (butyl butyrate), in EC and 

EMC mixtures were investigated. Prototype 7Ah cells containing the electrolyte with co-

solvents were capable of delivering over six times the amount of capacity than those with call-

carbonate blend electrolyte, and supported moderate rates down to -60°C. Smart et al. [94] 

studied more electrolyte additives, including mono-fluoroethylene carbonate (FEC), lithium 

oxalate, vinylene carbonate (VC), and lithium bis (oxalato borate) (LiBOB). The cell using any 

of these electrolyte additives demonstrated more than double discharge capacities compared 

with the cell without additives. The additives helped to form favourable film characteristics, 

leading to faster charge transfer kinetics. With the use of solvent blends, co-solvent, novel 

electrolyte salts, and electrolyte additives, the Li-ion cells survived and even showed good 

performance down to -60°C [87, 88, 91, 93, 95, 96]. 

 

1-6-2 Surface film 

 

Besides the ionic conductivity, the nature of films formed on the surface of active 

materials is also strongly related to the electrolyte. The surface film affects the performance of 

Li-ion cells because it changes the interfacial kinetics and Li-ion transport through the film. It 

also dictates the life of the cell because it protects active materials from side reactions. 

Electrolyte solutions able to form surface film with lower resistance, higher stability, and faster 

kinetics of lithium intercalation and deintercalation are preferred. Smart et al. [95] found that 

the electrolyte composition affected the stabilities of surface film. Low molecular weight co-

solvents made the film resistive and inadequately protective, whereas high molecular weight 

esters resulted in surface films with more desirable attributes. One example is using EA or EB 
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as co-solvents. Despite lower conductivity, an electrolyte using EB was able to deliver five 

times more capacity at -20°C, compared with the use of EA [95]. 

 

Zhang et al. [96] also found that adding PC into an EC:EMC mixture improved the 

discharge capacity below -20°C in spite of a slight decrease in ionic conductivity. The increased 

low-temperature performances were attributed to improved characteristics of the surface film. 

Wang et al. [97] employed GITT and electrochemical impedance spectroscopy (EIS) to study 

Li graphite coin-cell behaviour at -30°C. The performance-limiting mechanism was found to 

be the resistance of solid electrolyte interphase film, which increased by a factor of over 27 

from 25°C to 30°C. In contrast, the resistivity of the electrolyte showed only a 10-fold increase. 

Fan [98] studied the discharge behaviour of commercial 18650 graphite-LiCoO2 (LCO) cells 

down to -40°C. When the temperature dropped from room temperature to -30C, cell impedance 

at 1 kHz changed minimally. However, dc impedance was increased by a factor of ten. He 

concluded that the ionic conductivity of the electrolyte did not limit cell-discharge capability, 

while the lithium diffusion in the cathode surface film could be the limiting factor. 

 

1-6-3 Charge transfer kinetics 

 

Charge transfer kinetics in Li-ion cells is an interfacial phenomenon at the solid particle 

electrolyte interface, including Li+ solvation/desolvation, Li+ transport through surface films, 

the release/acceptance of an electron from the external circuit, and lithium leaving/inserting 

into the active materials. Slow reactions generate large overpotential, leading to reduced cell 

voltage. Although the charge-transfer process is closely associated with other transport 

processes, these processes are staying at different time scales. Therefore, it is possible to 

separate them by using EIS, where small voltage permutations (<10mV) are applied to the cell 

and complex impedance is calculated from the current response. The resistance associated with 

charge-transfer Rk can be obtained from the diameter of the lower frequency semi-circle in the 

Nyquist plot. 

Suresh et al. [99] analysed the impedance of Samsung 0.9Ah Gr-LCO cells from -10°C 

to 40°C using EIS. The high-frequency resistance was invariant, and kinetic resistance showed 

the strongest dependence on temperature. He concluded that the poor discharge capacity of Li-

ion cells at low temperature was due to the very low values of exchange current. Zhang et al. 
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[100, 101] found that replacing LiPF6 with LiBF4 salt in PC-EC-EMC mixed solvent increased 

the discharge capacity from 72% to 86% at -30°C. Although the LiBF4 based electrolyte had 

lower ionic conductivity than the LiPF6 analogue, it achieved improved performance due to 

reduced charge-transfer resistance.  

In addition, Zhang et al. [102] performed EIS analysis on various kinds of Li-ion cells, 

including coin-size full cells, coin-size symmetric cells, and 18650 Gr-LCO 2.4Ah cells [103]. 

The cell resistance was separated into bulk resistance, film resistance, and charge-transfer 

resistance. It was found that the charge-transfer resistance increased most significantly as the 

temperature decreased. At room temperature, bulk resistance occupied half the cell resistance. 

However, at low temperature (-20°C), charge-transfer resistance dominated. Jansen et al. [104] 

surprisingly found that the impedance rise at low temperature was not significantly impacted 

by the choice of active material. Because the main rise in impedance occurred in the mid-

frequency range, the responsible phenomenon was most likely a charge-transfer process at the 

electrolyte interface. Abraham et al. [105]  performed an impedance analysis on film-free active 

materials (LTO), binder-free electrodes, and conducting carbon-free electrodes. The charge-

transfer processes, whose impedance dwarfed ohmic resistance and diffusional resistance, were 

observed to have the same activation energies regardless of the active material, binder, and 

conducting agent. He suggested that the limiting process was the electrochemical-reaction step 

at the interface. 

 

1-6-4 Solid-phase diffusion 

 

Solid-phase diffusion depicts lithium transport inside the particles of active materials. 

Due to limited solid-phase diffusivity, concentration polarizations are expected inside active 

material particles. Since solid-phase diffusivity decreases with reducing temperature, large 

solid-phase concentration polarization occurs at sub-zero temperatures. During discharge, the 

lithium concentration at the anode-particle surface might be depleted, lower cell voltage below 

cut-off level, and lead to reduced cell capacity. 

Huang et al. [106] found that the discharge capacity of the graphite half-cell differed 

greatly from its charge capacity at -40°C, which cannot be explained by electrolyte or surface-

film conductivity. It was also found that particle size affected capacity at sub-zero 

temperatures, which further supported the contention that Li diffusivity limited low-
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temperature performance. Lin et al. [107] tested 100mAh Gr-LCO cell behaviour using a high 

conductivity electrolyte at -20°C. Large permanent capacity loss was found, which was 

attributed to the high polarization of the anode due to the limited solid-state diffusion of 

lithium. Zhang et al. [108] measured solid-phase diffusivity of graphite at different 

temperatures. A dramatic decrease in diffusivity occurred in the temperature range of 0°C to -

20°C, which was responsible for the large capacity drop of the graphite electrode. Sides and 

Martin [109] investigated the effect of active material particle size on Li-V2O5 cell 

performance. They found that, at -20°C, cell performance always improved with decreasing 

particle diameter, but sometimes decreased with increasing specific surface area. 

Since the particle diameter represented diffusion length, while the latter denoted the 

reaction area, the result implied the dominance of solid-state diffusion. Allen et al. [110] 

compared the electrochemical performance of Li/Li4Ti5O12 (LTO) button cells using LTO with 

350nm and 700nm diameter respectively. The cell using the 350nm particle exhibited double 

capacity at    -20°C and -30°C (C/8 rate) compared to the one using 700nm particle, due to the 

shortened solid-state diffusion length. Liao et al. [111] characterized the low-temperature 

performance of Li/LiFePO4 (LFP) cells made of quaternary electrolyte. This electrolyte was 

shown to have excellent performance at low temperatures by Smart et al. [90] Despite the 

optimized electrolyte solutions, the Li/LFP cell displayed reduced voltage and capacity at sub-

zero temperatures. EIS tests demonstrated that increased charge-transfer resistance and 

decreased Li-ion solid-phase diffusivity were the main performance-limiting aspects. Fan and 

Tan [112] investigated the charging of Li-ion cells at -20°C. Two peaks were found in the 

charge and subsequent discharge-voltage profiles. 

This phenomenon cannot be explained by increases of charge-transfer or surface-film 

resistance, which generated smoothly increased cell voltage during charge. The two peaks, 

however, can be explained by the two minimums in solid-state diffusivity. It was therefore 

concluded that the lithium solid diffusion in the graphite was the ultimate rate-limiting factor.  

In summary, the performance-limiting factors of Li-ion cells at sub-zero temperatures are still 

under debate. Various sources have been reported by different investigators, including poor 

electrolyte conductivity, sluggish kinetics of charge transfer, increased resistance of particle- 

surface films, and slow Li diffusion through the surface layers and the bulk of active material 

particles. Although there is no widely accepted limiting mechanism, all the above factors 

contributed to poor low-temperature performance.  

The theoretical-thermal models based on concentrated solution theory and the 

technique of volume averaging for porous electrodes was introduced in [8, 11, 12]. 
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Subsequently, electrochemical-thermal fully coupled frameworks able to simultaneously 

predict battery electrochemical and thermal behaviours were developed [113, 114]. Recently, 

Ji et al. [115] have applied the electrochemical-thermal model for the 18650 Li-ion and 

examined the basic nature of cell operation at low temperatures for constant current-discharge 

rates.  

 

1-7 Scope of the thesis 

1-7-1 Major contribution 

 

As discussed, there are still some key features of the Li-ion battery which need 

improvement for EV applications. In particular, electrochemical-thermal coupled phenomena 

in Li-ion batteries must be captured as they determine the current major technological hurdles, 

such as thermal runaway at high temperatures and greatly reduced performance at sub-zero 

temperatures.  

To date, both experimental and modelling research on thermal and electrochemical 

characteristics are mostly limited to Li-ion cells. For example, early models of Li-ion cells 

were developed by Newman and co-workers using porous electrode and concentrated solution 

theories [11, 116] under isothermal and one-dimensional assumptions. Subsequently, Wang 

and co-workers have focused on electrochemical-thermal coupled modelling for Li-ion 

batteries [44, 46, 113]. Model validation was performed against experimental data of full cells 

only. Thus, extensive research is required to deal with the current issues.  

Firstly, the governing equations of a Li-ion battery based on the above models are a set 

of coupled nonlinear partial differential equations (PDEs). To solve the PDEs, iterative 

methods are implemented that are computationally expensive and highly time-consuming. 

Stringent automotive application, however, calls for fast and online solutions. The first 

objective of this thesis is to propose a cost-effective method to solve the PDEs and achieve 

required parameters with high accuracy.  

Secondly, a number of coupled thermal-electrochemical battery models are only 

introduced at Li-ion cell levels. There is lack of extensive research in this area at the battery-

pack level. The second objective of this research is to develop a comprehensive thermal-

electrochemical battery model in Li-ion pack levels. 



28 
 

Thirdly, the electrochemical-thermal model of a Li-ion battery is used to examine the 

basic nature of cell operation at low temperatures under constant current-discharge rates. 

However, for EV applications, battery-pack performance under EV-driving cycles at sub-zero 

temperatures are of great interest. The third objective of this study is to explore the basic nature 

of the Li-ion battery operation at sub-zero temperatures under current profiles based on EV- 

driving cycles both numerically and experimentally.  

 

1-7-2 Thesis outline 

 

The dissertation proceeds by introducing a general electrochemical-thermal coupled 

model in Chapter 2. A cost-effective numerical method proposed to solve the electrochemical-

thermal coupled model and obtain required parameters with high accuracy is introduced in 

Chapter 3. This model is then validated with experimental data. To determine Li-ion battery-

pack behaviour in EV applications, the electrochemical-thermal coupled model is developed 

and validated with experimental data for constant current-discharge rates and EV driving 

cycles in chapter 4. In chapter 5, the validated model is used to investigate the rate-limiting 

factors of Li-ion cells operating at low temperatures in EV applications. Chapter 6 provides 

conclusions and future recommendations.  
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Chapter 2   Electrochemical-thermal model for Li-ion battery 

cell 
 

 

 

 

 

 

 

 

 

 

2-1 Introduction 
 

Modelling and numerical simulation is a better way to improve the fundamental 

understanding of Li-ion batteries in EVs compared with the costly and time-consuming 

experimental tests [8-15]. Furthermore, using the numerical simulation has the added 

advantage of providing the detailed physical field information inside the battery which is 

almost impractical to obtain through in-situ observations such as electrochemical 

characteristics and internal heat generation and dissipation. Hence, the Li-ion battery model 

will be introduced to study Li-ion battery behaviour in EV application purposes.  

 

Despite vast difference in geometry and capacity (coin cells, cylindrical cells, prismatic 

cells), all lithium ion cells are composed of five basic layers: negative current collector (Cu 

foil), negative electrode (anode), separator, positive electrode (cathode) and positive current 

collector (Al foil). The present study employs 26650 cells, where the sandwich of these layers 

is rolled up to form a jelly roll, as shown in Figure 2-1. The anode, the cathode and the separator 
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are porous structures, containing large void spaces where electrolyte is filled to provide the 

media for lithium ion transport.  

 

 

Figure 2-1:  Schematic of five basic layers of Li-ion cell 

 

Electron goes out/into the current collectors from external circuit, while lithium ion 

transfers internally as a shuttle between the anode and the cathode through the electrolyte. Li-

ion cell electrodes have three dimensional structures. However, current flow and species 

transport take place mainly in the thickness direction of the anode, separator and cathode layers, 

owing to the extremely high electrical conductivity of current collectors. It is a good 

approximation to employ one dimensional model to simulate Li-ion cell behaviours. 

In this chapter, the assumption to develop the Li-ion battery model is outlined. The 

governing electrochemical equations and also the governing thermal equations are described. 

Then the coupling equation which makes the electrochemical-thermal coupled Li-ion model is 

discussed.  
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2-2 Mathematical model 

 

The main assumptions are made to develop a lithium ion battery model as follows.  

 Based on porous electrode theory [116], electrodes are divided into solid phase (active 

materials) and electrolyte phase. Gas generated during operation is neglected. 

 Active materials in solid electrodes are considered to be homogenous and are 

composed of spherical components. 

 The transport process of lithium ions between the electrodes is via diffusion and 

migration. 

 The effect of current collectors on lithium ion transfer is neglected.  

 The point at the boundary line between the negative electrode and current collector 

(Cu) is set to be the origin of x-coordinate.  

Porous electrode theory is adopted in modelling the composite electrodes consisting of 

active material and electrolyte solution. The solid and electrolyte phases are treated as 

superimposed continua with each phase having its own volume fraction, while the 

microstructure of each phase is not considered. Therefore, the material balances should be 

averaged in a volume large enough to treat electrochemical reaction as a homogeneous term 

but small compared to the overall dimension of the electrode. For tortuosity effect, electrolyte 

diffusion coefficient and ionic conductivity are corrected using Bruggeman relationships, 
eff
e e eD D   and 

eff
e
  , respectively, where   is the Bruggeman exponent. And electronic 

conductivity is corrected as 
eff

e
  , for each electrode. Here, e  and s  are electrolyte and 

solid phase volume fractions, respectively. 

The governing equations are divided to three main groups explained as below: (1) charge 

transport equations, (2) species conservation equations and (3) thermal equations. The list of 

the symbols used in the governing equations is shown in Table 2-1. 
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Table 2-1: List of symbols for a lithium ion battery model 

Symbol Name Unit 

ei  Electrolyte current density 2Acm  

si  Solid current density 2Acm  

e  Electrolyte potential V  

s  Solid potential V  

ec  Electrolyte concentration 3cmmol  

sc  Solid concentration 3cmmol  

sec  Solid concentration at electrolyte interface 3cmmol  

Lij  Butler-Volmer current density 3Acm  

U  Open circuit voltage V  

nU  Anode open circuit voltage V  

pU  Cathode open circuit voltage V  

  Overpotential V  

F  Faraday’s number, 96487  1Cmol  

appliedI  Applied battery current Amp  

R  Gas constant, 8.314  11  molJK  

T  Temperature K  
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  normalized solid electrolyte concentration ( max/ sse cc ) - 

 

2-2-1 Charge transport equations 

 

The charge transport equation in solid phase is described by Ohm’s law 

Liseff j
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
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where the overpotential,   is obtained from 

Ues  

 
(2- 4) 

In Eq.(2- 4), U  is the open circuit voltage (OCV) which is a function of solid 

concentration at the electrolyte interface and the potential difference between the positive and 

negative electrodes. They are expressed in the positive and negative electrode as [117] 
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respectively. The value of   is the normalized Li concentration at the surface of the electrode  

,max

s

s

c
c

   
(2-7) 

The coefficient 0j  in Eq. (2- 3) exhibits the solid and electrolyte concentration 

dependency 

caa
sesese ccccj  )()()( max,0   (2-8) 

The terminal voltage across the battery can be determined by 

applied
f

xsLxs I
A

R
tV 

 0
)(   (2-9) 

where fR  is the film resistance on the electrode area [10].  

 

2-2-2 Species conservation equations 

 

The centre of the lithium ion sphere is considered as the origin, the conservation of 

particle in solid phase using Fick’s law of diffusion is 

)( 22
r
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r
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t
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s
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with boundary conditions 0
0






r
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r
c  and 
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r
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sRr

s 






. The model can also simulate 

cylindrical and planar particles; the treatment is analogous. For an electrode composed of 

spherical particles of radius sR , the initial specific surface area is given by  

3 s
s

s

a
R


  (2-11) 
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where s  is the volume fraction of solid phase. Corresponding formula should be used to 

calculate this specific surface area if cylindrical or planar particle is assumed. For modelling 

of irregularly shaped particles however, it is proposed to directly base the micro-macroscopic 

model on the measured specific surface area because its inverse is a more accurate 

representation of the length scale of a complex micro-macro structure than the average particle 

sizes [10]. 

In general, decreasing the particle size while keeping the porosity results in high surface 

area which usually gives higher rate capability and higher utilization. However, it should be 

noted that small particle would make it difficult to bind the particles together and hence may 

result in greater ohmic drops because of poor contact. In addition, smaller particle size 

electrodes would increase the use of carbon to coat the particles, resulting in a decrease in the 

tape density, therefore the decrease of the cell volumetric energy density. These issues indicate 

that it should be careful to make a recommendation on the optimum particle size. While 

uniform particle size is adopted in most models, the particle sizes may have a distribution in 

real electrode. The model study in this paper [118] shows that the performance of an electrode 

with two-particle distribution is worse than that of the electrode with uniform particle at the 

average size because the larger particles will give rise to transport limitations. 

The conservation of Li ion in electrolyte phase yields 
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with the boundary condition 0
,0






 Lx

e

x
c .  

 

2-2-3 Thermal equations 

 

For a multicomponent battery system consisting of porous electrode and electrolyte, the 

general differential equation of thermal energy balance can be rewritten as  

( . ) . .k
k pk k k k k k

species

T
c T Q H J

t
 


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
  (2-13) 
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where   is the velocity vector, J is the molar flux of a species due to diffusion and migration, 

and H  is the species partial molar enthalpy, with subscript k denoting in phase k. 

The assumptions to develop Eq. (2-13) are: negligible heat effect due to viscous dissipation 

and no body force, and no homogenous chemical reactions[39]. The second term on the right 

hand side of Eq. (2-13) represents thermal transport due to species diffusion and migration, 

with the summation carried out over all species in phase k. In general, the heat flux Q  includes 

conductive flux (or Fourier flux), flux caused by inter-diffusion of various species, and the 

Dufour energy flux (or diffusion-thermo effect). Because Dufour energy flux is usually 

negligible [119], the heat flux Q  can be expressed as 

k k k k k
species

Q T H J      (2-14) 

Applying Eq. (2-14) and the continuity equation for phase k 

. 0k   (2-15) 

Equation (2-13) becomes 
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Use the thermodynamic relationship [119] 

k
k kH T

T



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 (2-17) 

and also the electrochemical potential [119] 

0

,
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where 0
k  and ka  are the standard chemical potential and the activity of a species in phase k, 

respectively, we have  

,2

ln( )
( )

k

k ref k
k k

a
a

H R T zF T
T T




 
 

       
  
 
 

 (2-19) 



37 
 

The first term in right hand side of Eq. (2-19) is related to the enthalpy of mixing and 

has been neglected generally [82, 120, 121]. Also the temperature dependence of phase 

potential is neglected for simplicity. Then, Eq. (2-19) is simplified to 

k kH zF     (2-20) 

Substituting Eq. (2-20) into Eq. (2-16) yields 
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  (2-21) 

The current through phase k  is the outcome of diffusion and migration of ionic species 

in the phase 

k k
species

i zFJ   (2-22) 

Then, Eq. (2-21) can be rewritten as 

( .( )) .( ) .k
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T
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
 (2-23) 

Electrochemical reactions occur at the electrode/electrolyte interface. Heat balance over 

the interface results in [45, 122] 

 

. .e e e s s s nT n T n i i         (2-24) 

where n represents the normal unit vectors pointing outward from a phase, with subscripts e 

and s denoting the phase of electrolyte and the phase of solid active material, respectively, and 

ni  is the local transfer current density due to the electrode reaction. The right hand side of Eq. 

(2-24) represents the heat generation at the electrode/electrolyte interface and is divided into 

two parts. The first term is the irreversible reaction heat due to the electrochemical reaction 

resistance at the interface, similar to Joule heating. It is proportional to the surface overpotential 

h of the electrode reaction and is always positive. The second term is the reversible part of the 

reaction heat mainly due to the entropy change of the electrode reaction. It is called Peltier heat 

and changes sign with changing current direction. The Peltier coefficient   can be determined 

experimentally[123]. Equation (2-24) more generally can be rewritten as follows  
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where the phase transformation as well as multiple electrochemical reactions takes place at the 

electrode/electrolyte interface, subscripts k and m refer to phases k and m, respectively. km  

represents the phase transformation rate at the k-m interface from phase m to phase k, sja  is the 

specific surface area active for electrode reaction j, kma  is the specific surface area of the k-m 

interface within the averaging volume Vo, and h is the enthalpy with subscripts k and m referring 

to phases k and m, respectively. The first term in the right hand side of Eq. (2-25) represents 

the heat effect due to electrochemical reactions and the second term refers to heat effect due to 

phase transformation at the electrode/electrolyte interface.  

Assume 0V  is the elementary volume of kV  (where k = e, s or g for electrolyte, solid active 

material and gas, respectively), the volume averaging of Eq. (2-23) over the elementary volume 

yields 
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(2-27) 

(2-28) 

(2-29) 

where eff
k  is the effective thermal conductivity of phase k and ,a k  is the dispersion coefficient 

in phase k. The term 
eff
k   includes the effect of tortuosity and may follow the Bruggeman 

correction. The term ,a k represents the effect of hydrodynamic dispersion that results from 

variations of the microscopic velocity and temperature, and vanishes in the absence of fluid 

motion. 

The second term on the right hand side of Eq. (2-26) is the sum of interfacial heat 

transfer effects. The term d
kmQ  represents the interfacial heat-transfer rate due to conduction, 

and the term kmQ refers to the thermal effect due to the interface movement. In view of the mean 
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values for integrals, kmQ  can be modelled as the product of the average interfacial temperature 

by the phase transformation rate at the interface 

km pk km kmQ c T    (2-30) 

where kmT  is the area-averaged temperature at the k-m interface. The last term on the right hand 

side of Eq. (2-26), Joule
kQ  arises from volume-averaging of the Joule heating term in Eq.(2-23). 

Apparently, it would vanish when electrical equilibrium holds true in a phase. However, 

electrical non-equilibrium is expected if the phase conductivity is low and/or the applied 

current density is high [10]. The conductivity of semiconductor-like active materials can be as 

low as 10-5 S/cm. Such a low electronic conductivity may cause a significant microscopic 

Ohmic drop across the active material layer coated on a substrate[10]. In this case, it can be 

shown that the first term on the right hand side of Eq. (2-29) is still negligible. Summation of 

Eq. (2-26) over all phases involved such as the electrolyte phase, the solid active material phase, 

and the gas phase and use of Eq. (2-27) yield 
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(2-31) 

Applying Eq.(2-25), Eq. (2-31) becomes  
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(2-32) 

Assuming that the local thermal equilibrium exists in the system under consideration  
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Then Eq. (2-32) becomes 
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where 
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* ( ) ( )k m pk pmh h h c c T      (2-39) 

The volume averaged current density at phase of a concentrated binary electrolyte and 

for the phase of the solid active material are 

lneff e eff i
k e D ei c             (2-40) 

eff s
s si         (2-41) 

According to Eq. (2-38), the heat sources inside the battery are due to electrochemical 

reactions, phase transformations, and Ohmic Joule heating in the electrolyte and electrodes. In 

order to find the heat generation rate using Eq.(2-38), the Peltier coefficient, j , should be 

defined. An expression for Peltier coefficient has been derived by Newman [124] based on the 

general multicomponent transport equations and electrode reactions. With the Dufour energy 

flux neglected, it is reduced to 

j
j

j

T S
n F


   (2-42) 

where jS  is the entropy change of electrode reaction j. The entropy changes of a number of 

electrode reactions are calculated [125, 126], or thermodynamic relationship between the OCP 

and the entropy changes can be used  
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Then Eq. (2-42) can be rewritten as 
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Substituting Eq. (2-44) and also j se es jU      into Eq. (2-38) gives 
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For most battery systems including Li-ion batteries, the lumped thermal model can be 

used, where the convection term in Eq. (2-34) can be neglected. In the lumped thermal model, 

the transient heat conduction is sufficient to describe temperature behaviour inside the battery 
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 (2-46) 

In summary, Eq. (2-46)along with Eq. (2-45) constitutes the general thermal model that 

describes the temperature field inside a battery.  

The cell temperature prediction depends on energy source terms, Q in Eq. (2-46). 

Generally, the source term Q can be found using Eq. (2-45). In the following, this term is 

developed especially for Li-ion cell using the assumptions made in the section 2-1.  

The source term ,Q, is considered in two parts: generation and dissipation. Generation 

occurs in reversible and irreversible manner. In addition to heat generation, heat is removed by 

dissipation of the energy to the surrounding environment.  

The total heat generation can be classified into reversible heat, revQ , and irreversible 

heat, irrQ . 

gen rev irrQ Q Q   (2-47) 

The reversible heat is the part of energy which is needed to be released or absorbed in 

the electrochemical reactions to maintain the energy balance of the whole reactions, occurring 

at the electrode/electrolyte interface (first term in Eq. (2-45)). It can be calculated by  

0

L
Li

rev
SQ A j T dx

nF


    (2-48) 

where 0Lij  means discharge and 0Lij  means charge. The entropy changes of electrode 

material for a reduction reaction can be obtained from [127] 
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The temperature dependent open circuit potential of the electrodes, 
T
U



, in the positive 

and negative electrodes can be found from [128] 
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(2-51) 

respectively. The value of   is the normalized Li concentration at the surface of the electrode  
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(2-52) 

The irreversible Joule heat (second term in Eq. (2-45)) due to Ohmic losses of electrons 

and lithium ions transport in the cell is expressed as 
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     (2-53) 

where the term 2
cI R  represents the heat generation due to the contact resistance between 

current collector and electrode.  

During charge and discharge, the energy used to overcome the activation energy of the 

chemical reaction would be released in the form of heat (last term in Eq. (2-45)). This heat is 

called polarization heat and can be expressed by 

0

L
Li

pQ A j dx   (2-54) 

It should be noted that there is no gas phase in Li-ion cells therefore the third term in 

Eq. (2-45) is neglected.  

In summary, the irreversible heat is the sum of Joule heat and active polarization heat 
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irr j pQ Q Q   (2-55) 

Arrhenius equation is needed for the temperature and electrochemical model coupling 

))11(exp( ,

TTR
E

refu

act
ref 

  (2-56) 

where Φ is a general temperature dependent variables, such as diffusion coefficient, 

conductivity of electrolyte or exchange current density, Φref  is the corresponding reference 

value at the reference temperature ( CT o
ref 25 ). Activation energy of the evolution process of 

Φ is shown by Eact,Φ. The magnitude of Eact,Φ shows sensitivity of the parameter to the 

temperature. The ionic conductivity and electrolyte diffusion coefficient are strong functions 

of temperature and have high value of Eact,Φ. 

The heat dissipation mechanism in Li-ion battery cell is heat convection. The inside 

heat convection can be determined by 

( )convQ hA T T   (2-57) 

From the above analysis, the heat source term for the battery cell is: 

gen dissQ Q Q   (2-58) 

2-3 Summary 

 

In this chapter, the governing equations of Li-ion cell are introduced in terms of 

electrochemical equations and thermal equations. The details of electrochemical equations are 

discussed considering charge and species conservation equations. The thermal equations are 

reviewed based on general energy equations governing for the battery systems. The simplified 

thermal equations for Li-ion cell are also discussed which will be adopted in this study to 

calculate heat generation and heat dissipation in the following chapters. The coupling equation 

which connects the electrochemical and thermal equations is also presented.  
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Chapter 3   Numerical method to stimulate the 

electrochemical-thermal model for Li-ion battery cell 
 

 

 

 

 

 

 

 

 

 

3-1 Introduction 

 

The simulation plays an important role in understanding of electrochemical-thermal 

behavior and internal process of Li-ion batteries. The governing equations of the 

electrochemical-thermal model of a Li-ion cell model are described in Chapter 2. As it can be 

seen, the governing equations are a set of partial differential equations (PDEs) which are highly 

non-linear and contain nonlinear source terms. In order to solve the set of equations, various 

numerical methods are proposed to solve the PDEs and conduct the simulation of 

electrochemical-thermal processes. These existing methods mostly use the iterative methods 

or trial-and-error methods, which are really time-consuming and computationally expensive 

for the EV application stimulations.  

In this chapter, a novel numerical method is proposed to accelerate the solution of the 

electrochemical-thermal model for a Li-ion battery cell. It is implemented in four steps. In the 

first step, physical analogy of electrochemical process to an electric circuit is used to solve 

charge conservation equations. In the second and third step, control volume method is used to 



45 
 

solve species conservation equations. In the last step, the thermal equations are solved and the 

temperature distribution in the battery cell is found using the control volume methods.  

 

3-2 Numerical procedure 

 

The set of governing equations of an electrochemical-thermal model of a Li-ion cell 

introduced in Chapter 2 are a set of coupled nonlinear PDEs. The summary of the governing 

equations are shown in Table 3-1. 

 

Table 3-1: A summary of electrochemical-thermal model equations 

Conservation type Equations and boundary equations  
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There is difficulty for the existing numerical methods to solve these PDEs because (1) 

a set of nonlinear PDEs are numerically stiff and all the equations are highly coupled together. 

The iterative methods are used to solve these equations for achieving high accuracy, leading 

to higher computational cost. (2) The boundary conditions for charge conservation equations 

are the second type (Neumann boundary condition). To solve the PDEs in such a boundary 

condition, the initially guessed values are assigned at the computational domain to solve the 

governing equations, and then the solutions are modified to meet the conservation equation, 

consequently the nonlinear PDEs needs to be solved together with the modification of the 

boundary conditions iteratively. These iterative procedures are highly time-consuming.  

In this chapter, a cost-effective numerical method with high accuracy is proposed. 

The proposed numerical method is implemented in four steps. In the first step, the 

discretization of the conservation of charge equations is considered in the new formulation, 

where the analogy between the electrochemical processes to the electric circuits is proposed 

and Kirchhoff’s current law (KCL) and Kirchhoff’s voltage law (KVL) are applied to the 

equivalent circuits. As a result, the distribution of s  and e  is obtained very fast as the 

iterations to solve the governing equations are limited in the new formulations. Moreover, 

the boundary conditions are changed to the first type (Dirichlet boundary condition) so that 

the required iteration procedure in the previous boundary conditions is eliminated. Once the 

charge distribution is calculated, the equations of conservation species and thermal equations 

are solved using the control volume method in the second, third and fourth steps. The control 

volume method used in the steps 2, 3 and 4 has higher stability and faster convergence among 

other numerical methods [129]. The detailed discussions of each step are shown in the 

following. 

Step 1- Generally, total applied current to the battery should be conserved as there is 

no current loss in the battery. The total applied current enters the cell from an external circuit 

and enters the solid phase and then the current enters the electrolyte through surface reactions 

as shown in Figure 3-1. At the end of the electrode, the current enter the electrolyte phase 

and is carried to the other electrode through the ions. On the other electrode, this current 

enters the solid phase again in a reverse manner.  
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Figure 3-1: Current distribution in electrode and electrolyte 

 

Based on the above discussion, the total applied current density in both electrodes could 

be divided to solid phase current density ( si ) and electrolyte phase current density ( ei ). The 

solid phase and electrolyte phase current densities by using Eq. (3-1) and (3-4) can be expressed 

as 

x
i seff
s







  (3-12) 

x
c

cx
i e

e

eff
Deeff

e











  (3-13) 

The sum of Eqs. (3-1) and (3-4) gives 

0)( 



es ii

x
 

(3-14) 

which implies that the total current has to be constant along the battery and can be found by 

considering the boundary conditions Eqs. (3-2), (3-3) and (3-5) 

A
I

ii applied
es   

(3-15) 
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Figure 3-2: Distributions of current densities along battery thickness 

 

As mentioned before, the current density in the solid/electrolyte interface is the 

transfer current density 
Lij . Thus, three types of current densities: transfer, solid and 

electrolyte current densities occur in positive and negative electrodes which have been 

analogous to electrical circuits. As shown in Figure 3-2, each electrode is divided into a 

number of circuits (control volumes) to obtain the solid and electrolyte potentials. 

Considering there are N control volumes across the battery with the length of L  and the 

distance of x between two nearby volumes. In the following formulation, 
1
2lx x   and 

1
2lx x   are denoted as 1

2lx



 and 1

2lx



, respectively. Applying KCL to the lth volume in 

solid phase and electrolyte phase gives 

lss Jlili  )()( 2
1

2
1  (3-16) 

lee Jlili  )()( 2
1

2
1  (3-17) 

where lJ  is the transfer current density along the numerical volume ( xjJ Li ). In Eq.(3-

16), the solid current density is obtained by discretising Eq. (3-12) 

1
2

1
2

1
2

( 1) ( )( ) eff s s
s l

l

l li l
x

 






 
  


 

(3-18) 

In this equation the ohmic resistance can be defined as ( ) / eff
s l lR l x   . Assuming 

1
2( ) ( ( ) ( 1)) / 2s s sR l R l R l    , Eq. (3-18) can be rewritten as 
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In Eq. (3-17), the electrolyte current density is found by discretising Eq. (3-13) 
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(3-20) 

The ohmic resistance can be defined as ( ) / eff
e l lR l x   . Assuming 

1
2( ) ( ( ) ( 1)) / 2e e eR l R l R l    , Eq. (3-20) becomes 

1
2

1
2 1

2
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eff
e e eD

e
le e

l l ci l
R l c x
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
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 
 (3-21) 

In Eq. (3-21), the concentration gradient is known from the previous time step by 

solving species conservation equations in the next steps.  

Moreover, applying KVL to the control volume l yields the relation for solid and electrolyte 

potentials 

0)()()()( )()()1()()1()1()()1(   lelslelelslelsls   (3-22) 

Eq. (3-22) eliminates the iterations required by the FDM, where Eq. (3-15) should be 

satisfied by iterations on boundary conditions at each control volume. It is obvious that 

instead of the potentials in nodes, the potential differences are used to obtain the currents. 

Thus, three new variables are introduced: 

( ) ( 1) ( )
( ) ( 1) ( )
( ) ( ) ( )

s s s

e e e

J s e

V l l l
V l l l
V l l l

 

 

 

   

   

  

 

(3-23) 

Using these new variables, Eq. (3-22) is rewritten as 

( ) ( 1) ( ) ( ) 0s J e JV l V l V l V l       (3-24) 

Substituting Eq. (3-24) into Eqs. (3-19) and (3-21) gives 

1
2 1

2

( )( )
( )

s
s

s

V li l
R l


  


 (3-25) 
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To obtain the values of ( )sV l  and ( )eV l , Eqs. (3-25) and (3-26) should be solved 

together with Eqs. (3-16) and (3-17). In Eq.(3-24), ( )JV l  is a nonlinear function of lJ

according to the Butler-Volmer equation. The linearization of Butler-Volmer equation is 

used to solve ( )JV l . Once ( )sV l , ( )eV l and ( )JV l  have been obtained, the values of 

( )s l  and ( )e l  can be computed using Eq.(3-22). Applying KCL and KVL to the electric 

circuits analogous to the electrochemical process in the battery helps to modify all second 

type boundary equations into only one first-type boundary condition at the first control 

volume: (1) /s appliedi I A . Since the current at the other boundary is satisfied (

max( ) /s appliedi l I A ) automatically, no boundary condition is required at the end of the 

equivalent circuit. This massive reduction in the boundary conditions eliminates the most 

time-consuming part of iterations in charge transport equations. It should be noted that the 

potential is assumed to be zero at x=0, namely 0)1( s . 

 

Step 2- In this step, a control volume method is used to find the surface concentration 

[130]. This method provides the surface concentration directly. The accurate surface 

concentration is essential because it is used in the transfer current density as well as in the 

calculation of the equilibrium potential for the interfacial reaction. Considering M control 

volumes for a lithium ion in the spatial domain [0, sR ] uniformly with the distance of r  

between two nearby volumes, 
1
2ir r   and 

1
2ir r   are respectively denoted as 1

2ir   and 

1
2ir  ,  integrating the left hand side of Eq. (3-6) over the interval of 

1 1
2 2
,i ir r

 
 
   gives 

1 1
2 2

1 1
2 2

2 2 2
i ii

ii i

r r
r

s
s s

r r r

cr dr r c dr r c dr
t t

 

 

 
    

    
 

    

(3-27) 
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Defining a function
2( ) ( )sf r r c r , Taylor expansion is applied to approximate the value of 

the function in the sub-intervals 
1
2
, iir r


 
  and 

1
2

,i ir r


 
   by the following equations 
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(3-29) 

Substituting Eqs. (3-28)and (3-29) into Eq. (3-27) yields 
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Similarly, integrating the right hand side of the Eq.(3-27) and substituting it into Eq. (3-27) 
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  The volume iV  of the corresponding shell over the interval 
1 1
2 2
,i ir r

 
 
   is defined as 
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r rV r r r

   
      

3-32) 

The term 
2

ir r  in Eq. (3-32) is replaced by the definition of iV  in Eq. (3-31) 
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33) 

The matrix form of Eq. (3-33) is  

( )s
s

cM h c
t





 

(3-34) 

where ( )sh c  is the right hand side of Eq. (3-33) and M  is a tri-diagonal matrix as followings 
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To obtain the time dependent solution, the combination of the forward and backward 

Euler’s method based on the central difference scheme is used with the second order of 

accuracy in the time discretization. Given an initial concentration profile, 
t
sc , and the time 

step t , the prediction of the concentration profile 
tt

sc 
 at time tt   satisfies 

1
2 ( ( ) ( ))

t t t
t t ts s
s s

c cM h c h c
t




 


 
(3-36) 

In the right hand side of the Eq.(3-36), when the diffusion coefficient Ds is a constant, 

the function h(cs) is linear. Thus, it takes only one step to reach the solution.  

 

Step 3- The control volume method is also used to find the electrolyte concentration. 

Considering there are O control volumes across the battery with the length of L  and the 

distance of x between two nearby volumes. In the following formulation, 
1
2ix x   and 

1
2ix x   are denoted as 1

2ix
  and 1

2ix
 , respectively. Integrating both sides of species 

conservation equation in electrolyte 

1 1
2 2

1 1
2 2
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x x

eff Lie e e
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(3-37) 

Defining

01 Lit j S
F




, the discretised format of the Eq. (3-37) can be expressed as: 

( 1) ( ) ( ) ( 1)( ) ( )effe e e e e e
e

c c i c i c i c ix D S i
t x x

    
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(3-38) 

To march in time, the combination of the forward and backward Euler’s method based on the 

central difference scheme is used again. Assume that an initial electrolyte concentration 
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profile is 
t
ec  and the time step t , the prediction of concentration profile 

tt
ec 

 at time tt   

satisfies:  
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t t te e

e e e
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(3-39) 

where )( ecg  is the right hand side of Eq (3-38). 

 

Step 4- In this step, the control volume method is applied to the conservation of 

energy equation along the electrode to find the temperature. Considering there are H control 

volumes across the battery with the length of L  and the distance of x between two nearby 

volumes. In the following formulation, 
1
2ix x   and 

1
2ix x   are denoted as 1

2ix
  and 1

2ix
 , 

respectively. Integrating both sides of Eq. (3-11) gives 
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(3-40) 

It should be noted that at each control volume the value of the heat source (Q(i)) 

should be calculated using the heat generation equation introduced in Chapter 2.  

To march in time, the initial temperature profile is tT  and the time step t , the prediction of 

temperature profile t tT   at time tt   satisfies:  

1
2 ( ( ) ( ))

t t t
t t t

p
T Tc p T p T

t




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

 
(3-41) 

where ( )p T  is the right hand side of Eq (3-39). 

 

3-3 Experimental verification 

 

The proposed method is applied to solve the governing equations of a 26650 lithium 

ion battery. The parameters required in the equations are shown in Table 3-2. 

Table 3-2: Battery parameters 



54 
 

  Parameter 
Negative 

electrode 
Separator 

Positive 

electrode 

Thickness ( m )  34b  25 b  70 b  

Particle Radius sR  ( m ) 5 b  - 0.05 b  

Active material volume fraction s  0.58 a - 0.374 a 

Electrolyte phase volume fraction e  0.357 a 0.5 a 0.444 a 

Conductivity of solid active material   (
1Scm ) 

1.0 c - 0.038 c 

Effective conductivity of solid active 

material 
5.1 s

eff   b
  - 5.1 s

eff   b
  

Transference number 0
t  0.363 c  

Electrolyte phase ionic conductivity  ( 1Scm

) 
)85.0exp(0158.0 4.1

ee cc
 d
  

Effective electrolyte phase ionic conductivity  5.1)( e
eff 

 d 

Effective electrolyte phase diffusion 

conductivity 
)1(2 0  tF

RT eff
eff
D


  d

 
 

Electrolyte phase diffusion coefficient eD (

12 scm ) 
61058.2 

 d 

Effective electrolyte phase diffusion 

coefficient 
ee

eff
e DD 5.1)(

 d 

Solid phase diffusion coefficient sD ( 12 scm

) 
10109.3 

 d - 9100.1 
 d 
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Maximum solid phase concentration max,sc (

3mmol ) 
30.54 e - 22.86 e 

Change transfers coefficients ca  ,  0.5,0.5 c - 0.5,0.5 c 

Active surface area per electrode unit volume 

sa  s

e
s R

a 3
  c - 

s

e
s R

a 3
  c 

Electrode plate area A ( 2cm ) 1800 b - 1800 b 

Film resistance on the electrode surface, fR (

12 scm ) 
20 a 0 20 a 

Notes: a Estimated Values, b,c,d,e Values adopted from Ref.[131], [132] , [83] and [133], respectively. 

 

In order to verify the proposed method, the discharge behaviour of the Li-ion battery 

is simulated and compared with experimental data.  

Figure 3-3 shows the battery potentials versus the discharge capacity under various 

discharge rates of 0.5C, 1C, 2C and 4C at the temperature of 20oC. The results of the 

proposed method agree very well with experimental data at the average error of 0.096% in 

1C discharge rate. It proves that the proposed method can accurately simulate lithium ion 

battery behaviour.  



56 
 

 

Figure 3-3: Comparison of discharge curves between proposed method, FDM and experimental 

data at various discharge rates 

 

In order to validate the effectiveness of the proposed method, the predicted and 

measured temperature of the Li-ion cell are compared under different discharge rates: 0.5C, 

1C, 2C and 4C as shown in Figure 3-4, where the single cell is kept in the ambient temperature 

of 20oC for at least 2 hours at the beginning of each experiment to reach thermal equilibrium 

as monitored by a thermocouple which has been mounted on the surface of the cell. It can be 

seen that the simulation results agree well with the experimental results with the average 

error of 1.24% for all discharge rates. It proves that the proposed method can accurately 

predict the temperature response of the cell at low, medium and high discharge rates. The 

temperature rise of the cell is enhanced by the discharge rate as the heat generation is 

dominated by the joule heat and Ohmic losses of the lithium ion transport.  
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Figure 3-4: Comparison of predicted and measured temperatures at various discharge rates 

 

3-3 Effectiveness of the proposed method 

 

The proposed method is implemented in a C++ program language in Microsoft Visual 

Studio 2010 on Windows 7 platform running on a PC with Intel W3550 CPU. The total 

required computational time is 62s for FDM while the time is 28s for the proposed method 

when the 1C discharge rate, ambient temperature of 20oC and the initial electrolyte 

concentration of 1 3molm  are applied. It shows the proposed method faster than the FDM by 

2.2 times. The high speed of the proposed method is because of (1) reducing the iteration in 

the steps 1 and 2, (2) changing the boundary conditions from the second type to the first type 

in the step 1, and (3) adopting fast control volume method in the steps 2, 3 and 4, which 

provides the opportunity to allow bigger step size in both time and space domains.  
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(a) 

 

(b) 

Figure 3-5: Relative error convergence of proposed method and FDM in various step sizes in (a) 

space, (b) time 
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Different grid sizes in terms of space steps in the battery thickness are studied for the 

first step in the proposed and FDM methods. Figure 3-5(a) shows the relative error of the 

voltage prediction in 1C discharge rate. The solution from a very fine grid mesh (12900 

control volumes) is used as a reference solution in the error convergence test. As can be seen 

from Figure 3-5(a), for a fixed number of points, the proposed method is more accurate than 

the FDM by a factor of about 100. The normalized space step of 0.02 is selected for the rest 

of the simulations. By choosing this value, the real space step in the negative electrode, 

separator and positive electrodes are 0.68 m , 0.5 m  and 1.4 m , respectively, 

corresponding to their own thicknesses. 

The same study has been done for the second and third steps. Finally, the values of 

the normalized space step in the steps 2 and 3 are 0.005 and 0.01, respectively, for the rest 

of the simulation. Consequently, the real space step for the lithium ion in the negative and 

positive electrodes are 0.025 m  and 0.00025 m  with respect to their own radii in the step 

2; whereas, the real space step in the negative electrode, separator and positive electrode are 

0.34 m , 0.25 m , and 0.7 m , respectively, corresponding to their own thicknesses. The 

bigger step size cannot be applied to EV driving cycles as it may cause large errors and high 

discrepancies between the calculated results from the model and those from the experiments. 

For the time dimension in step 1, the number of the control volumes is fixed to 150 

and the time step sizes are varied. The solution with very small time step sizes (0.001s per 

step) is chosen as the reference solution. Figure 3-5(b) illustrates the time step study for the 

proposed method and FDM. At a certain time step, the proposed method is more accurate 

than FDM by the average factor of 10. In this paper, the time step of 10s is used for the 

proposed method while the time step has to be decreased to 2s for the FDM, to achieve the 

required relative error. The same study has been done for steps 2, 3 and 4. Based on the 

results, t  in steps 2, 3, and 4 is selected to be 3s for the rest of the simulations in the 

proposed method. Figure 3-5(b) demonstrates the constant time steps only. The adaptive time 

stepping may be used in the constant rates, as it reduces the computational time. However, 

at the various discharge rates, adaptive time stepping does not reduce the total computational 

time as the required time step should be recalled at each step. The main purpose of this thesis 

is for EV applications with varying discharge rates (EV driving cycles), the adaptive time 

steps haven’t been applied. 

Assume the initial concentration of 1 3moldm , Figure 3-6 shows the electrolyte 

concentration profile comparison across the battery thickness in the 1C discharge rate at the 
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beginning, 30 minutes later and at the end of the discharge. It can be observed that the 

electrolyte concentration profiles for both the proposed method and the FDM are in good 

agreement. Moreover, the concentration with non-zero value shows that, in this discharge 

current rate, the effect of concentration polarization is not so high to utilize all of electrode 

material. 

 

Figure 3-6: Electrolyte concentration profile along battery thickness at 1C discharge rate 

 

 In Figure 3-7, the electrolyte potential along the battery thickness is compared 

between the proposed method and the FDM. Both results match very well, which indicates 

the ability of the proposed method to accurately predict the internal properties of the lithium 

ion battery.  
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Figure 3-7: Electrolyte potential profile along battery thickness at 1C discharge rate 

 

3-4 Summery 

 

In this chapter, a new numerical method to solve an electrochemical-thermal model 

for a Li-ion battery is proposed. This method is based on the integration of Kirchhoff’s laws 

and the control volume method by using the analogy of electrochemical processes to electric 

circuits. The comparison between the proposed method and the finite difference method 

shows that the proposed method significantly shortens simulation time. The simulation 

results have compared with experimental data to validate the high accuracy of the proposed 

method. 
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Chapter 4   Electrochemical-thermal model for Li-ion battery 

pack 
 

 

 

 

 

 

 

 

 

 

4-1 Introduction 

 

Li-ion battery cells are considered as the most ideal energy storage equipment for EVs 

due to their high power, high density, long cycle life and low self-discharge rate. However, the 

temperature behaviour of Li-ion battery cell during charging and discharging processes under 

EV driving cycles needs more investigations in terms of thermal managements. The Li-ion 

battery pack consists of multiple cells in series and parallel configuration to achieve the 

required current, voltage, power and energy in EVs. Under charge and discharge processes the 

temperature of the battery cells in the battery pack are increased gradually which needs to be 

observed accurately to prevent them from gradually rising to the maximum allowable value, 

leading to the acceleration of the degradation rate and thermal runaway [134, 135]. Thus, a 

thermal management which can protect the battery cells from high temperature rise is required 

to be designed for the Li-ion battery packs in EV applications. In this regard, the characteristics 

of heat generation and heat dissipation in the battery packs should be studied comprehensively 

to ensure that the battery cell temperature can be effectively controlled below the limiting 

values under EV driving cycles.  
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To examine the Li-ion battery pack behaviour at different operating conditions under 

various driving cycles, numerical simulation is a more cost effective method than the costly 

and time-consuming experimental tests. Also numerical simulations give the crucial details of 

heat generation, heat dissipation and battery cell temperature changes inside the battery which 

cannot be observed by using experiments. Hence, developing a theoretical electrochemical-

thermal to predict the heat generation and heat dissipation rates of each battery cell within the 

battery pack is significant and crucial for thermal management’s designs in EVs.  

In the previous chapters, an electrochemical-thermal model for Li-ion cell is developed 

and the novel numerical method to solve the governing equations are proposed and validated 

against experiments. In this chapter, the improved theoretical electrochemical-thermal model 

coupled with the thermal resistive network is proposed to accurately predict the heat generation 

rates, heat dissipation rates and temperature rise of lithium ion cells within a battery pack. The 

experimental data verifies the accuracy of the proposed model under constant discharge current 

and variable discharge current based on EV driving cycles.  

 

4-2. Model development 

 

Figure 4-1 shows the components and arrangement of a typical lithium ion battery pack 

for electric vehicle application [21, 136]. The battery cells within the battery packs could be 

cylindrical (Figure 4-1(a)) or pouch designs (Figure 4-1(b)). As can be seen in Figure 4-1, the 

Li-ion battery pack consists of a number of Li-ion cells arranged in series and parallel. 

 

The battery packs initial temperature changes because of internal heat. In order to 

observe the Li-ion battery pack thermal behaviour, the electrochemical-thermal model for the 

Li-ion battery pack is developed. In this section, the governing equations of electrochemical-

thermal model are discussed in terms of electrochemical equations and thermal equations.  
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(a) 

 
(b) 

Figure 4-1: Schematic view of Li-ion battery pack consisting of (a) cylindrical battery cells, (b) 

pouch battery cells 

 

 

4-1-1 Electrochemical model 

 

In the developed thermal-electrochemical model for battery packs, the governing 

equations of electrochemical model stay the same as the numerical model for Li-ion battery 

cell which have been explained in details in Section 2-2-1 and 2-2-2 in Chapter 2. In the 

following, only thermal model will be introduced. 
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4-1-2 Thermal model 

 

The temperature of a single cell in the battery pack can be calculated by the general 

conservation energy equation 

QTTc
t p 


 ).()(   
(4-1) 

 

The energy source term, Q in Eq. (4-1) is considered as generation heat and dissipation 

heat. The heat generation equations are introduced in Chapter 2 and briefly noted in Table 4-1. 

In developing the heat generation equations it is assumed that the temperature of the battery 

cell is distributed uniformly and also the thermal capacity and mass of the battery cell are even 

with no differences.  

 

Table 4-1: Heat generation equations 

Heat generation term Equation  

Reversible  

0

L
Li

rev
SQ A j T dx

nF


    
(4-2) 

 

Irreversible Joule  
2 2 2

0

ln( ( ) ( ) ( )( ))
L

eff eff effs e e e
j D c

cQ A dx I R
x x x x
  

  
   

   
     

(4-3) 

 

Irreversible polarization 

0

L
Li

pQ A j dx   
(4-4) 

 

In addition to heat generation in a battery pack, heat dissipation plays an important 

role in its thermal behaviour. There are different heat dissipation mechanisms in a battery cell 

(Figure 4-2 [137]); namely:  

 

1. Heat conduction: which is an exchange of thermal energy, in the presence of 

temperature gradient, from more energetic to the adjacent less energetic particles of a 

substance due to interactions between particles; 
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2. Heat convection: which is the transfer of the thermal energy between a surface and a 

moving fluid by the bulk motion of the fluid (i.e. cooling air in the Li-ion battery packs) 

As the cell is an opaque system, the radiation heat transfer inside the battery pack is 

insignificant. Also it is assumed that the inlet air temperature to the battery pack is equal to 

the surrounding temperature.  

 

 
Figure 4-2: Schematic illustration of different systems of heat dissipation in a Li-ion battery pack 

 

 

Convection is one of the most important mechanisms of heat dissipation. When the 

battery case temperature exceeds the ambient temperature, the convection starts to dissipate 

the thermal energy. The inside heat convection can be determined by 

( )convQ hA T T   (4-5) 

Eq.(4-5) shows that the convective heat dissipation is proportional to the temperature 

difference between the battery case and the ambient. The convective heat transfer can be 

either natural (free) convection or forced convection. In the natural (free) convection, the 

fluid (air in the Li-ion battery packs) moves naturally by differences in the fluid densities 

occurring because of temperature gradients. In the forced convection, by contrast, the fluid 
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moves by an external source, such as cooling fan. The heat transfer coefficient in natural 

convection and forced convection is defined as [138] 

0.830( )
5

4

forced
air c

natural

mh
Ah

h





 
 

 (4-6) 

The battery pack used in this study is arranged in 4S4P which consists of 4 strings in 

parallel with each string having 4 cells in series. As a result, this pack has a total of 16 cells. 

To show this arrangement clearly, the pack without casing can be seen in Figure 4-3(a). A 

resistive network is proposed to describe conductive heat transfer as shown in Figure 4-3(b).  

 

 

(a) 
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(b) 

Figure 4-3: Battery pack (a) 3D view, (b) front view 

 

The heat conduction mechanism inside the battery pack occurs to dissipate the heat 

from cells to the air and casing. By using the thermal and electrical analogy, the thermal 

resistances are considered between the cell to the casing and from the casing to the 

environment, where the casing has its equivalent thermal resistances and so does each cell in 

its four sides: left, right, up and down. The heat is transferred from the side with the smallest 

thermal resistance. The cell with less neighbouring cells has less heat resistance which means 

a better heat conductivity and lower cell temperature. 

The value of the heat conduction resistances can be determined by: 



dR 
 

(4- 7) 

where d and λ are the thickness (or distance) and the thermal conductivity of air or casing, 

respectively. The thermal conductivity of the air is 110257.0  KWm  and the distance between 

battery cells and casing is cm5.0  in the battery pack in this paper. The casing of the battery pack 

is made of Acrylonitrile Butadiene Styrene (ABS) with the thickness of cm20.0  and the thermal 

conductivity of 1125.0  KWm .” 

Highest 
Temperature 
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The total amount of the heat conduction from the cell to the neighbouring cells or 

environment is proportional to the temperature difference between the cell and the 

surroundings:  

.
ambient

cond
T TQ

R


  
 (4-8) 

 

 

where Tambient is the temperature of the surroundings. 

From the above analysis, the heat source term for the battery pack is:  

gen dissQ Q Q   (4-9) 

 

4-2 Numerical procedure 

 

To find the solution of the governing equations, the same numerical method proposed 

in Chapter 3 for Li-ion cells is used. For every single cell located in the battery pack, the 

numerical procedure shown in Figure 4-4 is followed. First, all the parameters are initialized 

and the boundary conditions for the governing equations are set up. Then, the proposed 

numerical method for the Li-ion cell is applied to find the electrochemical properties. With the 

calculation results of the electrochemical properties, the reversible heat generation is calculated 

by Eq.(4-2), and the irreversible heat generation is obtained by Eqs. (4-3) and (4-4). Thus, the 

total heat generation rate at battery cell at time t can be computed by gen rev irrQ Q Q  . On the 

other hand, the heat dissipation is determined by Eqs. (4-5) and (4-8). By combining genQ  and 

dissQ , the total net heat generation can be calculated to determine the temperature change of the 

battery cell from Eq.(4-1).  
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Figure 4-4: Flowchart of numerical procedure 

 

4-4 Experimental verification 

4-4-1 Battery pack 

 

The battery pack with 4S4P configuration has been selected for the experimental verification. 

This battery pack has 9.2Ah with the normal voltage of 14.2V as shown in Figure 4-5, which consists 

of 16 A123 26650 cells with each cell having 2.3Ah. In experiments, thermocouples are attached on the 

cell surfaces to measure their temperatures in real time. All experiments are carried out under constant 

ambient temperature in a temperature chamber. Before each test, lithium ion battery cell or pack are 

restored for at least 2 hours in order to reach thermal equilibrium, as monitored by thermocouples. All 

charging and discharging experiments in this chapter are conducted by using Arbin Instruments.   
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Figure 4-5: Experimental setup for 14.4V lithium ion battery pack 

 

Since the cell with the highest temperature is obviously in the centre of the battery pack, 

the calculation of the battery pack temperature will actually focus on this cell which is indicated 

by an arrow in Figure 4-3(b) because if this cell temperature can be kept within the maximum 

allowable temperature all the cells in the pack should work safely. Therefore, the temperature 

of the centre cell will represent the battery pack temperature in the following section. To 

measure the temperature of the centre cell, the battery pack is kept in the ambient temperature 

of 20oC  for at least 2 hours to reach thermal equilibrium at the beginning of each experiment 

as monitored by a thermocouple which has been mounted on the surface of the centre cell. 
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(a) 
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(b) 

 

(c) 
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(d) 

Figure 4-6: Current profiles based on EV driving cycles: (a) UDDS, (b) J1015 Mode, (c) ECE and 

(d) FHDS 

The main purpose of this study is to investigate the thermal behaviour under EV 

applications, so EV driving cycles from Europe, USA and Japan have been chosen to conduct 

the test on the battery pack. They are the European driving cycles to account for urban driving 

(ECE15), US driving cycles to examine the urban and highway driving cycles (UDDS and 

FHDS) and Japanese driving cycles to study a combination of urban and extra urban route 

(J1015 Mode). Their corresponding current profiles and battery pack temperature are shown in 

Figure 4-6 and Figure 4-7, respectively, where the battery pack is operated under repeated driving 

cycles until it reaches the cut-off voltage. 

 

 

Figure 4-7: Temperature comparison for UDDS, Japanese 1015 Mode, ECE and FHD 
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The comparison of the battery pack temperature calculated from the thermal model with 

those measured from the experimental data indicates that they agree very well with the average 

errors of 1.34%, 1.74%, 2.13% and 1.36% in UDDS, J1015 Mode, ECE and FHD, respectively. 

Such low average errors prove that the proposed thermal model can accurately predict the 

battery pack temperature under EV driving cycles.  

The maximum temperature achieved at the end of the cycle for UDDS, J1015 Mode, 

ECE and FHD are 25.26oC, 26.90oC, 29.15oC and 24.36oC, respectively. It is observed that the 

driving cycle with high charge rate (or discharge rate) more power is delivered to (or drawn 

from) the battery pack and consequently more heat is generated. The ECE cycle is the most 

aggressive driving cycle, leading to the highest temperature among the studied EV driving 

cycles. It is also observed that at the beginning of the transient EV driving cycles the chemical 

reactions are endothermic which causes a slight temperature drop, as the dynamic cycle 

proceeds further, the heat generated from the source terms contributes to the rise of the 

temperature. Figure 4-8 demonstrates the temperature changes and voltage changes at UDDS 

cycle for all the Li-ion battery cells in the 4P4S battery pack. 

 
(a) Cell 1 
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(b) Cell 2 

 
(c) Cell 3 
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(d) Cell 4 

 
(e) Cell 5 
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(e) Cell 6 

 
(f) Cell 7 
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(g) Cell 8 

 
(h) Cell 9 
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(i) Cell 10 

 
(j) Cell 11 
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(k) Cell 12 

 
(l) Cell 13 



82 
 

 
(m) Cell 14 

 
(n) Cell 15 
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(o) Cell 16 

Figure 4-8: Temperature changes and voltage changes at UDDS cycle for all the Li-ion battery 
cells in the 4P4S battery pack. 

 
4-4-2 Battery pack with fan 

 

To study the effect of fan on the temperature response of the battery pack, a 12V DC 

fan with the maximum air flow of 5.4 cubic feet per minute (CFM) is used in the experiments, 

where three air flow rates are considered: the maximum flow rate (5.4 CFM), the medium flow 

rate (2.1 CFM) and zero flow rate which are obtained by using variable power supply and 

measured by an oscilloscope as shown in Figure 4-9.  

The thermal responses of the battery pack under the UDDS for three above-mentioned 

flow rates are provided in Figure 4-9, respectively. It can be observed that by using the 

maximum and medium fan flow rates, the battery pack temperature at the end of the cycle is 

increased by only 2.15oC and 3.40oC, respectively, while with the zero flow rate, namely the 

fan is not running, the temperature goes as high as 5.26oC.  
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It should be noted that the higher the air flow rate, the higher the power consumption 

and the slower the temperature rise. The power consumption for the high flow rate is 0.96W 

while it for the medium flow rate is 0.36W. In our case, from high flow rate to medium flow 

rate there is the power reduction by 0.6W which causes the temperature rise by 1.25oC. 

Therefore, a careful consideration is required to select the proper fan air flow rate since the 

power consumption of the fan will draw from the battery pack in EVs. 

 

 

Figure 4-9: Comparison of change in temperature under UDDS at different flow rates of fan 

 

4-4 Results and discussions 

4-4-1 Heat analysis of UDDS 

 

The detailed heat analysis of the battery pack under UDDS has been carried out and the 

results are shown in Figure 4-10. It can be observed from the Figure 4-10 that as the temperature 
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of the battery pack decreases at the beginning of the cycle no heat dissipation occurs because 

the heat dissipation by conduction is proportional to the temperature difference between the 

casing and the cell as expressed by Eq. (4-8). As UDDS proceeds further, when the battery 

pack discharges by 1.3Ah the temperature difference between the casing and the cell starts to 

increases, this difference becomes almost constant at a certain temperature. As a result, the heat 

conduction initially increases and then becomes almost constant.  

 

 

Figure 4-10: Heat analysis of lithium ion battery pack under UDDS 

 

The heat dissipation through convection is proportional to the temperature difference 

between the surroundings and the battery pack as expected in Eq.(4-5). Hence, the heat 

dissipation rate increases towards the end of the cycle. According to Eq. (4-2), reversible heat 

is affected by the distribution of reaction current density as well as the variation of the entropy 

term (dU/dT). The reaction current density in the UDDS varies with the charge and discharge 

current density along the time while the entropy fluctuates with the state of the battery pack. 
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The almost constant reversible heat proves that the effects of current density and the entropy 

may cancel each other. The irreversible heat drops at the beginning of the cycle due to the 

endothermic chemical reaction and after a while starts to increase when the Joule heat becomes 

dominant. The total heat generation of the battery pack decreases at the beginning of the cycle 

and then increases towards the end of the UDDS, resulting in the rise of battery pack 

temperature.  

 

4-4-2 Effect of thermal resistive network on accuracy of temperature 
prediction  

 

In the proposed model, the theoretical electrochemical thermal model coupled with the 

thermal resistive network model to improve the accuracy of the temperature prediction. Again, 

the UDDS is selected as an example. Figure 4-11 shows the comparison of the temperature 

prediction between the experimental data and the proposed model with and without the thermal 

resistive network model. 
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Figure 4-11: Comparison of temperature predicted from proposed model with and without thermal 

resistive network under UDDS with temperature obtained from experimental data 

 

It can be seen that the temperature profiles for the proposed model with and without the 

thermal resistive network match the temperature profile from the experimental data very well 

at the beginning of the cycle since there is no heat conduction. After the battery pack discharges 

by 2Ah, the discrepancies between two profiles begin. Comparing with the temperature profile 

from the experimental data, the proposed model with and without the thermal resistive network 

model has the average errors of 1.34% and 3.45%, respectively. This improves the accuracy of 

temperature prediction by 2.6, which is important for EV applications.  

 

 

 

4-4-3 Battery pack at different ambient temperatures 
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In the previous experiments, the battery pack is placed under the controlled ambient 

temperature of 20 oC. To be more realistic for EV applications, a large battery pack which 

consists of four above-mentioned battery packs is built with all of them connected in series 

(shown in Figure 4-12). It has the total voltage of 56.8V. This large battery pack is simulated 

under the UDDS in the presence of the ambient temperature of 30oC and 40oC.  

 

 

Figure 4-12: Illustration of four of battery pack connected in series 

 

The results of the highest cell temperature are shown in Figure 4-13. It can be seen that 

at the ambient temperature of 20oC, 30oC and 40oC, the temperatures of the large battery pack 

can finally increase to 38.47oC, 49.58oC and 60.34oC, respectively. It shows that the battery 

pack will not be in the safe thermal range for the ambient temperature of 30oC and 40oC. The 

temperature behaviour of the large battery pack under the forced convection is also simulated 

in the presence of the ambient temperatures of 20oC, 30oC and 40oC, where the fans are the 

same as that in Section 4-3 with the high flow rate of 5.4CFM. The temperatures of the large 

battery packs are 27.69oC, 38.93oC and 49.01oC, respectively.  

In the developed thermal model proposed in this thesis, all the temperature dependent 

parameters have been considered. Some parameters like diffusivity coefficient are highly 

thermal dependent and have significant changes as temperature changes to more than 30oC and 
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below than 10oC. Considering all the thermal dependent parameters, the temperature will rise 

at the ambient temperature more than 30oC and below than 10oC.” 

 

 

Figure 4-13: Temperature profiles for large battery pack at different ambient temperatures 

 

4-5 Summary 
 

An improved theoretical electrochemical-thermal model combined with the thermal 

resistive network is used to predict the thermal performance of the Li-ion battery packs in EVs. 

The combined model is used to study heat generation and heat dissipation as well as their 

influences on the temperatures of the battery pack with and without a fan under constant current 

discharge and variable current discharge based on EV driving cycles. The temperatures 

simulated from the proposed model are compared with the temperatures obtained from the 

experimental data to verify the accuracy of the proposed model.  
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Furthermore, the proposed model with and without the fan has also been investigated. 

It shows that the use of the fan can decrease the temperature of the battery pack but consume 

the power from the battery pack. Therefore, for battery pack design in EVs the power 

consumption of the fan together with the temperature rise should be considered. 

The simulation of the large battery pack at high ambient temperatures (e.g. 30oC or 

40oC) shows the final temperature of the large battery pack can exceed the safe thermal range. 

Therefore, the thermal management system is important for EVs to ensure that all cells in the 

battery pack are operating within the safe temperature range. 
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Chapter 5   Performances of Li-ion batteries at low 

temperatures  
 

 

 

 

 

 

 

 

 

 

5-1 Introduction 

 

Rechargeable lithium-ion (Li-ion) batteries have been chosen as the leading candidate 

in commercial electric vehicles (EVs) due to their high energy and power density compared to 

other battery chemistries. However, successful adoption of EVs must overcome the technical 

limitations of Li-ion batteries. One limitation is the significant reduction in energy and power 

densities at low temperatures, particularly below 0 o C  [86, 98, 139]. It has been reported that 

typical commercial Li-ion batteries only retain 5% of energy density and 1.25% of power 

density at 40oC  compared to the respective values at 20 o C  [86]. Thus, it is necessary to 

understand the limiting factors of Li-ion cells and battery packs at low temperatures to ensure 

EV performance is adequate [87, 92, 101, 140-142].  

In this chapter, the behaviour of a laboratory-made cell and pack at low temperatures 

under wide range of discharge conditions is investigated. These include constant discharge 

currents and discharge profiles based on EV driving cycles. The thermal dependent parameters 
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are constructed in electrochemical-thermal models. The results obtained from the models and 

those from the experiments are compared to show that the models developed can reliably 

predict Li-ion cell and pack performance at low temperatures. A simulation was also conducted 

in the validated model to provide an insight into the Li-ion cell and pack and identify the 

limiting factors of the poor performance at low temperatures. 

 

5-2 Overpotentials  

 

When a battery is discharged, it needs to overcome overpotentials caused by physical 

and chemical changes in the properties of the material that make up the electrodes and 

electrolytes inside a battery for delivering energy to a load. Overpotentials are divided into 

three parts [23, 24]: the Ohmic overpotential ohm , the kinetic overpotential k and the 

concentration overpotential c . At low temperatures, overpotentials may become dominant 

factors influencing battery performances.   

The Ohmic overpotential can be expressed as an integral from the cathode to the anode: 

0

(0)
( )

L

ohm
iA dx

A x



   (5-1) 

 

Here, ( )A x  is the area of the cross section at distance x from the negative electrode.  

The kinetic overpotentials to describe oxidation reaction in the anode and reduction reaction 

in the cathode are respectively shown as follows: 
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The concentration overpotential is caused by the concentration variations near the 

surface of the electrode particles and electrolyte. In solutions with an excess of supporting 

electrolytes, it can be approximated as: 
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e
c

s

cRT ln
nF c

   (5-4) 

 

5-3 Model validation 

 

The battery cell used in this study was a laboratory-made Li-ion pouch cell with the 

normal capacity of 3.6Ah. The cells consist of NCM ( 1 1 1
3 3 3 2LiNi Mn Co O ) cathode and 

graphite ( x 6Li C ) anode. The electrolyte of the cell is a solution of 6LiPF  salt with propylene 

carbonate (10%), ethylene carbonate (27%) and dimethyl carbonate (63%) in volume.  

It should be mentioned that the coating length is 50cm and the weight is 44g per cell. 

The cell structure squeezes the electrode into a small cell volume in which temperature 

difference is small. These features of pouch cells allow a reasonable assumption of uniform 

reaction rate and temperature distribution. 

The anode consists of 95.5% graphite, 1.5% Super P carbon black and 3% PVDF (by 

weight), with anode thickness of 80μm. The cathode compositions are generally 94% NCM, 

3% Super P carbon black and 3% PVDF. Thickness of this cathode is 78μm. The cell has an 

N/P (negative to positive electrode) ratio of 1.15 and electrode coating area of 640 2cm . Active 

material loading in the cathode is 3.9mAh/cm2. Using material balance, the porosities of anode 

and cathode are calculated as 0.26 and 0.28 respectively. Separator of 20μm thickness and 0.46 

porosity is used. The electrolyte is 1.2 M LiPF6 in a mixture of PC, EC and DMC (10:27:63 by 

volume). 

To minimize the cell differences induced during fabrication process and formation 

cycles, two cells are selected to operate at the same condition. A consistency check of the cell 

data is performed and only one cell data will be presented. 

Model validation of a single cell and battery pack was conducted under different 

ambient temperatures and a wide range of constant discharge currents and variable discharge 

profiles based on EV driving cycles. The Li-ion cell and pack used in the validation are 

shown in Figure 5-1, where the pack was constructed from four Li-ion cells in series.  
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(a) 

 
(b) 

Figure 5-1: Li-ion (a) cell, (b) battery pack 

 

For the experiments, the cell and the pack were charged at room temperature by 

constant current constant voltage (CCCV) with the CC of 0.5C followed by the CV of 4.2V. 

At the CV stage, when the charging current was decreased to 0.05C, both the cell and the 

pack were considered to be fully charged and the charging process was terminated. A 

temperature chamber was used to provide different ambient temperatures for all discharging 

tests. A thermocouple was used to measure the cell surface temperature located midway 

along the length of the Li-ion cell. In order for the cells to reach thermal equilibrium before 

each charge and discharge operation, the cells were kept at four-hour rest at each ambient 
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thermal point set by the temperature chamber, except room temperature, where only a one-

hour rest was applied.  
 

5-3-1 Single cell  

 

Experimental results of voltages and temperatures for the single Li-ion cell were 

compared with the simulation results predicted from the model at the constant discharge rates 

of 0.2C, 0.5C, 1C and 2C at room temperature (around 20oC). These are shown in Figure 

5-2. The cell voltages and temperatures which increased as a function of the discharge 

capacity were very consistent with an average error of 0.025% and 0.046%,  

 

 
(a) 
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(b) 

Figure 5-2: Comparison between simulation results and experimental data at different discharge 

rates with room temperature for a single Li-ion cell (a) voltage, (b) temperature 

 

 

respectively. At the high discharge rates of 0.5C, 1C and 2C, the temperature 

increased significantly at the end of discharge (e.g., 12oC for 1C and 21oC for 2C) owing to 

the large amount of heat generated from high voltage loss. 

 

Moreover, the Li-ion cell was validated by experiments to determine temperature and 

discharge rate effects on the cell, shown in Figure 5-3. To examine the temperature effect, 

the Li-ion cell was discharged at 1C at different temperatures of 20oC, 0oC and -10oC. The 

results are shown in Figure 5-3(a). The voltages of the cell calculated from the model and 

those obtained from the experiments showed agreement with the overall average voltage 

error of 4.31%, except the large voltage discrepancies near the cut-off at the subzero 

temperature of -10oC. Both cell voltage and capacity decreased with temperature reduction 

due to high-cell resistance and a large voltage drop at lower temperatures. 

Affects on discharge rates at the subzero temperatures were specifically examined. A 

temperature of -10oC was selected since the cell at this temperature is still capable of 

delivering reasonable performance at high discharge rates usually occurring in EV 
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applications. The Li-ion cell was discharged at currents of 2C, 1C, 0.5C and 0.2C at -10oC. 

As shown in Figure 5-3(b), the model prediction matches well with the experimental data at 

0.2C and 0.5C discharge rates except that the voltages are slightly over-predicted bythe 

model near the cut-off point. At the high discharge rates of 1C and 2C, a large voltage over-

prediction by the model developed after 0.5Ah and 0.25Ah, respectively. The overall average 

voltage errors at 0.2C, 0.5C, 1C and 2C were 8.12%, 9.55%, 15.65% and 19.81%, 

respectively. Overall, the model predicted higher capacity than the experiment at -10oC. 

 

 
(a) 
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(b) 

Figure 5-3: Cell voltage profile comparison between simulation results and experimental data at (a) 

different temperatures, (b) different discharge rates 

 
 

5-3-2 Battery pack  

 

Four of the same cells used in the previous section were connected in series to build 

a battery pack. The model validation of the battery pack at the constant discharge rates of 

0.2C, 0.5C, 1C and 2C was carried out at room temperature (20oC).  The cut-off voltage for 

the battery pack was set to 12.5V. Figure 5-4 shows voltage from the model simulation 

compared with the experiments; they are very consistent with an overall discrepancy error of 

0.09%.  
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Figure 5-4: Battery pack voltage profile comparison between simulation results and experimental 

data at different discharge rates and room temperature 

 
 

Since the main purpose of this study was to investigate behaviours of the battery pack 

at low temperatures for EV applications, discharge current profiles based on EV driving 

cycles from Europe, USA and Japan were chosen to test the battery pack under temperature 

variations. These are European driving cycles for typical urban driving (ECE15), US driving 

cycles for typical urban (UDDS) and federal highway driving cycles (FHDS) and Japanese 

driving cycles (J1015 Mode) for typical urban and high speed routes.  
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Table 5-1: Overall voltage error comparison of battery pack for EV driving cycles between 
simulation and experimental results 

 20oC 0oC -10oC 

ECE15 
5.10% (0.1C) 6.14% (0.1C) 7.23% (0.1C) 

6.43% (0.3C) 9.35% (0.3C) 10.48% (0.3C) 

UDDS 
6.88% (0.1C) 8.24% (0.1C) 9.32% (0.1C) 

8.43% (0.3C) 11.76%(0.3C) 13.43% (0.3C) 

FHDS 
6.03% (0.1C) 7.53% (0.1C) 8.26% (0.1C) 

7.17% (0.3C) 11.21% (0.3C) 12.54% (0.3C) 

J1015 Mode 
4.76% (0.1C) 5.87% (0.1C) 6.14% (0.1C) 

5.34% (0.3C) 8.64% (0.3C) 9.76% (0.3C) 

 

 

To examine the effect of the EV driving cycles on behaviours of the battery pack 

behaviour, the current profiles with  average discharge rates of 0.1C and 0.3C were generated 

using an EV simulation program with EV driving cycles of ECE15, UDDS, FHDS and the 

J1015 Mode. These profiles were used to discharge the battery pack at the ambient 

temperatures of 20oC, 0oC and -10oC. Table 5-1 shows the summary of the overall voltage 

errors between simulation and experimental results of the battery pack for all EV driving 

cycles. Generally, it shows that the model had a very good accuracy for the voltage prediction 

in a wide range of operational temperatures from -10oC to 20oC. The battery pack capacities 

at 0oC and -10oC were compared with those of 20oC as shown in Table 5-2. This shows that 

the ECE15 had the lowest discharge capacity in all driving cycles.  
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Table 5-2: Comparison of battery pack capacities at 0oC and -10oC with the capacity at 20oC for EV 
driving cycles between simulation and experimental results 

 0oC -10oC 

ECE15 
42%(0.1C) 21% (0.1C) 

32% (0.3C) 13% (0.3C) 

UDDS 
54% (0.1C) 35% (0.1C) 

43% (0.3C) 25% (0.3C) 

FHDS 
65% (0.1C) 56% (0.1C) 

52% (0.3C) 48%% (0.3C) 

J1015 Mode 
45% (0.1C) 22% (0.1C) 

35% (0.3C) 15% (0.3C) 

 

To demonstrate EV current profiles for testing the battery pack, the UDDS at 0.3C 

discharge rate at 20oC and -10oC were chosen as examples. Their current profiles and the 

corresponding voltage responses from the model simulation and experiments are shown in 

Figure 5-5. The voltage profiles near the end of the discharge are enlarged in both cases to 

indicate the close voltage variation between simulated and experimental results.  
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(a) 

 
(b) 
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(c) 

 
(d) 
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Figure 5-5: UDDS (a) current profile at 20oC, (b) voltage responses at 20oC from model simulation 

and experimental data, (c) current profile at -10oC, (d) voltage responses at -10oC from model 

simulation and experimental data 

5-4 Analysis of cell and pack behaviour at low temperatures 
 

In this section, the validated coupled electrochemical-thermal model is used to 

explore the behaviours of both the cell and pack at low temperatures, specifically in terms of 

voltage loss. In accordance with voltage loss, resistances were defined as the overpotential 

divided by the volumetric current density, leading to the Ohmic, kinetic and concentration 

resistances which are respectively expressed as follows: 

0
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Here, the Ohmic resistance oR reflects electronic and also ionic resistances of both electrodes 

and electrolyte/separator region. 

The kinetic resistance is defined as the ration of kinetic overpotential to volumetric current 

density. Considering Eq. (5-2) in the anode, we obtain kinetic resistance as 
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The volumetric current density, i  in Eq. (5- 6) can be replaced by using the Tafel equation 

[143] 
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Similarly, in the cathode side 
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Therefore, the kinetic concentration resistance can be expressed as 
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Here, the kinetic resistance kR
 
exhibits the charge-transfer kinetics on the active material-

electrolyte interface. 

The concentration resistance is defined as the division of concentration overpotential (see 

Eq.(5-3)) by volumetric current density 
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Substituting the volumetric current density using the Nernst equation [143] 
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In this formula, the concentrations resistance cR expresses the concentration polarization in the 

electrode and inside the active particles.  

 

5-4-1 Single cell 

 

The influences of temperature and C-rate on the resistances for the single Li-ion cell 

were analysed (Figure 5-6). The temperature (thermal) effect was examined by comparing 

the cell resistances at different temperatures and the C-rate effect was reviewed by comparing 

the resistances at different discharge rates.  
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Figure 5-6: Cell resistances at (a) low discharge rate at 20oC, (b) low discharge at -10oC, (c) high 

discharge rate at 20oC, and (d) high discharge rate at -10oC 

 

Influence of temperature- For the low discharge rate of 0.2C, the cell resistances at 

20oC and -10oC are shown in Figure 5-6(a) and (b), respectively. Since the electrolyte acts 

as a resistor at this low discharge rate, the Ohmic resistance was almost constant during the 

discharge process and independent of discharge capacity at both temperatures. At the 

temperature of 20oC, the Ohmic resistance dominated and accounted for approximately half 

the total cell resistance, indicating that reducing Ohmic resistance improvees Li-ion battery 

performance. At the temperature of -10oC, although the Ohmic resistance increased five 
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times more than at 20oC, namely from 20 2cm  to 115 2cm , its dominance was superseded 

by kinetic resistance as a proportion of the total (Figure 5-6 (b)).  

Kinetic resistance was initially low and increased gradually due to the reduction of 

the exchange current density with discharge capacity at both temperatures. These analytical 

results match well with those from the EIS study [108] and simulation [115] of 18650 Li-ion 

cell at room temperature. At the temperature of -10oC, the kinetic resistance was 30 times 

higher than 20oC and was dominant in overall resistance. The high kinetic resistance at the 

temperature of -10oC was caused by the large kinetic activation energy at both negative (68

/kJ mol ) [144] and positive electrodes (49 /kJ mol ) [144]. At room temperature of 20oC 

the anode kinetic was much faster than the cathode; whereas at the low temperature of -10oC 

both anode and cathode kinetics reached a similar level because of the high activation energy 

of the anode. Hence, at low temperatures the activation energy of anode was high and became 

more rate limiting. These analytical results of the charge-transfer resistances are consistent 

with Tafel polarization measures [93] and results from the EIS study [108] and simulation 

[115].  

At room and low temperatures, the concentration resistances also increased and 

reached maximum values at the end of the discharge. The concentration resistance at the 

temperature of -10oC was ten times higher than those at 20oC due to the lower solid state 

diffusivity at low rather than high temperatures. Moreover, the kinetic and concentration 

resistances in the discharged state were much higher than those in charged state. 

For the high discharge rate of 2C, the cell resistance at room (20oC) and low temperature -

10oC), are shown in Figure 5-6(c) and Figure 5-6(d), respectively. At the high discharge rate 

of 2C, the electrolyte does not act as a constant resistance at the low discharge rate of 0.2C. 

This is because during the discharge process the thermal effect of high discharge rate increases 

the ionic conductivity in the electrolyte and the separator where the most of the reaction current 

is initially generated at both room and low temperatures, which leads to a decreasing trend of 

the Ohmic resistance. (Figure 5-6 (d)).  

Kinetic resistances increased and displayed maximum values at the end of the 

discharge due to the slow kinetics and high activation energy at both room and low 

temperatures.  

The concentration resistances at room and low temperatures increased toward the end 

of the discharge. The concentration resistances at room and low temperatures increase 
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towards the end of discharge. The concentration resistances at the low temperature are around 

35 times higher than those at the room temperature, high cathode exchange current density 

causes high concentration resistance at low temperature of -10oC.  

At the low temperature of -10oC, kinetic and concentration resistances increased 

quickly, particularly after the discharge capacity of 1.0Ah, equivalent to about 30% of the 

normal capacity, as shown in Figure 5-6(d). These resistances caused cell voltage to drop 

rapidly which reached cut-off voltage earlier at -10oC than 20oC. The corresponding capacity 

was only 1.5Ah, 40% of normal capacity.  

 

Influence of C-rate- Cell resistances at room temperature (20oC) for the high 

discharge rate of 2C and low discharge rate of 0.2C are shown in Figure 5-6(a) and Figure 

5-6(c), respectively. These show that Ohmic resistance is almost constant at a low discharge 

rate and decreased at a high rate. Moreover, the Ohmic resistance at the room temperature 

dominated the overall resistance and accounted for almost half the total cell resistances at 

low rates.  

Kinetic resistances at both low and high rates of discharge at room temperature (20oC) 

were initially low, but increased gradually as discharge continued. Kinetic resistances at the 

high discharge rate were marginally higher than those at the low rate. As mentioned, Kinetic 

resistance reflected the charge-transfer kinetics of electrolyte and active particles. The 

charge-transfer kinetic was strongly temperature dependent [145] and its values were almost 

constant at different discharge rates. 

Concentration resistances increased at both low and high discharge rates. The solid 

phase diffusivity at the high discharge rate of 2C became a dominant effect that caused the 

disappearance of peaks and troughs evident at low discharge.  

Based on the simulation results, the electrolyte ionic conductivity was lowered 

significantly over the threshold concentration (3mol/L) which made a significant potential 

drop in the electrolyte [103] and eventually a sharp increase in kinetic resistance. Both kinetic 

and concentration resistances increased quickly as discharge continued. They increased 

sharply at high discharge rates and were important limiting factors. 
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5-4-2 Battery pack 

 

The battery pack resistances under UDDS with the average discharge rate of 0.3C are 

shown in Figure 5-7(a) at room temperature (20oC) and low temperature (-10C) in Figure 

5-7(b). Figure 5-7(a), shows that Ohmic resistance at 20oC was almost constant which 

indicates the same trend as that shown in Figure 5-6(a) at the low discharge rate. Kinetic and 

concentration resistances started to increase at approximately 50% of the discharge capacity 

due to the high values of the exchange current density and solid concentration.  

At the low temperature of -10oC, ionic conductivity of electrolyte at the 

electrode/electrolyte region was low. The low value of ionic conductivity caused an 

immobilization of Li+ ions in the anode electrolyte which needed to be consumed by the 

cathode electrolyte. The sharp increase in concentration resistance was due to the various 

amounts of exchange current density as the applied current at the EV driving cycle varied 

with continued discharge (Figure 5-5 (a) and Figure 5-5(c)). Hence, concentration resistances 

became limiting factors for EV driving cycles at low temperature (-10oC). This indicates a 

higher value of ionic conductivity of electrolytes may help to improve the EV performance 

at low temperatures.  
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(a) 

 
(b) 

Figure 5-7: Cell resistances under UDDS at (a) 20oC, (b) -10oC 
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 Figure 5-7(b) shows that concentration resistances at -10oC increased sharply, leading to a 

capacity loss of 50% compared to nominal capacity.  

As mentioned in the previous section, the battery pack under ECE15 have the lowest 

discharge capacity among all EV driving cycles at the low temperature (-10oC). 

Correspondingly, the overall resistances of the battery pack have the highest values during 

discharging under ECE15. Therefore, battery pack resistances under ECE15 was chosen to 

show trends in changing resistances. Figure 5-8 shows concentration resistance significantly 

increased at the end of the discharge due to the sharp fall of ionic conductivity of electrolyte 

especially in the anode affected by exchange current density.  

 

 
Figure 5-8: Cell resistances under ECE15 at -10oC 
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5-5 Summary 
 

An electrochemical-thermal coupled model is proposed to evaluate the performance 

of a single Li-ion cell and a pack. The proposed model is validated against the experimental 

data obtained from the single Li-ion cell and the pack over a wide range of constant current 

discharge rates, the current profiles based on EV driving cycles and various temperatures, 

particularly at subzero temperature. They generally have good agreement in term of the 

prediction of voltage and temperature. The simulation has been conducted in the validated 

model to gain insights of the Li-ion cell and the pack at low temperatures. The conclusions 

can be drawn as follows: 

1.  Cell performance depends not only on ambient temperatures, but also on 

discharge rates and thermal conditions. At room temperatures, the Ohmic resistance 

dominates the total resistances of the single cell. The electrolyte resistances are responsible 

for low battery performance at low and high discharge rates. At the temperature of -10oC, 

charge-transfer kinetics is the limiting factor in low discharge rate operation while the high 

thermal-related solid phase diffusivity causes high concentration resistance; this becomes the 

limiting factor at high discharge rates. Therefore, an effective way to enhance cell 

performance at low temperatures is to increase the electrolyte concentration, but within 

critical levels.  

2. The performance of Li-ion battery packs under EV driving cycles is generally 

poor at low temperatures, as EV driving cycles with high power demand cause large increase 

of exchange current densities which reduces the achievable maximum discharge capacity of 

the Li-ion battery packs. In addition, the concentration resistance is high at low temperatures, 

thus the increasing ionic conductivity in electrolyte is most beneficial to improve pack 

discharge capacity. 
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Chapter 6   Conclusions and future work 
 

 

 

 

 

 

 

 

 

 

6-1 Conclusions 

 

EVs can be considered an ideal solution for transportation because they are pollutant 

free and independent of petroleum. Of all cell chemistries, Li-ion battery cells are the best 

candidate as energy storage systems in EVs due to their high-specific energy, high power 

and high- discharge capacity. Despite rapid growth of Li-ion applications in the EV market, 

its market share in the automotive industry remains limited. In addition to high battery cost, 

Li-ion batteries suffer from poor performance at low temperatures. Li-ion batteries are highly 

temperature dependent and temperature affects several aspects of the batteries in the 

operation of EVs: charge acceptance, power and energy capability, reliability, safety 

issues (e.g. thermal runaway) and life. Hence, in this dissertation, the market barrier of poor 

performance of Li-ion battery cells and battery packs in EV applications was studied using 

numerical modelling and a simulation approach. Modelling simulations provide a cost-

effective way to reveal the fundamental mechanisms that dictate battery behaviour. 

An electrochemical-thermal coupled model was developed for Li-ion battery cells. 

This model consists of a set of non-linear partial differential equations that contains non-

linear source terms. Existing numerical approaches to solve this set of equations are time-
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consuming and computationally expensive. In this study, a novel numerical method was 

introduced to determine the solution of the electrochemical-thermal model for a Li-ion 

battery cell quickly. This method was implemented in four steps: (1) a physical analogy of 

an electrochemical process to an electric circuit was used to solve charge conservation 

equations; (2, 3) a control volume method was used to solve species conservation equations; 

and (4) the thermal equations were solved and the temperature distribution in the battery cell 

was found using control volume methods. The model was then validated against 26650 Li-

ion cells across a wide range of discharge rates and the effectiveness of the developed 

numerical method was studied.  

In EV applications, the Li-ion battery pack consisting of multiple cells in series and 

parallel is required to meet the high demands of current, voltage, power and energy. The 

temperatures of each cell in the pack are monitored and controlled to prevent them from 

gradually rising to the maximum allowable value that would accelerate the degradation rate 

and lead to thermal runaway. Hence, it is necessary to fully understand the thermal 

characteristics of Li-ion battery packs under EV driving cycles and ensure that the cell 

temperature in the pack is effectively controlled below the maximum allowable value. In this 

study, a comprehensive electrochemical-thermal model coupled with a resistive-network 

model was developed for Li-ion battery packs to study the rate-limiting factors under EV 

applications. The proposed model was validated against a battery pack consisting of 16 Li-

ion battery cells (26650 Li-ion battery cells) in a 4S4P arrangement in different discharge 

rates, ambient temperatures, and EV driving cycles. It should be noted that the proposed 

model was validated in both the presence and absence of a cooling fan (that is, both forced 

and natural convection). Although the cooling fan reduces battery pack temperature, it 

consumes power, and this factor requires careful consideration in thermal management. In 

addition, the effectiveness of the resistive network was studied to predict the temperature 

rise. Based on the simulation results, the accuracy of the temperature prediction was 

improved by a factor of 2.6. The simulation results of large battery packs at high ambient 

temperatures revealed the temperature of the Li-ion battery cells can exceed the safe thermal 

range. It was concluded that the design of a proper thermal management system for battery 

packs in EV applications is essential to ensure all battery cells operate within the safe thermal 

range.  

The poor performance of Li-ion batteries at low temperatures poses a technical barrier 

for EV applications. A theoretical electrochemical-thermal model was proposed to evaluate 
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the performance of a Li-ion cell and a Li-ion battery pack at low temperatures. The 

specifically designed Li-ion pouch cells were made in the laboratory with known internal 

parameters and a battery pack was built comprising four pouch cells connected in series. The 

proposed model was validated on both the cell and pack over a wide range of temperatures 

from -10C to 20C at various constant-discharge currents and discharge-current profiles based 

on EV driving cycles. It was found that the terminal voltages of the cell and pack calculated 

from the proposed model were consistent with those obtained from the experiments. A 

simulation was then implemented in the validated model to provide insights into the 

behaviour of both the cell and pack. This revealed that at the low temperature of -10C 

degrees, a high-discharge rate can cause low diffusivity of the salt in the electrolyte and the 

lithium-ion in the graphite particles. This results in high Ohmic surface and concentration 

resistances that lead to poor performance (low available capacity) of the Li-ion cell and 

battery pack, particularly under current profiles based on EV driving cycles with high power 

demand.  

 

6-2 Future work 

 

The following topics are proposed for future work relevant to the research carried out 

by the thesis: 

 A location dependent value for convective heat coefficient (h) is preferred. In large 

battery pack designs for EVs, a cooling channel is planned to cool battery cells by the 

suction effect of the fan. When the air flows past cooling channel, a thermal boundary 

layer is formed. In the thermal boundary layer, the convective heat transfer coefficient 

is not constant and should be calculated based on the velocity of the air, the location of 

the battery cell and the air-pressure gradient. 

 The experimental validation of large battery packs in current EV use at high 

temperatures is required to examine the accuracy of the proposed electrochemical-

thermal model. This validation would comprise the validation of the increased surface 

area, high-heat generation and heat dissipations, higher values of internal resistances, 

and the high final temperature of the battery cells. 
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 An experimental setting for temperatures lower than 10o C  is preferred. At these lower 

temperatures, the performance of the Li-ion battery pack is even less and the thermal 

dependency of their electrochemical characteristics become more significant.  

 The ageing mechanisms evident at low temperatures are a significant barrier in battery 

packs under EV applications. Therefore, considering different ageing mechanisms and 

degradation models would be beneficial to understanding and implementing EV 

applications.  

 Based on the poor performance of the Li-ion battery cells at low temperatures, heating 

the battery cell is one way to improve performance. Heating strategies in terms of 

energy, time and cost should be investigated. Furthermore, the effect of heating on the 

Li-ion battery cell’s life should be addressed, which cannot be predicted using the 

current model.  
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