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The accelerating adoption of electrical technologies in vehicles over the recent years has 

led to an increase in the research on electrochemical energy storage systems, which are 

among the key elements in these technologies. The application of electrochemical energy 

storage systems for instance in hybrid electrical vehicles (HEVs) or hybrid mobile 

working machines allows tolerating high power peaks, leading to an opportunity to

downsize the internal combustion engine and reduce fuel consumption, and therefore, 

CO2 and other emissions. Further, the application of electrochemical energy storage 

systems provides an option of kinetic and potential energy recuperation. 

Presently, the lithium-ion (Li-ion) battery is considered the most suitable electrochemical

energy storage type in HEVs and hybrid mobile working machines. However, the

intensive operating cycle produces high heat losses in the Li-ion battery, which increase 

its operating temperature. The Li-ion battery operation at high temperatures accelerates 

the ageing of the battery, and in the worst case, may lead to a thermal runaway and fire. 

Therefore, an appropriate Li-ion battery cooling system should be provided for the

temperature control in applications such as HEVs and mobile working machines. 

In this doctoral dissertation, methods are presented to set up a thermal model of a single

Li-ion cell and a more complex battery module, which can be used if full information 

about the battery chemistry is not available. In addition, a non-destructive method is 

developed for the cell thermal characterization, which allows to measure the thermal

parameters at different states of charge and in different points of cell surface. The 

proposed models and the cell thermal characterization method have been verified by 

experimental measurements. 

The minimization of high thermal non-uniformity, which was detected in the pouch cell 

during its operation with a high C-rate current, was analysed by applying a simplified

pouch cell 3D thermal model. In the analysis, heat pipes were incorporated into the pouch 

cell cooling system, and an optimization algorithm was generated for the estimation of



the optimal placement of heat pipes in the pouch cell cooling system. An analysis of the 

application of heat pipes to the pouch cell cooling system shows that heat pipes 

significantly decrease the temperature non-uniformity on the cell surface, and therefore, 

heat pipes were recommended for the enhancement of the pouch cell cooling system. 

Keywords: secondary battery, lithium-ion battery, LTO pouch cell, thermal modelling, 

thermal characterization, cooling system, heat pipe, equivalent electrical circuit. 
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Nomenclature 

Latin letters  

A area m2 

A magnitude ratio of the signal – 

�̅� average value of the magnitude ratios of signals – 

∆A difference between transfer function magnitudes dB 

A matrix of fitting coefficients – 

a specific area 1/m 

a horisontal distance between heat pipes m 

b vertical distance between heat pipes m 

C capacitance F 

C matrix of heat capacitances – 

Ch capacity A∙h 

Ci dimensionless parameters – 

Cp heat capacity at a constant pressure J/K 

Crate C-rate current – 

Cth thermal capacitance J/K 

Cv heat capacity at a constant volume J/K 

CPE constant phase element – 

c temperature coefficient 1/K 

cp specific heat capacity at a constant pressure J/(kg∙K) 

d diameter m 

e thermo-electromotive force V 

F Faraday constant (96485.3 C/mol) C/mol 

f function during uncertainty calculation – 

G thermal impedance K/W 

GT temperature gradient coefficient – 

g acceleration due to gravity m/s2 

H enthalpy J 

h thickness m 

h heat transfer coefficient W/(m2∙K) 

I current A 

i integer number – 

J current density A/m2 

k thermal conductivity W/(m∙K) 

�̅� average thermal conductivity W/(m∙K) 

l length m 

N number of units – 

n fitting coefficient – 

nE number of electrons per reaction – 

o weighting coefficient – 

P perimeter m 
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Q heat losses W 

Q  heat losses generated per unit volume W/m3 

Q  heat added to the system J 

Q matrix of linear heat fluxes – 

Qheat heat generation and dissipation matrix – 

Q0 fitting coefficient – 

q heat flux W/m2 

R resistance Ω 

Rth thermal resistance K/W 

Rc bending radius of the heat pipe m 

S fitting constant – 

S0 sensitivity V/W 

∆S change of entropy J/(K∙mol) 

T temperature K 

T0 initial temperature K 

�̅� average temperature K 

∆T temperature difference K 

T matrix of temperature values – 

∆T matrix of temperature change values – 

t time s 

∆t time-lag of the response signal from the input signal s 

t matrix of time intervals – 

U voltage V 

U internal energy of the system J 

u uncertainty – 

V volume m3 

w width m 

X matrix of point coordinates – 

x x-coordinate (width) m 

x input estimate – 

Y amplitude – 

y y-coordinate (depth) m 

y output estimate – 

Z impedance Ω 

z z-coordinate (height) m 

 

Greek letters 

 

α coefficient of linear thermal expansion 1/K 

α fitting coefficient – 

α thermal diffusivity m2/s 

β volumetric thermal expansion coefficient 1/K 
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βT isothermal compressibility 1/Pa 

ε emissivity – 

η dimensionless thickness coefficient – 

ηs overvoltage V 

Θ matrix of temperature coefficients – 

θ temperature coefficient – 

μ dimensionless parameter – 

ν kinematic viscosity m2/s 

ρ density kg/m3 

ρ electrical resistivity Ω∙m 

σ Stefan-Boltzmann constant (5.6704∙10-8) W/(m2∙K4) 

τ time interval s 

ϕ potential V 

φ phase shift rad 

∆φ difference between phase shifts rad 

ω angular frequency rad/s 

Dimensionless numbers 

Fo Fourier number 

Nu Nusselt number 

Pr Prandtl number 

Re Reynolds number 

Ra Rayleigh number 

Subscripts 

- first elementary task 

+ second elementary task 

a along-plane 

ad adiabatic 

amb ambient 

bat battery 

bot bottom 

c condenser 

cell LTO pouch cell 

cl cooling 

cc current collector 

ch charge 

char characteristic 

conv convection 

cp pouch of the cell 

cpe constant phase element 

ct charge transfer 

disch discharge 



Nomenclature 12 

dl double layer 

drc direct current 

e evaporator 

ec electrochemical 

eff effective 

el electrode 

H heat  

hp heat pipe 

Im imaginary 

int internal 

irr irreversible 

lim limited 

max maximum 

meas measured 

min minimum 

n negative 

ocv open-circuit voltage 

ohm ohmic 

p positive 

pl plane 

Re real 

rad radiation 

react reaction 

ref reference 

rev reversible 

sd standard deviation 

sep separator 

surf surface 

T temperature 

ter terminal 

th through-plane 

task elementary task 

tot total 

tp top plate 

w wall 

wat water 

Abbreviations 

2D two-dimensional 

3D three-dimensional 

BMS battery management system 

CPE constant phase element 

DoD depth of discharge 

EIS electrical impedance spectroscopy 



Nomenclature 13 

EV electrical vehicle 

GHFS gradient heat flux sensor 

HEV hybrid electrical vehicle 

ICE internal combustion engine 

LCO lithium cobalt oxide 

LFP lithium iron phosphate 

Li-ion lithium ion 

LMO lithium manganese oxide spinel  

LTO lithium titanium oxide 

NaS sodium sulphur  

NCA lithium nickel cobalt aluminium oxide 

NiMH nickel-metal hydride 

NMC lithium nickel manganese cobalt oxide 

OCV open-circuit voltage 

PCM phase change material 

SEI solid electrolyte interface 

SLI starting lighting ignition 

SoC state of charge 

SD standard deviation 

STD standard temperature deviation 

TIS thermal impedance spectroscopy 

ZEBRA zeolite battery research Africa project 
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1 Introduction 

The present energy economy, based on fossil fuels, is currently facing challenges arising 

from a number of factors, including rising demand for energy, finite resources of fossil 

fuels and dependence on supplies from politically unstable regions. As a response to the 

increasing pollution level, which has an effect on the climate, emission reduction targets 

have been set in the international Kyoto Protocol, which came into force in 2013. This 

context explains the increasing popularity of studies in the field of alternative power 

sources and enhancement of the overall system efficiency. It also leads to an increasing 

adoption of battery technologies for instance in electric and hybrid electrical vehicles 

(HEVs) and hybrid mobile working machines such as forklifts or different construction 

machines. Further, electric energy storages play a key role in the future energy 

technologies that enable large-scale applications of photovoltaic and wind power. In these 

applications, energy storages mitigate problems caused by solar and wind power 

fluctuations in the smart grid concept. 

One of the key elements in HEVs and other hybrid mobile working machines is an 

efficient energy storage device, which helps to tolerate high power peaks, and thereby, 

provides an opportunity to downsize the internal combustion engine (ICE). A smaller ICE 

enhances the efficiency of the whole system and reduces emissions and fuel consumption 

(Reddy, 2011).  

Nowadays, batteries are widely regarded as energy storage options in the above-

mentioned applications. This leads to an increasing research interest to improve the 

battery characteristics. However, there are major technical and financial challenges 

remaining, which limit the application of batteries. One of the main battery characteristics 

is the limited operating temperature range, which has a significant influence on all other 

battery characteristics. Therefore, the control of the battery operating temperature is of 

high importance especially in the applications under study, as they require high-power 

operation, and the temperature rise during the operation of the battery system can be 

significant. 

This doctoral dissertation was conducted within the MobSäKä and CAMBUS projects at 

Lappeenranta University of Technology. MobSäKä aimed at the development of a mobile 

electric drive system for heavy machinery while CAMBUS was a hybrid bus development 

project. Within the projects, the objectives were to provide a battery analysis, to develop 

methodology for the determination of battery thermal parameters and to set up thermal 

models for an individual cell and a battery system. The model should be suitable for the 

thermal control of battery packs in HEVs and other hybrid mobile working machines. A 

large number of different battery chemistries, a wide variety of designs and an absence of 

information about battery systems (usually confidential information) make it necessary 

to develop a methodology for establishing a measurement-based thermal model of a 

battery. 
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1.1 Battery types  

Batteries can be categorized into primary and secondary batteries. Primary batteries are 

based on non-electrically-reversible chemical reactions. They are a convenient energy 

source for portable electronics, but their application to HEVs or electrical vehicles (EVs) 

is commercially unprofitable as primary batteries cannot be recharged. The operation of 

secondary batteries, instead, is based on reversible electrochemical reactions, which 

makes them rechargeable. Therefore, batteries of this kind are regarded as the most 

suitable energy storages for the above-mentioned applications.  

Secondary battery types, which may be considered for the application in HEVs or other 

hybrid mobile working machines, are addressed in this section. The most common 

commercial battery types will be introduced in brief, even though the focus of the work 

is on lithium-ion batteries. The characteristics of lead-acid and other common batteries 

will be compared with lithium-ion batteries. The battery analysis is based on a literature 

survey. 

1.1.1 Lead-acid batteries 

The first lead-acid battery was presented by Raymond Gaston Plante in 1859 (Rosheim, 

1994). It had two long strips of lead foil and intermediate layers of cloth. The parts of the 

battery were spirally wound and immersed in a 10 % solution of sulphuric acid. In this 

battery, the formation of lead dioxide on the positive electrode and the roughening of the 

negative electrode took place with an increase in the number of cycles. The formation of 

lead dioxide leads to an increase in the surface area of the electrodes and battery capacity. 

In general, the modern lead-acid batteries use similar materials. Lead dioxide is used as 

the material of the positive electrode, and the negative electrode is made of metallic lead 

with a large surface area. The electrolyte is a sulphuric acid solution with 37 % acid 

concentration. During discharging of the battery, both electrodes are converted into lead 

sulphate. 

The chemical reactions on the negative and positive electrodes are: 

   e2PbSOSOPb 4

2

4 , (1.1) 

 O2HPbSO2SOH4PbO 24

2

42   e . (1.2) 

The charge-discharge process is reversible, and the overall reaction for the lead-acid 

batteries is written as (Esfahanian et al., 2015) 

 OH2PbSO2SOH2PbOPb 24422  . (1.3) 
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The energy and power densities of lead-acid batteries are low. However, the lead-acid 

batteries are very popular because of their high performance to cost ratio (Liu et al., 

2014b).  

Lead-acid batteries have been designed for different purposes such as automotive, 

stationary applications and power traction systems. The automotive SLI (starting, 

lighting, ignition) batteries are very popular because of their lightweight plastic container 

and maintenance-free design (Meissner and Richter, 2005). Lead-acid batteries for 

stationary applications are used in uninterrupted power systems, telecommunication and 

power distribution control systems and as energy storages for renewable energy sources 

such as solar and wind power. The power traction type of lead-acid batteries is used for 

instance in material-handling trucks, tractors, golf cars, diesel locomotive engine starters 

and electric submarines (Reddy, 2011). 

1.1.2 Nickel-cadmium batteries 

Nickel-cadmium batteries are very reliable and long-life batteries, which can operate 

effectively at relatively high discharge rates and in a wide temperature range. The overall 

reaction for discharging and charging, showing the battery operation, can be written as 

(Harding Energy Inc, 2015) 

 
222 Cd(OH)Ni(OH)2CdOH22NiOOH  . (1.4) 

The potassium hydroxide electrolyte with a lithium hydroxide additive is used in batteries 

of this kind to improve the cycle life and high-temperature operation of the battery.  

Nickel-cadmium batteries were typically used in military applications, space application 

and power tools. (Reddy, 2011). However, because of the memory effect and toxicity of 

the cadmium, this battery type is no more widely used. 

1.1.3 Silver oxide batteries 

The most popular type of silver oxide batteries is the zinc/silver oxide battery. This battery 

type is safe and has a high energy density, a low internal resistance, a high-rate discharge 

current and a flat discharge voltage curve. However, batteries of this kind are expensive 

and have a relatively short cycle life from 10 to 50 cycles, which makes them 

commercially unattractive (Reddy, 2011). Furthermore, zinc may be harmful, because the 

toxicity symptoms will occur with extremely high zinc intakes. 

The overall electrochemical reaction for this battery type is given as (Crompton, 2000) 

 AgZn(OH)OHZnAgO 22  . (1.5) 

In order to increase the cycle life, zinc is replaced by cadmium. The silver oxide- 

cadmium battery has a longer cycle life than the silver oxide-zinc battery, and its energy 
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density is two to three times the energy density of the nickel-cadmium batteries 

(Crompton, 2000). 

The overall electrochemical reaction for the silver oxide-cadmium battery is written as 

(Reddy, 2011) 

 AgCd(OH)OHCdAgO 22  . (1.6) 

Potassium hydroxide is generally used as an electrolyte in all types of silver oxide 

batteries. The main disadvantage of this battery type is a high cost. The advantages and 

disadvantages of the silver oxide batteries have led to their use mostly in high energy 

density targets in military and space applications. However, because of their good safety 

characteristics, they can also be used in HEV applications. These batteries also have 

almost as high power density as Li-ion batteries; however, their high price is the main 

limitation for the large-scale adoption of this battery type (Reddy, 2011).  

1.1.4 Iron electrode batteries  

The nickel-iron batteries are the most common batteries applying iron electrodes. The 

battery is applied when a long cycle life and deep discharge are required. The nickel-iron 

battery is physically almost indestructible and withstands overcharging, overdischarging 

and short-circuiting (Shukla et al., 2001).  

The overall electrochemical reaction is given as (Shukla et al., 2001) 

  222 OHFeNi(OH)2OH2NiOOH2Fe  . (1.7) 

The disadvantage of this battery type is its high self-discharge, low energy and power 

densities, poor temperature performance and high cost. Because of these disadvantages, 

the nickel-iron batteries lose to lead-acid batteries.  

The other iron electrode batteries are iron-air and silver-iron batteries. The advantage of 

the air batteries is that only one reactant material is required inside the battery, which 

decreases the battery cost. The silver-iron batteries have a long cycle life, high specific 

energy and high reliability, but their high cost has limited the adoption of this battery type 

(Reddy, 2011). 

1.1.5 Nickel-metal hydride batteries  

The nickel-metal hydride (NiMH) batteries are popular, easily available in the market, 

and are used in numerous different applications. Typically, the negative electrode in the 

NiMH contains AB5 (La10.5Ce4.3Pr0.5Nd1.3Ni60.1Co12.7Mn5.9Al4.7) disordered type metal 

hydride active material (Reddy, 2011), hence the abbreviation NiMH. NiMH batteries are 

widely used in HEVs as they provide a combination of desirable features such as high 

volumetric energy and power, wide operating temperature range, low self-discharge rate 
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and excellent safety and cycle life performance (Taniguchi et al., 2001). For example, 

Toyota Prius has applied this battery type (Huang and Du, 2015). Further, NiMH batteries 

tolerate overcharging and overdischarging (Fetcenko et al., 2007). Their high cost 

compared with lead-acid batteries and the memory effect are disadvantages of this battery 

type.  

The overall electrochemical reaction for NiMH is written as in (Zhu et al., 2013b) 

 
2Ni(OH)MNiOOHMH  , (1.8) 

where M is the intermetallic compound. Besides their application in HEVs, NiMH 

batteries are considered for photovoltaic, telecom and uninterruptible power supply 

systems instead of lead-acid batteries because of their high energy, high durability, long 

life and high reliability (Reddy, 2011).  

1.1.6 Nickel-zinc batteries 

Nickel-zinc batteries are a good choice for lightweight power sources where a high 

discharge rate capability is required (Crompton, 2000). The characteristics of these 

batteries are between those of nickel-cadmium and silver-zinc batteries. The batteries 

have a relatively long cycle life and a high open-circuit voltage (OCV), which is close to 

1.73 V (Reddy, 2011). The chemistry of this battery type is similar to the nickel-cadmium 

battery, except that cadmium is replaced by zinc. The overall electrochemical reaction of 

the battery type is given as (Tredeau and Salameh 2003) 

 
222 Zn(OH)Ni(OH)2ZnOH22NiOOH  . (1.9) 

Nickel-zinc batteries are used in electrical bicycles, scooters and power tools. 

Furthermore, these batteries can be used in HEVs for the absorption of regenerative 

braking energy and to provide high-rate discharge current for acceleration (Reddy, 2011). 

1.1.7 High-temperature batteries 

The high-temperature batteries are based on transportation of sodium ion between the 

positive and negative electrodes. A ceramic electrolyte is used, which requires a high 

operating temperature between 300 °C and 350 °C to achieve an acceptable ionic 

conductivity of the ceramic electrolyte (Lu et al., 2010, Liu et al., 2014b). The most 

popular types of high-temperature batteries are sodium-sulphur (NaS) and Na-NiCl2 

(ZEBRA) batteries, named after the Zeolite Battery Research Africa Project. The NaS 

battery has a molten sulphur positive electrode while a ZEBRA battery has a transition 

metal halide positive electrode (Gerssen-Gondelach and Faaij, 2012). Both batteries have 

a molten sodium negative electrode. The overall electrochemical reactions for the NaS 

and ZEBRA batteries, respectively, are given as (Dustmann, 2004) 
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xx SNa2NaS 2 , (1.10) 

 NaCl2Ni2NaNiCl2  . (1.11) 

Because of the high operating temperature and safety issues, only ZEBRA batteries are 

taken under consideration for HEV applications owing to their high specific power and 

energy, which are 169 W/kg and 94 Wh/kg, respectively (Dustmann, 2004). However, 

the needs for constant heating limits the application of these batteries; approximately 12 

hours are needed to heat a cold battery. Nevertheless, for example ZEBRA is used in an 

IVECO daily vehicle (ECODaily Electric, 2015). The NaS battery is used in stationary 

applications and is not considered for HEVs application because of safety issues. 

1.1.8 Lithium-ion batteries 

Lithium has the highest theoretical voltage and specific energy, and therefore, it is chosen 

as the material for the positive and negative electrodes in the Li-ion batteries. In these 

batteries, the lithium Li+ ions are transferred between the negative and positive electrodes. 

In other words, the operation of the Li-ion battery is based on the alkali metal 

deintercalation from the positive electrode and intercalation into the negative electrode 

during charging. During discharging, the process is opposite. In this battery type, the 

positive electrode is usually a metal oxide LiMO2 (where the metal M is for example 

cobalt) and the negative electrode is typically graphite. The electrochemical reactions on 

the positive and negative electrodes, respectively, are given as (Reddy, 2011). 

 eLiMOLiLiMO 212 xxx  

 , (1.12) 

 CLieLiC yyy   , (1.13) 

where x and y indicate lithium content. 

The overall electrochemical reaction for the lithium ion batteries is given as 

 CLi/MOLiC/LiMO y212 yxyx x   . (1.14) 

The advantages of the lithium-ion batteries are their long cycle life, low self-discharge 

rate, high specific power and energy density, high discharge C-rate current, high energy 

efficiency, lack of memory effect and broad temperature range of operation (Scrosati and 

Garche, 2010). The C-rate defines a charge or a discharge current relative to the battery 

capacity. For example, for a 60 Ah battery, 1 C would be 60 A and 6 C would be 360 A. 

Disadvantages of this battery type are the high cost, deterioration at high temperature, 

high sensitivity to overcharging and overdischarging and a risk of a thermal runaway 

during crashing or overcharging. In addition, the operation of this battery type at 

temperatures below zero degrees of Celsius during charging may be unsafe. The 

deterioration of the lithium-ion battery during overcharging and overdischarging requires 
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a special battery management system, which should disconnect the battery from the load 

if the operation of the battery is out of the limits. 

Because of the advantages of the lithium-ion batteries, they are used in a wide range of 

applications such as cell phones, digital cameras, laptop computers, power tools, 

electrical bikes, scooters, HEVs, full electrical vehicles (EVs) and military devices 

(Reddy, 2011). 

1.1.9 Lithium-metal batteries 

The interest in lithium-metal batteries is due to the very high specific energy density of 

this battery type. However, these batteries still have many problems, which have an 

impact on the commercialization and manufacturing processes. The research of this 

battery type focuses on lithium-sulphur and lithium air batteries.  

The lithium-sulphur rechargeable batteries have a 2500 Wh/kg theoretical specific energy 

(Gerssen-Gondelach and Faaij, 2012). However, the good electrical reversibility of these 

batteries can be observed only with low currents and temperatures above 50 °C because 

of the low solubility of the polysulfide reaction products (Li2Sx) of the sulphur reaction, 

shown below for the discharging process 

 SLiSLiSLiSLiS 24262828  . (1.15) 

In the charging process, the dissolved polysulphides do not completely reconvert into S8 

but partly dissolve into the electrolyte and diffuse towards the lithium electrode (Busche 

et al., 2014). 

The lower-order polysulphides (Li2S2 and Li2S) are partly soluble by the special solvents 

such as dioxolane. However, even in these solvents, a full reaction can only be achieved 

for a low discharge current because of the polarization and positive electrode porosity 

blocking by the precipitation of the solid reaction product (Reddy, 2011). 

The overall electrochemical reaction for the lithium air batteries is given as (Teranishi et 

al., 2015) 

 
222 OLiO2Li  . (1.16) 

The theoretical specific energy of the lithium air batteries is 11000 Wh/kg (Gerssen-

Gondelach and Faaij, 2012). The other advantages of the lithium air batteries are their flat 

discharge voltage profile and long storage life. The disadvantages are the limited power 

output and poor safety performance. The technology of this battery type still requires 

significant research before viable commercial application (Reddy, 2011). 
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1.2 Secondary battery characteristics 

The batteries described in the previous sections are compared here by their characteristics, 

which depend highly on the design of the battery, operating conditions and battery 

operating cycle. Therefore, all characteristics are given as average values. The cell 

nominal voltage, operating temperature and cycle life of different batteries are obtained 

from (Reddy, 2011, Crompton, 2000, Dustmann, 2004, Busche et al., 2014) and are given 

in Table 1.1. 

Table 1.1: Cell voltage, operating temperature and cycle life of the batteries 

described in sections 1.1.1–1.1.9. 

Battery types Cell nominal 

voltage, V 

Operating 

temperature, °C 

Cycle life, 

cycles 

Lead-acid batteries 2.0 30 to +50 200–1000 

Nickel-cadmium batteries 1.2 20 to +45 500–2000 

Zinc/silver oxide batteries 1.5 20 to +60 10–50 

Cadmium/silver oxide batteries 1.1 25 to +70 300–800 

Nickel-iron batteries 1.2 10 to +45 2000–4000 

Nickel-metal hydride batteries 1.2 20 to +65 500–1000 

Nickel-zinc batteries 1.65 20 to +50 900 

ZEBRA (Na-NiCl2) 2.58 300 to 350 1000–1500 

Lithium-ion batteries 3.7 20 to +50 1000–6000 

Lithium-sulphur batteries 2.3 10 to +80 1000 

 

The lead-acid battery has the highest cell voltage of aqueous systems. The difference 

between other aqueous systems is not very high, but it depends on the temperature, 

charging and discharging current and internal resistance of the cell. Most of the batteries 

with aqueous electrolytes have a flat discharging profile except for the silver oxide 

batteries (Reddy, 2011).  

The discharge profile of the lithium-sulphur batteries is not flat and consists of two 

voltage plateaus occurring at about 2.3 V and 2.1 V for the discharge process and at 2.3 

V and 2.4 V for the charge process, respectively (Busche et al., 2014). Examples of the 

discharge profiles of lead-acid, zinc/silver oxide and lithium-sulphur cells can be found 

in (Reddy, 2011, Busche et al., 2014), and the comparison of discharge profiles is shown 

in Fig. 1.1. 
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Fig. 1.1: Typical constant current discharge characteristics of batteries at 20 °C 

based on (Reddy, 2011, Busche et al., 2014). 

The cell voltage of the lithium-ion batteries is much higher than the cell voltage of the 

aqueous systems, which is explained by the properties of lithium. The typical cell voltage 

of a lithium ion battery is 3.7 V, but lithium-ion batteries with higher voltages up to 4.2 

V, for example lithium manganese oxide spinel batteries (LMO), are available in the 

market. 

The cycle life of the batteries strongly depends on the operating cycle, especially on the 

depth of discharge (DoD) and operating temperature. The lower is the DoD, the longer is 

the battery cycle life. The nickel-iron batteries are the best of the aqueous systems with 

regard to the cycle life and total lifetime. The nickel-cadmium and NiMH batteries 

demonstrate an average value of the cycle life. The zinc/silver oxide batteries, instead, 

have a very short cycle life (Reddy, 2011). The lithium-ion batteries show a long cycle 

life especially in low DoD cycling. 

The battery energy efficiency, C-rate current and overcharge tolerance are obtained from 

(Reddy, 2011, Crompton, 2000, Zhu et al., 2013b, Dustmann, 2004) and given in Table 

1.2 for different battery types. 
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Table 1.2: Energy efficiency, C-rate and overcharge tolerance of the batteries. 

Battery types 
Energy 

efficiency, % 

Constant current 

charge rate, C-rate 

Overcharge 

tolerance 

Lead-acid batteries 75–85 0.1  Moderate 

Nickel-cadmium batteries 60–70 0.2  High 

Zinc/silver oxide batteries 75 0.1 Low 

Cadmium/silver oxide batteries 70 0.2  High 

Nickel-iron batteries 70 0.2  High 

Nickel-metal hydride batteries 75–95 0.1–1  Moderate 

Nickel-zinc batteries 70–80 0.1–0.4  High 

ZEBRA 90–95 0.15–1 High 

Lithium-ion batteries 94–97 0.5–1  None 

Lithium-sulphur batteries 85–90 0.2  None 

 

The lithium-ion and ZEBRA batteries have higher operating energy efficiencies than the 

other batteries under study. However, the lithium-ion batteries require a special battery 

management system to prevent the battery overcharging, which dramatically influences 

the lithium-ion battery characteristics. It was reported in (Zhu et al., 2013b) that the 

energy efficiency of NiMH batteries is equal to 80 %. The charging C-rate current for the 

NiMH can be higher than given in Table 1.2, but a special battery management system 

should be used for the charge control. The overcharge reaction for the ZEBRA battery 

requires a higher voltage than the normal charge, and therefore, any further charge current 

is stopped automatically as soon as the increasing open-circuit voltage equals the charger 

voltage (Dustmann, 2004). 

Charge retention, which is the ability of a battery to retain charge during battery storage, 

is more important for the storage of the battery than for HEV applications. However, 

charge retention can be taken into account to enhance the safety operation of the battery 

system. The charge retention value for most secondary batteries is poor compared with 

primary batteries (Mikolajczak et al., 2011). It depends on different factors such as 

ambient temperature, cell design and electrolyte concentration. A comparison of the 

charge retention values for the batteries under study was made at 25 °C. The lithium ion 

batteries have the highest value, being approximately 98 % per month (Reddy, 2011). 

However, despite the high charge retention value, the storage of lithium-ion batteries is 

recommended with a 50 % state of charge (SoC), because of their high sensitivity to 

overdischarge (Mikolajczak et al., 2011).  

The silver oxide batteries have a higher loss of charge than lithium-ion batteries, and the 

charge retention is up to 85 % of nominal capacity after three months (Crompton, 2000). 

The charge retention of nickel-iron batteries is approximately 70 % per month (Reddy, 

2011). The self-discharge of the lithium-sulphur battery is approximately 23 % per month 

(Ryu et al., 2005). There is no self-discharge in the ZEBRA battery, if the heater is 



1.2 Secondary battery characteristics 25 

switched off and the battery is freezing. However, the ZEBRA battery needs 12–15 hours 

for heating until it can be used again. The nickel-cadmium and NiMH have a slightly 

better value of charge retention than nickel-iron batteries. The charge retention of nickel-

cadmium is approximately 80 % per month and NiMH has charge retention from 70 to 

85 % per month. The charge retention for the nickel-zinc batteries is approximately 60 % 

for 30 days (Crompton, 2000).  

The specific power and specific energy densities for different battery types were obtained 

from (Reddy, 2011, Crompton, 2000, Zhu et al., 2013b, Dustmann, 2004, Moseley and 

Garche, 2014), and a comparison of the specific power and specific energy densities is 

shown in Fig. 1.2. Lithium-ion, lithium-sulphur and ZEBRA batteries have a very good 

combination of specific power and specific energy.  

 
Fig. 1.2: Ragone plot for different electrochemical energy storages based on 

(Reddy, 2011, Crompton, 2000, Zhu et al., 2013b, Dustmann, 2004, Moseley 

and Garche, 2014). 

The comparison of the specific energy and energy densities for the battery types under 

study is based on information presented in (Reddy, 2011, Crompton, 2000, Zhu et al., 

2013b, Dustmann, 2004, Moseley and Garche, 2014) and is shown in Fig. 1.3. This 

comparison shows the advantage of the lithium-ion batteries, which can provide a high 

energy in a smaller volume than the other batteries under comparison. 
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Fig. 1.3: Specific energies and energy densities for different electrochemical 

energy storages based on (Reddy, 2011, Crompton, 2000, Zhu et al., 2013b, 

Dustmann, 2004, Moseley and Garche, 2014). 

The operating temperature of the cell is one of the major factors that influence the 

operating characteristics of the battery. The optimal operating temperature of the 

secondary electrochemical energy storage devices is close to 25 °C, which was shown for 

the lithium-ion battery in (Waldmann et al., 2014) by studying the influence of 

temperature on the lithium-ion batteries ageing mechanisms. A deviation from this value 

decreases the operating performance of the battery. A decrease in the operating 

temperature decreases the specific energy of the batteries, which was shown in (Siniard 

et al., 2010) for the lead-acid batteries and in (Reddy, 2011) for the nickel-iron, nickel-

cadmium, nickel-zinc, zinc/silver oxide and lithium-ion batteries. A decrease in the 

capacity, power and cycle life with a decrease of temperature was shown for the lithium-

ion batteries in (Waldmann et al., 2014, Smart et al., 2003, Belt et al., 2005). As it was 

shown in (Waldmann et al., 2014), a decrease in the temperature below 25 °C increases 

the plating of metallic lithium on the negative electrode, which leads to a loss of cycling 

capability. In addition, the lithium-sulphur battery loses capacity as the operating 

temperature decreases (Ryu et al., 2006). The operation of the ZEBRA battery at 

temperatures below 260 °C is not possible because of the low conductivity of the 

electrolyte (Dustmann, 2004). An increase in the temperature above 25 °C decreases the 

plating of lithium but accelerates degradation reactions such as degradation of the 

electrodes, the growth of the solid electrolyte interface (SEI) and self-discharge 

(Waldmann et al., 2014). The high operating temperature decreases the specific energy 

of the battery and may lead to a thermal runaway even at a low operating current (Xiao 

et al., 2008). Because of the high influence of temperature on the battery characteristics, 
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the thermal management is of importance in battery applications, especially in the case 

of lithium-ion batteries (Chiu et al., 2014). 

The final battery characteristic to be addressed is the battery cost. The battery cost can be 

evaluated from various aspects, which depend on the battery operation. The cost of the 

battery can be regarded as an initial cost, battery price per operating cycles and battery 

price per kilowatt-hours. The price of a battery depends on the application, operating 

conditions and design of the battery. 

The lead-acid batteries, especially SLI batteries, are considered the lowest-cost batteries 

in terms of price per kilowatt-hours. However, for some applications with a high number

of charging and discharging cycles, a lithium-ion battery can be a preferable choice as

lithium-ion batteries have a much longer cycle life than lead-acid batteries. The silver

oxide batteries are the most expensive batteries. Therefore, they are mostly used in special

targets in military and aerospace applications (Reddy, 2011). The price of the ZEBRA

battery is somewhat lower than that of the lithium-ion battery (Gerssen-Gondelach and

Faaij, 2012). Table 1.3 shows a comparison of the batteries for HEV applications. In the

table, 1 indicates the poorest value and 5 the best value. 

Table 1.3: Comparison on the scale 1(poor) – 5 (best). 

Types 
Energy 

density 

Power 

density 

Low 

operating 

temperature 

Charge

reten-

tion 

Effi-

ciency 

Cycle

life 
Cost 

Sum 

index 

Lead-

acid
1 2 4 3 3 3 5 21 

Ni-Cd 1 3 5 2 3 4 4 22 

Ag-Zn 4 3 3 5 4 1 1 21 

Ag-Cd 3 2 2 5 3 2 2 19 

Ni-Fe 1 1 1 1 2 5 3 14 

NiMH 3 3 4 3 4 3 3 23 

Ni-Zn 3 3 3 2 4 2 3 20 

ZEBRA 4 3 1 5 5 3 3 24 

Li-ion 4 5 4 5 5 5 3 31 

Li-S 5 4 2 2 5 3 4 25 

The resulting sum index in the battery comparison was obtained as a sum of the evaluation

values for all batteries by taking into account the characteristics relevant for the HEV

application. As one can see, the sum index does not vary significantly; the range is from 

14 to 31. The lithium-based batteries show characteristics interesting enough to be studied 

further. Therefore, lithium-ion batteries are in the focus of this work. 
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1.3 Operating principles and design of the lithium-ion batteries 

The first commercial lithium-ion battery was presented by Sony in 1991. The lithium-ion 

battery market has grown steadily since the invention of this battery type, and over 4 

billion units were sold in 2009 (Reddy, 2011). 

1.3.1 Operating principles of the lithium-ion battery 

A schematic of the electrochemical process in the lithium-ion battery is shown in Fig. 1.4. 

 
Fig.1.4: Schematic of the electrochemical discharging process in the lithium-ion 

battery. 

During discharging, when the battery is connected to the external load, lithium ions are 

deintercalated from the negative electrode, they flow in the electrolyte through a separator 

by diffusion and migration processes and are finally intercalated into the positive 

electrode. The separator is made of a material that is used for the mechanic separation of 

the negative and positive electrodes in order to prevent a short circuit. During discharge 

of the cell, the negative electrode is oxidized, and the reduction reaction proceeds in the 

positive electrode. The electrons flow from the negative electrode through an external 

load to the positive electrode, where the electrons are accepted. This process completes 

the electrical circuit. The process is reversed during charging. 

1.3.2 Classification of lithium-ion batteries 

The classification of the lithium-ion batteries is based on the battery chemistry. The 

positive electrode of the battery is made of different lithium metal oxides such as 
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 Lithium cobalt oxide (LiCoO2), 

 Lithium manganese oxide spinel (LiMn2O4), 

 Lithium nickel manganese cobalt oxide (LiNi1-x-yMnxCoyO2), 

 Lithium nickel cobalt aluminium oxide (LiNi0.8Co0.15Al00.5O2), 

 Lithium iron phosphate (LiFePO4). 

The characteristics of these materials are obtained from (Reddy, 2011, Moseley and 

Garche, 2014, Liu et al., 2014a, Yoshizawa and Ohzuku, 2007, Prosini, 2011) and given 

in Table 1.4. 

Table 1.4: Characteristics of the positive electrode materials. 

Material Electrochemical potential, V Specific capacity, Ah/kg 

2LiCoO  4.0 140 

42OLiMn  4.05 100–120 

2yxy-x-1 OCoMnLiNi  3.8 140–180 

20.050.150.8 OAlCoLiNi  3.75 190–200 

4LiFePO  3.45 168 

 

Lithium cobalt oxide (LCO) is a proven material for Li-ion batteries, and it can be used 

for batteries with a moderate cycle life and energy density (Moseley and Garche, 2014). 

Unfortunately, the use of cobalt involves environmental, thermal and toxic hazards. 

Lithium manganese oxide spinel (LMO) yields a higher cell voltage than cobalt but has a 

lower energy density than the cobalt base chemistry. In addition, its benefits are, for 

instance, a lower cost and higher temperature performance. Lithium manganese oxide 

spinel is more stable than LCO and, basically, safer. The lithium nickel manganese cobalt 

oxide (NMC) has a structure similar to LCO. However, it has a better thermal stability 

and a lower cost. The lithium nickel cobalt aluminium oxide (NCA) has a higher specific 

capacity, which is about 195 Ah/kg, and it is used for instance by Tesla Motors in their 

electric vehicles (Reddy, 2011). The lithium iron phosphate (LFP) has a high safety, long 

cycle and calendar life, high resistance to a thermal runaway, high current and low cost. 

In addition, iron and phosphate have lower environmental impacts than cobalt (Reddy, 

2011). 

The characteristics of the materials for the negative electrode are obtained from (Reddy, 

2011, Scrosati and Garche, 2010, Moseley and Garche, 2014, Beattie et al., 2008, Sun et 

al., 2014) and shown in Table 1.5. 
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Table 1.5: Characteristics of the negative electrode materials. 

Material Voltage, V Specific capacity, Ah/kg 

Lithium graphite ( 6LiC ) 0.05–0.15 300–340 

Lithium silicon Li-Si ( 415 SiLi ) 0.4 3579 

Lithium tin Li-Sn ( 52 SnLi ) 0.77 991 

Sn–Co–C ( 403030 CCoSn ) 0.3–0.75 400–500 

Lithium titanate 43/54/3 OTiLi  1.55 160 

Si/reduced graphene oxide 0.3–0.5 514–1636 

 

The negative electrode is usually made of lithium-graphite (LiC6), because of its low cost 

and high specific capacity. In addition, the lithium metal alloys such as lithium-silicon 

and lithium-tin alloys were also discussed in (Scrosati and Garche, 2010) to be used as 

the material for the negative electrode. These materials have a higher specific capacity 

than lithium-graphite, but the main problem with these materials is their large volumetric 

expansion, which occurs in the charge/discharge processes. The volume expansion for 

the Li-Si is 270 % (Beattie et al., 2008). The volume expansion induces mechanical 

stresses, which lead to disintegration of the electrode (Scrosati and Garche, 2010). The 

use of nanostructure configurations capable of buffering large volume changes can 

circumvent this problem, as it was suggested in (Derrien et al., 2007). The Sn–Co–C has 

a high specific capacity, which is up to 500 Ah/kg, but the volume change is about 150 

%. The lithium titanium oxide (LTO) Li4/3Ti5/3O4 is an attractive negative electrode 

material for advanced lithium-ion batteries. The theoretical capacity of the LTO is lower 

and the voltage level is higher than the capacity and voltage of conventional graphite. 

However, the zero-strain feature of LTO allows cycling reversibility and excellent 

structural stability in the charge/discharge processes (Sun et al., 2014). The LTO has a 

very low volume change, which leads to a high cycling stability, lack of electrolyte 

decomposition, high charging and discharging currents and a high thermal stability. All 

these characteristics contribute to the excellent cycling performance and represent a great 

promise for HEV applications (Sun et al., 2014). The silicon-reduced graphene oxide was 

considered in (Tao et al., 2011, Chabot et al., 2014) as a material for the negative 

electrode. This material has a high specific capacity, which may be up to 1636 Ah/kg, but 

it is difficult to form a stable composite that can provide a high number of charging and 

discharging cycles without a significant decrease in the specific capacity (Chabot et al., 

2014). In addition, the other silicon-based materials such as silicon/amorphous carbon 

composites, silicon/graphene composites, silicon/nanotube composites and silicon 

conductive polymer composites were examined in (Liang et al., 2014). 

The combination of the different positive and negative electrode materials allow 

producing lithium-ion batteries with different properties. The most important 
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characteristics of the most popular lithium-ion batteries are obtained from (Liu et al., 

2014a, Burke and Miller 2009) and shown in Table 1.6. 

Table 1.6: Characteristics of the most popular lithium-ion batteries. 

Batteries 

Chemistry 

Rated Cell 

voltage, V 

Specific 

energy, 

Wh/kg 

Specific 

power, W/kg 

Cycle life* Thermal 

stability 

LiC6/LCO 3.6 100190 low-medium 1000 least stable 

LiC6/NCA 3.7 100150 high 2000–3000 least stable 

LiC6/NMC 3.7 100160 high 2000–3000 fairly stable 

LiC6/LMO 3.73.8 110130 medium-high 1000 fairly stable 

LiC6/LFP 3.23.3 90120 medium-high >3000 stable 

LTO/NMC 2.4 6075 medium-high >5000 most stable 

* number of full discharge-charge cycles until 20 % of the capacity loss is reached 
 

Batteries with a lithium cobalt oxide positive electrode and a graphite carbon negative 

electrode have a high specific energy but a limited load capacity and a low safety 

performance. They are usually used in cell phones, laptops and digital cameras. The LMO 

positive electrode is cheaper than LCO positive electrode. The batteries with LMO 

positive electrode and a graphite carbon negative electrode are usually used in power tools 

and medical instruments, and they can be used in hybrid electrical vehicles (HEVs) and 

full electrical vehicles (EVs) applications (Reddy, 2011). The LiC6/NMC batteries have 

a good overall performance, but their high cost is the disadvantage of this battery type. 

These batteries are found in power tools, EVs and energy storage systems. The LiC6/NCA 

battery has characteristics similar to LiC6/NMC batteries but the poorest safety 

performance. The LiC6/LFP battery has a flat discharge profile and a good thermal 

stability but a moderate specific energy. The LTO/NMC batteries have a lower voltage 

than other batteries under study but they have a wider operating temperature range, a long 

cycle life, high safety and high stability. Because of the LTO as the negative electrode, 

this battery can be fast charged with a C-rate current up to 10 C. An example of 

commercially available LTO/NMC batteries is the battery type produced by Altairnano. 

These batteries have a high safety performance, high allowable charging and discharging 

currents up to 10 C with 10 seconds pulses, a long cycle life more than 16000 full depth-

of-discharge cycles and a high stability. The Altairnano battery can also be charged at 

low temperatures down to 40 °C. Because of the advantages of Altairnano batteries, they 

are very promising for applications in HEVs and hybrid mobile working machines. 

Therefore, these batteries were chosen for study in this work with the specific target to 

apply the batteries to HEVs and hybrid mobile working machines.  

1.3.3 Lithium-ion cell design 

Currently, there are several different lithium-ion cell designs in the market: cylindrical, 

prismatic, button and pouch lithium-ion cells. These cell types are shown in Figure 1.5. 
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Fig.1.5: The most common lithium-ion cell types. 

The cylindrical cell is one of the most common cell types of primary and secondary 

batteries (Yuan et al., 2011). The cylindrical cell has an exterior stainless steel can as its 

package. The advantages of such cells are their good mechanical stability and relatively 

easy manufacturing process. The cell is equipped with a pressure relief valve, which 

prevents any abnormal rise of internal pressure without deformation of the cell (Yuan et 

al., 2011).  

The button cells are used in telephones, medical devices, watches and other small devices. 

These cells do not have a pressure relief valve and can be safely charged by a high current. 

The prismatic cell is mostly used in mobile phone applications. It has a rectangular 

packaging can with the form of a parallelepiped. A cell of this type does not have a 

universal format, and the dimensions of the cells depend on the manufacturer. In addition, 

a large-scale format of the prismatic cell is available for HEV and EV applications.  

The pouch cell is a radical new cell design, which does not have a metal housing. This 

cell type allows production of a high-power or high-energy cell, thereby decreasing the 

battery pack complexity by cutting down the number of parallel connections in the battery 

pack. The advantages of this cell type are a light, low-cost pouch bag and a design that 

makes the most efficient use of the available space. The elimination of the metal enclosure 

reduces the weight of the cell, but the cell requires an internal alternative supporting 
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construction. The pouch cell does not have a specific pressure relief valve. Therefore, 

bulging of the cell is possible during its operation. However, in this work, the opportunity 

to decrease the complexity of the battery pack is considered an important factor, which 

can significantly improve the safety and controllability of the battery pack. This was a 

decisive factor in the selection of the cell type, and therefore, pouch cells were in the 

focus of this work. 

The pouch lithium-ion cell can be divided into two types: a power cell and an energy cell. 

The main principles of the energy and power cell designs are shown in Fig. 1.6. 

 

Fig. 1.6: Structure of the high-power and high-energy cells. 

The distinction between the energy and power cells is the ratio between the active and 

passive materials in the cell. The amount of passive material is larger in high-power cells 

than in high-energy cells. In addition, high-energy cells have a more active material than 

high-power cells.  

The requirements for power in HEVs and hybrid mobile working machine applications 

limit the cell type that can be used in these applications. Therefore, in this work, the high-

power pouch cell type battery with LTO/NMC chemistry was chosen for study. 

1.4 Thermal model of the lithium-ion battery 

The thermal model of the battery usually consists of two models. The first model is used 

for the calculation of losses during battery operation. The second model is used for the 

temperature calculation based on the battery losses. 
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1.4.1 Losses in the lithium-ion battery 

The maximum energy that can be saved in a battery or obtained from it depends on the 

change in the Gibbs energy. However, during charging of the battery, not all the energy 

that is supplied to the battery can be saved, and not all the energy that was saved in the 

battery can be converted into useful electrical energy during discharge. The losses are due 

to internal resistances, activation polarization that drives the electrochemical reaction at 

the electrode surface and concentration polarization. The concentration polarization 

depends on the concentration difference between reactants and products at the electrode 

surface, and in the bulk as a result of mass transfer (Newman and Thomas-Alyea, 2004). 

The heat generation in the cell is usually calculated by equations similar to those 

presented in (Bernardi et al., 1985, Gibbard, 1978) for the energy balance of the battery 

system. A modification of these equations was used in (Newman and Thomas-Alyea, 

2004, Chen and Evans, 1994, Rao and Newman, 1997, Al Hallaj et al., 1999, Spotnitz, 

2003, Kim et al., 2008, Kim et al., 2009, Sun et al., 2012, Murashko et al., 2013, Ye et 

al., 2012, Zhu et al., 2013a). In a more common and simple way, the heat losses Q (W) 

are: 
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where I is the current (A), Uocv is the open-circuit voltage (V), Ubat is the battery voltage 

(V), and T is the temperature of the battery (K). 

An alternative representation of this equation in the form of heat generated per unit 

volume can be given as 

 
revirr QQQ   , (1.18) 

where irrQ  is the irreversible part of the heat generation per unit volume (W/m3), and 

revQ  is the reversible part of the heat generation per unit volume (W/m3). 

The irreversible part of the heat generation per unit volume is caused by Joule heating, 

and the reversible part is caused by the entropy-related thermal energy. The reversible 

part of the heat generation is calculated as 
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where a is the specific area of the cell (1/m), and J is the current density (A/m2).  

The irreversible part of the heat generation can be calculated as in (Kim et al., 2008, Kim 

et al., 2009) 
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where reactQ  is the part of the irreversible heat generation per unit volume (W/m3), which 

is caused by electrochemical reaction. ohmQ  is the part of the irreversible heat generation 

per unit volume (W/m3), which is caused by Joule losses. The ϕp and ϕn are the potentials 

of the positive and negative electrodes (V), Rel,p and Rel,n are the resistances of the positive 

and negative electrodes (Ω), ap and an are the specific areas of the positive and negative 

electrodes (1/m). The calculation of the battery losses requires that the dependence 

between the terminal voltage and the current can be taken into account. This can be done 

by using the electrochemical model suggested in (Doyle et al., 1993, Fuller et al., 1994). 

An electrochemical model that can be used to model a modern lithium-ion battery was 

presented in (Schalkwijk and Scrosati, 2002).  

In general, an electrochemical model has a high degree of accuracy and provides insight 

into the operation of batteries and their external characteristics. The electrochemical 

model requires detailed information about the battery such as the conductance and 

concentration of the materials, molar density of the electrolyte, diffusion rate in the 

separator and exact physical dimensions of particles. This information is, in general, not 

available because of manufacturers’ intellectual property issues. In addition, the high 

degree of complexity in the electrochemical model tends to make it computationally 

intensive and slow, which generally makes the electrochemical model more suitable for 

the battery design than for the battery management system. Methods to reduce the 

electrochemical model complexity were suggested in (Buller et al., 2005, Smith et al., 

2010, Smith et al. 2008), but the complexity of the model is still very high.  

Another way to model the dependence between the terminal voltage and current is an 

equivalent electrical circuit model. Different equivalent electrical circuits have been 

presented in (Murashko et al., 2013, Buller et al., 2003, Urbain et al., 2010, Gomez et al., 

2011, Andre et al., 2011, Lin et al., 2014, Hariharan and Senthil Kumar, 2013). These 

equivalent electrical circuits are mostly based on electrochemical impedance 

spectroscopy (EIS). Electrochemical impedance is usually measured by applying an 

alternative current potential to a cell and measuring the current through the cell. The 

excitation signal is usually small in order to get a pseudo-linear response. In pseudo-linear 

or linear systems, the response to a sinusoidal potential will be a sinusoid at the same 

frequency but shifted in phase. The impedance of the cell is calculated according to 

Ohm’s law and is represented as the complex number in the following form 
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where Z


 is the phasor of the battery impedance, 
batU


 is the phasor of the battery voltage, 

I


 is the phasor of the battery current, and φ is the phase shift (rad). 

The measured impedance can be presented by Nyquist and Bode plots. The parameters 

of the chosen equivalent electrical circuits are usually obtained from the measured 

impedance spectrum of the lithium-ion battery by using a fitting algorithm. In addition, 

the intermittent titration techniques can be used to determine the equivalent electrical 

circuit parameters as was done in (Murashko et al., 2013, Benger et al. 2009). 

An advantage of battery modelling by an equivalent electrical circuit is for instance the 

low complexity of the model. In addition, it does not require detailed information about 

the battery from a manufacturer as all parameters can be measured by non-destructive 

experiments. However, the accuracy of such a model is lower than that of an 

electrochemical model. 

1.4.2 Lithium-ion battery temperature calculation 

The thermal model of the lithium-ion battery is based on differential forms of the energy 

conservation law, which are used for the calculation of temperature if the losses and 

thermal parameters of the lithium-ion battery such as density, specific heat capacity and 

thermal conductivity are known. However, information about the thermal parameters of 

the lithium-ion battery is usually not available, and losses in the cell depend on the cell 

design.  

For cylindrical cells, the loss distribution can be assumed uniform on the cell surface. 

However, as it was shown in (Kim et al., 2008, Kim et al., 2009, Sun et al., 2012), the 

losses in a pouch cell have a non-uniform distribution on the cell surface during charging 

and discharging because of the non-uniform potential distribution on the electrodes. This 

can be taken into account by a complex 3D model of the cell, as in (Kim et al., 2008, Kim 

et al., 2009, Sun et al., 2012). Another way is to treat the pouch cell as a multidimensional 

framework with a coupling between a number of different 1D electrochemical cell models 

and a 2D model of the potential distribution on the electrode surface, as in (Gerver and 

Meyers, 2011).  

The thermal parameters of the battery such as heat capacity and thermal conductivity can 

be calculated as suggested in (Chen et al., 2005). However, this is not always possible as 

the methodology requires information about the actual battery design, which is normally 

confidential information and not available without a destructive analysis. Therefore, a 

better choice is required for the experimental determination of the battery thermal 

parameters. 



1.4 Thermal model of the lithium-ion battery 37 

1.4.3 Determination of the lithium-ion battery thermal parameters  

Standard methods for the determination of the material thermal parameters can be used 

for lithium-ion batteries. These methods allow determination of a single thermal 

parameter such as thermal conductivity or specific heat capacity. The density of the 

lithium-ion battery is usually calculated by measuring the volume and mass of the cell.  

The heat capacity is a measurable physical quantity of a substance that characterizes the 

amount of heat needed to change the temperature of the substance by one degree. In other 

words, it is the ratio between the amount of heat Q (J) transferred to the sample and the 

resulting increase in the temperature T (K) by the absorbed heat. The heat capacity can 

be specified in different terms; molar heat capacity, which is per mole of a pure substance, 

and specific heat capacity, which is per unit mass of a material (Wilhelm and Letcher, 

2009).  

The result of the heat capacity determination process depends on the quantity of heat 

absorbed, which in turn depends on the ambient conditions of the process. In 

thermodynamics, two processes are usually considered: a constant volume or a constant 

pressure. The heat capacity at a constant volume can be defined as in (Wilhelm and 

Letcher, 2009) 
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where U is the internal energy of the system (J), T is the temperature (K), and Q  is the 

heat added to the system (J). 

The definition of the heat capacity at a constant pressure is derived from the first law of 

thermodynamics and the enthalpy H (J) of the system (Wilhelm and Letcher, 2009) 
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The volumetric heat capacity is a more fundamental parameter than heat capacity at a 

constant pressure, but as it is difficult to measure, usually Cp is measured and Cv is 

calculated as in (Wilhelm and Letcher, 2009) 
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where a is the coefficient of linear thermal expansion (1/K), V is the volume (m3), and βT 

is the isothermal compressibility (1/Pa). 
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As the heat capacity of the sample depends on its mass, the specific heat capacity is 

usually used. The value of the specific heat capacity is defined as the value of the sample 

heat capacity divided by its mass. 

The most common way to measure the specific heat capacity of a solid or a liquid is to 

heat the substance in a calorimeter. The heat capacity of the whole system is defined 

according to Eq. (1.25), and the heat capacity of the substance under study is calculated 

by taking into account the heat capacity of the calorimeter. When measuring the liquid 

heat capacity, the liquid should be stirred to ensure an even distribution of the heat energy 

throughout its volume. 

A similar method for the determination of the specific heat capacity of a lithium-ion 

battery was used in (Pesaran and Keyser, 2001, Maleki et al., 1999). The presented 

measurement process requires that a deeply discharged cell is heated in a liquid bath in a 

Dewar vessel. The specific heat capacity of the cell is calculated by taking into account 

the Dewar vessel heat capacity and the relation between the required energy and the 

temperature rise of the liquid.  

A cylindrical cell can be heated by using a heating band, which is uniformly distributed 

on the cell surface as it was done for example in (Barsoukov et al., 2002). The thermally 

insulated cylindrical cell is heated and the temperature of the cell surface is measured 

during the heating process. The heat capacity of the cell is determined by Eq. (1.25). 

The methods for the determination of the thermal conductivity can roughly be divided 

into steady-state and transient methods (Yoon et al., 2014). The most common steady-

state method is a guarded hot plate, which is more suitable for dry homogeneous samples 

that can be formed on the plate. The material under study is placed between a heat source 

and a heat sink. The thermal conductivity of the sample can be determined in the steady 

state from the information about the heat flux, the temperature difference across the 

sample and the sample thickness (Czichos et al., 2006) 
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where k is the thermal conductivity (W/(m2∙K)), q is the heat flux (W/m2), h is the sample 

thickness (m), and ∆T is the temperature difference across the sample (K). 

The heat-flow meter method is similar to the guarded hot plate method. However, the heat 

flux is determined by one or two installed heat flux sensors. The heat flux sensors should 

be calibrated by using one or more reference materials (Czichos et al., 2006). Another 

method that is more suitable for powdered or granular materials is the radial heat flow 

method. The powdered or granular material is filled into a cylindrical tube with a large 

length to diameter ratio, and there is a cylindrical heat source in the middle of the tube. 

The thermal conductivity is measured in the steady state by taking into account the length 
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of the cylinder, the heating power, the temperature differential between two internally 

located sensors and their radial position. 

The steady-state methods need quite a long measurement time, as a steady state is required 

before starting the measuring process. In transient methods, the measurements can be 

performed before the steady state has been established. However, these methods require 

information about the density and heat capacity of the sample. Based on information 

obtained, the thermal conductivity can be calculated from the thermal diffusivity, which 

can be directly measured or calculated from an experiment. The measurement of the 

thermal diffusivity requires accurate recording of the temperature throughout the test.  

There are many different transient methods to measure the thermal conductivity. One of 

the most common transient methods is the transient hot wire. The theory of the method is 

based on a linear heat source of infinite length and infinitesimal diameter. A line heat 

source is embedded in the material. The material under study is heated by a linear heat 

source, and the temperature is measured at a known distance from this heat source 

(Czichos et al., 2006). A method similar to the transient hot wire method was used to 

determine the heat transfer resistance of a cylindrical cell in (Forgez et al., 2010). The 

cell was heated by internal losses during its operation. The temperatures inside the cell 

and on the cell surface were measured by temperature sensors. 

Thermal Impedance Spectroscopy (TIS) can be used for the determination of the battery 

specific heat capacity and thermal conductivity at the same time. The technical procedure 

of the TIS has several analogies to the electrochemical impedance spectroscopy (EIS). It 

addresses the thermal behaviour of a battery in the frequency domain in a similar way to 

EIS where the electrochemical transfer behaviour is considered. TIS determines the 

thermal impedance G(jω) that is the transfer function of the temperature response T(jω) 

with respect to the heat generation Q(jω) 
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where GRe(ω) and GIm(ω) are the real and imaginary parts of the thermal impedance (Ω), 

respectively. The T(jω) and Q(jω) can be obtained from the Fourier transform of the time 

signals such as the temperature T(t) and the heat generation Q(t). The temporal signal T(t) 

can be measured from the surface of the battery, from which the heat is dissipated, and 

Q(t) can be calculated by Eq. (1.17). 

TIS was used for the determination of the cell parameters in (Barsoukov et al., 2002, 

Schmidt et al., 2011, Fleckenstein et al., 2013). The sinusoidal heat losses were produced 

by using an external heat source in (Barsoukov et al., 2002) and by using internal heat 

losses of the battery in (Schmidt et al., 2011, Fleckenstein et al., 2013).  
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1.5 Objective of the work 

In this doctoral dissertation, a single Altairnano LTO/NMC pouch cell and a battery 

module that comprises ten Altairnano LTO/NMC pouch cells and their thermal protection 

systems are studied. The pouch cell was chosen in order to satisfy the power requirements 

and to decrease the complexity of the battery pack. The objectives of the work are  

 to study the methodology of establishing a thermal model for the Li-ion pouch 

cell; 

 to investigate the dependence of heat losses on the SoC and the temperature; 

 to analyse the temperature distribution on the lithium-ion pouch cell surface, 

 to develop the methodology for the thermal parameter determination for the 

lithium-ion pouch battery; 

 to develop the methodology for the thermal characterization and thermal model 

of the complex battery module; 

 to verify the developed thermal models of the cell and the battery module. 

The key objective of the doctoral dissertation is to find methods for thermal 

characterization and modelling of high-power lithium-ion batteries, which can be applied 

to a single cell and to more complex battery systems. 

1.6 Outline of the work 

The doctoral dissertation is divided into following chapters: 

Chapter 1 introduces the most popular electrochemical energy storage systems, such as 

rechargeable secondary batteries, which are generally called simply batteries or 

accumulators. The chapter provides information about the battery chemistry, 

classification, operating principles and characteristics. The choice of the battery with a 

lithium titanium oxide negative electrode and a lithium nickel manganese cobalt oxide 

positive electrode (LTO/NMC) and the pouch cell type is explained. Further, the chapter 

describes methods of establishing the battery thermal model and methods to determine 

the battery thermal parameters. Finally, the objective and outline of the work are 

described and the contributions of the study are listed. 

Chapter 2 provides information about modelling of a single LTO/NMC lithium-ion 

pouch cell. The methods for the modelling of the cell terminal voltage and heat loss 

distribution are presented. Finally, the calculation of the cell terminal voltage is verified 

by experiments, and an analysis of the dependences of heat losses on the state of charge 

(SoC) and temperature are shown.  
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Chapter 3 provides information about the estimation of the thermal characteristics of a 

single LTO/NMC pouch cell such as specific heat capacity and thermal conductivity. The 

proposed method is verified by a sample the thermal characteristics of which are similar 

to the LTO pouch cell under study. Finally, an analysis of the dependences of the LTO 

pouch cell thermal characteristics on the SoC and the measurement position are made. 

Chapter 4 presents a thermal model of a single LTO pouch cell and its verification by 

experiments. In addition, the influence of the cell design and cooling system on the 

temperature distribution in the cell is analysed. Finally, methods to improve the 

temperature distribution in the LTO pouch cell are proposed. 

Chapter 5 presents a method for the thermal characterization of a complex battery 

module with a cooling system. The method allows establishing a module thermal model, 

which can be used in the battery management system (BMS) for the module thermal 

protection. The model is verified by experiments. 

Chapter 6 concludes the work covered in this doctoral dissertation and suggests topics 

for further study. 

1.7 Scientific contributions of the doctoral dissertation 

The doctoral dissertation provides the following scientific contributions: 

 proposition of a transient method for non-destructive thermal characterization of 

lithium-ion pouch cells;  

 analysis of the dependence of the battery specific heat capacity and thermal 

conductivity on the SoC; 

 suggestion for an enhanced passive battery cooling system with heat pipes, which 

decreases the non-uniform temperature distribution on the pouch cell surface; 

 analysis of the optimal placement of heat pipes in a passive battery cooling 

system;  

 proposition of a steady-state method for the thermal characterization and 

generation of the thermal model of a complex battery system.  

The author has published research results related to the topic of the doctoral dissertation 

in the following publications: 

1. Murashko, K., Pyrhönen, J. and Laurila, L. (2013), 3D thermal model of a lithium ion 

battery for hybrid mobile working machines: determination of the model parameters in a 

pouch cell, IEEE Transactions on Energy Conversion, vol. 2 (1), pp. 335–343.  
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In this paper, the author described the detailed methodology for establishing the thermal 

model of a single pouch cell, where the temperature dependence of the cell parameters 

was taken into account. 

2. Murashko, K., Pyrhönen, J. and Laurila. L. (2013), Optimization of the lithium-ion 

battery passive thermal control system with the heat pipes embedded into aluminium 

plate, in Proceedings of the EPE 13 ECCE Europe, Lille, France, pp. 1–10. 

In this paper, the author proposed a methodology for the optimization of the passive 

cooling system of the lithium-ion pouch cells, which decreases the temperature non-

uniform distribution on the pouch cell surface. 

3. Minav, T. A., Murashko, K., Pyrhönen, J. and Laurila, L. (2013), Forklift with lithium 

titanate battery during lifting/lowering cycle: analysis of the recuperation capability, 

Automation in Construction, vol. 35, pp. 275–284. 

In this paper, the author was responsible for generating a lithium-ion battery pack model 

and a model of the electrical drives that were used in the modelling of the forklift 

operation and the analysis of the recuperation capability. The model of the hydraulics of 

the forklift, the experimental stand and the forklift operation control principles were 

provided by T. Minav. 

4. Murashko, K., Mityakov, A., Pyrhönen, J., Mityakov, V. Y. and Sapozhnikov, S. S. 

(2014), Determination of the thermal parameters of the pouch lithium ion battery, Journal 

of Power Sources, vol. 271, pp. 48–54.  

In this paper, the author proposed a transient method for the non-destructive thermal 

characterization of the lithium-ion pouch cell and analysed the dependence of the thermal 

parameters on the SoC and the measurement point. 

5. Murashko, K., Huapeng Wu and Pyrhönen, J. (2014), Comparison of the control 

principles for the battery cooling system in the hybrid bus, in Proceedings of the EPE 14 

ECCE Europe, Lappeenranta, Finland, pp. 1–10. 

In this paper, the author proposed a thermal protection system for a lithium-ion battery 

pack and analysed different control principles in order to operate the battery pack at an 

optimal operating temperature. 

6. Minav, T., Murashko, K., Åman, R., Pyrhönen, J. and Pietola, M. (2015), Towards 

better energy efficiency through systems approach in an industrial forklift, Journal of 

Automobile Engineering, vol. 229 (3), pp. 273–282.  

In this paper, the author was responsible for analysing the efficiency of the lithium-ion 

battery pack in different operating conditions of the forklift. The efficiency of the other 

parts of the forklift was analysed by T. Minav and R. Åman. 
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2 Losses in the lithium-ion pouch cell 

This chapter presents a method for measuring the heat losses in the Altairnano LTO/ 

NMC pouch cell, which is from here onwards referred to as the LTO pouch cell. The 

dependences of the heat losses on the operating cycle, SoC, the cell geometry and the cell 

operating temperature are analysed. The focus is on the short charging/discharging cycles, 

which are dominating in the application of the battery pack in HEVs. 

2.1 Structure of the lithium-ion pouch cell 

The structure of the Altairnano lithium-ion pouch cell under study is shown in Fig. 2.1.  

 

Fig. 2.1: Structure of the Li-ion pouch cell under study (Murashko et al., 2013). 

This structure can be divided into N units. Each unit consists of two current collectors, a 

negative electrode, a positive electrode and a separator. Both sides of the current 

collectors are used, which decreases the material demand and reduces the cell internal 

losses. 

The positive electrode of the LTO pouch cell is made of lithium nickel manganese cobalt 

oxide (NMC), and the negative electrode is made of lithium titanium oxide (Li4/3Ti5/3O4) 

called titanate. The separator is usually made of a suitable polymer fabric, and an organic 

carbonate solution electrolyte (LiFP6) is used as the electrolyte in this cell. The current 

collectors for the positive and negative electrodes are made of aluminium in the LTO 

pouch cells. In other lithium-ion cells, graphite is usually used as the material for the 

negative electrode. However, it has a small ionization potential (Beguin and Frackowiak, 

2010), and it is not possible to use an aluminium current collector because of the 

intercalation of lithium ions in aluminium instead of graphite. Intercalation in copper does 

not take place in these conditions, and therefore, copper is used as the current collector 

for the graphite negative electrode. The lithium titanium oxide has higher ionization 

potential than aluminium, which provides an opportunity to use aluminium as the material 

of the negative current collector in the LTO pouch cells. Further, unlike batteries with a 

graphite electrode, LTO batteries are considered free from solid electrolyte interface 
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(SEI) film (He et al., 2013), which plays a significant role in the battery performance and 

affects the battery operating characteristics such as the maximum charging speed and the 

lifetime of the battery. Thus, LTO batteries can be charged with the same maximum C-

rate current that is used for discharging. This property is not too common in different 

battery types, and this was one of the most important reasons for selecting the LTO pouch 

cells as a potential battery for heavy machinery. 

The LTO pouch cell used in the tests and for the verification of the proposed methodology 

has the following dimensions: 256 mm   259 mm   12.7 mm (width   height   thickness), 

which was given in the data sheet. The thicknesses and numbers of constituent elements 

in the cell were assumed the same as in a similar Altairnano 50 Ah LTO pouch cell. The 

required parameters were measured by disassembling of the Altairnano 50 Ah LTO pouch 

cell. The thickness of the pouch was taken the same as in (Ye et al., 2012, Taheri et al., 

2014). The values are given in Table 2.1. 

Table 2.1: Thicknesses and numbers of constituent elements in the LTO pouch 

cell under study, which were measured by disassembling of the Altairnano 50 

Ah LTO pouch cell. 

Parts of the cell positive 

electrode 

negative 

electrode 

separator current 

collector 

pouch 

Thickness, μm 120 100 20 25 100 

Number of parts in 

the cell 

40 39 80 79 2 

2.2 Determination of the loss distribution in the LTO pouch cell 

The modelling principles of loss distribution, which are described in this chapter, are 

adopted from (Kim et al., 2008, Kim et al., 2009, Sun et al., 2012, Kim et al., 2011, Kwon 

et al., 2006). 

2.2.1 3D model of the pouch cell 

The current density directions in the Altairnano LTO pouch cell electrodes are shown in 

Figure 2.2. In addition, in the modelling, the use of the both sides of the current collector 

in the Altairnano LTO pouch cell, which increases the operating area of the electrode, 

was taken into account.  
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Fig. 2.2: Negative and positive electrode currents in, ip and current density J 

directions in the Altairnano LTO pouch cell electrodes (Murashko et al., 2013). 

The method for the calculation of the potential and current density distribution on the 

electrode is similar to the method reported in (Kim et al., 2009, Kwon et al., 2006). For 

the continuous current on the electrode, the following equations can be written: 
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where pi


 and ni


 are the linear current density vectors (current per unit length (A/m)) in 

the positive and negative electrodes, respectively, J is the current density (A/m2), and x 

and y are the coordinates characterizing an electrode surface (m). The linear current

density vectors are calculated as 
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where ϕp and ϕn are the positive and negative electrode potentials (V), respectively, and 

Rel, p and Rel, n are the positive and negative electrode resistances (Ω). By substituting Eqs. 

(2.3) and (2.4) into Eqs. (2.1) and (2.2), the following equation for the negative and

positive electrodes can be obtained: 

,0),(p el,2

p

2

2

p

2
























yxJR

yx


(2.5) 



Losses in the lithium-ion pouch cell 46 

 
.0),(n el,2

n

2

2

n

2




















yxJR

yx


 (2.6) 

The relation between the current density and the electrode surface potential was given for 

instance in (Sun et al., 2012) 
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where Uocv is the open circuit voltage (OCV) (V), and Rec is the electrochemical resistance 

(Ω). 

The electrochemical resistance ecR  depends on the charging/discharging frequency and 

can be calculated as in (Sun et al., 2012) 
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where N is the number of units in the pouch cell, Acell is the cell surface area parallel to 

the current collectors (m2), Ucell is the pouch cell terminal voltage (V), and Rter is the 

resistance of the terminals (Ω). 

The dependences of the OCV and ecR  on the SoC were taken into account by a 

polynomial approximation as in (Taheri et al., 2014). The dependence of the 

electrochemical resistance on temperature was defined as in (Fleischer et al., 2014a) 
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where Rec, ref is the reference electrochemical resistance (Ω) at the reference temperature 

Tref (K), and cec is the temperature coefficient (1/K). 

The temperature dependence of Uocv was defined as 

   refocvref ocv,ocv 1 TTcUU  . (2.10) 

where Uocv, ref is the reference OCV (V) at the reference temperature Tref (K), and cocv is 

the temperature coefficient (1/K). The temperature coefficients ecc  and ocvc  were 

determined by experiments. 

The irreversible losses per unit of volume in the LTO pouch cell were calculated by 
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where Vcell is the pouch cell volume (m3), N is the number of units (Fig. 2.1), and s(x, y) 

is the overvoltage, which is calculated as 

 
ocvnps ),(),(),( Uyxyxyx   . (2.12) 

The reversible heat generation in the LTO pouch cell was calculated similarly as in 

(Viswanathan et al., 2010)  
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where S is the entropy change (J/(mol∙K)), nE is the number of electrons per reaction, 

and F is the Faraday constant (C/mol). The entropy change was taken from (Viswanathan 

et al., 2010) for the LTO batteries, and 
En  is assumed equal to 1 as in (Viswanathan et 

al., 2010). 

The heat generation per unit volume in the LTO pouch cell was calculated by Eq. 1.18. 

The heat flux qter (W/m2) in the pouch cell terminals was taken into account by 

considering the heat flux to the battery surface, where the terminals are  

 

ter

2

ter
ter

A

IR
q


 , (2.14) 

where Rter is the terminal resistance (Ω), I is the terminal current (A), and Ater is the 

terminal surface area, which is parallel to the direction of the current (m2). 

The terminal resistance was estimated as  
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where ρ is the electrical resistivity (Ω∙m), and lter is the length of the terminals (m). 

The terminal voltage of the cell was calculated by using an equivalent electrical circuit, 

the parameters of which were obtained experimentally because of the limited information 

about the cell chemistry. 
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2.2.2 Equivalent electrical circuit of the LTO pouch cell 

The structure of the equivalent electrical circuit depends on the requirements to the cell 

operating cycle. A continuous charging or discharging process can be modelled by using 

a simplified equivalent electrical circuit, shown in Fig. 2.3.  

 

Fig. 2.3: Simplified equivalent electrical circuit of the LTO pouch cell at 

continuous charging or discharging. 

The open circuit voltage (OCV) Uocv in Fig. 2.3 describes the potential difference between 

the negative and positive terminals of the cell in an open circuit. Rec is the electrochemical 

resistance of the cell, the value of which depends on the temperature, current, SoC and 

ageing of the cell.  

The OCV is measured for different states of charge and temperatures. The SoC is changed 

by pouch cell discharging by using impulses with a small current. The cell 

electrochemical resistance is calculated for the discharging and charging processes from 

measured OCV and from the measured terminal voltage of the cell at a continuous 

charging and discharging current. The value of the electrochemical resistance depends on 

temperature, current, SoC and ageing, which require variation of these parameters in the 

measurements of the electrochemical resistance, if the influence of the temperature, 

current, SoC and ageing has to be taken into account.  

In order to model the application of the battery in HEVs, a more complex equivalent 

electrical circuit is required, where the mass transfer resulting from the diffusion process 

is taken into account. The equivalent circuit can be chosen by analysing the impedance 

of the cell. Examples of different equivalent electrical circuits with a typical impedance 

curve of the lithium-ion cell are shown in Fig. 2.4. 
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Fig. 2.4: Typical impedance curves for a lithium-ion cell, where Rint describes 

the internal resistance of the cell (Ω), and Cdl and Rct are the double-layer 

capacitance (F) and active charge-transfer resistance (Ω), respectively. 

Usually, at frequencies above 1 MHz, the battery shows inductive behaviour. However, 

a similar assumption was made as in (Fleischer et al., 2014b) that the battery will not 

operate at such frequencies in HEVs. Therefore, the inductive behaviour was neglected 

in this work and was not depicted in Fig. 2.4. The first semicircle of the impedance shows 

a charge transfer process. This process can be modelled by the RC circuit (a), which has 

a similar impedance curve at high frequencies as the lithium-ion cell. The parameter Rint 

describes the internal resistance of the cell (Ω), and Cdl and Rct are the double-layer 

capacitance (F) and active charge-transfer resistance (Ω), respectively. By increasing the 

number of RC circuits, which are connected in series, somewhat lower frequencies can 

be modelled as it is shown in Fig. 2.4 by using the equivalent electrical circuit (b). Such 

an equivalent electrical circuit with a large number of RC circuits is called Thevenin’s 

equivalent circuit.  

The series connection of the RC circuits is necessary in order to describe the dependence 

of the first semicircle of the battery impedance on the charging/discharging frequency. 

However, as the parameters of the equivalent electrical circuit mostly depend on the SoC, 

operating current, temperature and cell ageing, the use of the original Thevenin’s 

equivalent circuit will require operating with a large amount of data. Therefore, a 

modification of Thevenin’s equivalent circuit is often necessary.  

The use of a constant phase element (CPE) decreases the number of RC circuits required, 

and thus, decreases the amount of data needed for the generation of the equivalent 

electrical circuit. The CPE, which is not a physical element, is used for the better fitting 

of the LTO pouch cell impedance. The impedance of the CPE can be calculated as 
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where Q0 and n are fitting coefficients, which are obtained from measured data. 

The last part of the cell impedance shows the effects of mass transfer in the battery, which 

takes place because of the diffusion process. The diffusion can be modelled as proposed 

in (Mauracher and Karden, 1997) by a Thevenin’s equivalent circuit or for example by a 

circuit that includes CPE elements and a Warburg impedance (Fig. 2.4 (c)) (Greenleaf, 

2014). 

Complex equivalent circuits can be used for the estimation of the cell terminal voltage, 

which is required for the high-accuracy calculation of the temperature distribution in the 

cell. However, it will increase the complexity of the entire module, which increases the 

need for calculation power and calculation time. Therefore, methods to simplify the 

equivalent electrical circuit were considered. First, the limitation on the frequency of the 

operating current was suggested. An inductive behaviour of the LTO pouch cell at a high 

frequency was neglected. Therefore, the frequencies below 100 Hz were studied when 

generating the equivalent electrical circuit. The limitation for the lowest frequency was 

chosen based on the same reasons as in (Fleischer et al., 2014b), and frequencies below 

4 mHz were not taken into consideration.  

In addition, the impedance curve of the LTO pouch cell was measured in order to evaluate 

the necessary parts of the equivalent electrical circuit. The impedance of the LTO pouch 

cell was measured by a commercial Potentiostat/Galvanostat Gamry Reference 3000TM. 

The measurements of the pouch cell impedance were performed for different states of 

charge. The SoC was changed from 100 % to 0 % with 4.3 % steps. The cell was 

connected to the Gamry Reference 3000TM by using four-terminal measurements as 

shown in Fig. 2.5 (a) in order to decrease the error of the measurements. In addition, a 

cell surrogate was used. An aluminium bar was chosen as the cell surrogate, and the 

surrogate was connected similarly as the measured cell. The cell surrogate and its 

connections are shown in Fig. 2.5 (b).  
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                   (a)                                                           (b) 

Fig 2.5: Measured LTO cell (a) and cell surrogate (b). (The battery can be 

considered a resistance together with a voltage source, and in this case, it can be 

presented by a metal bar in the impedance measurements.) 

The LTO cell and the cell surrogate impedances were measured at different frequencies 

from 0.004 Hz to 0.002 MHz. In the tests, the impedances of the LTO pouch cell and the 

surrogate were measured by using a sinusoidal current with a 25 mA amplitude as the 

excitation signal and the measured sinusoidal response signal, which is voltage in this 

case.  

After the tests, the LTO cell impedance was obtained by subtracting the measured 

impedance of the cell surrogate from the measured impedance of the LTO cell. The Bode 

plot of the corrected measured impedance of the LTO pouch cell at 64 % SoC and 296 K 

is shown in Fig. 2.6. 
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Fig. 2.6: Bode plot of the LTO pouch cell impedance. 

As it was shown above, the behaviour of the LTO cell impedance strongly depends on 

the frequency of the charging/discharging cycles, when short cycles are considered. At 

higher frequencies of the charging/discharging cycles, the cell impedance is similar to the 

impedance of an inductor. At low frequencies, the behaviour of the cell impedance is 

similar to the behaviour of an RC circuit impedance. For better representation of this 

phenomenon, a Nyquist diagram of the LTO pouch cell is given for different values of 

SoC in Fig. 2.7.  

 

Fig. 2.7: LTO cell impedance (Ω) for different percentages of the SoC. 
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It was noticed that the part of the impedance that depends on charge transfer is significant 

if frequencies above 1 Hz are considered. In addition, the change in the imaginary part of 

the cell impedance is small at frequencies above 1 Hz. Therefore, it was decided that the 

equivalent electrical circuit can be simplified. The charge transfer process can be treated 

together with the diffusion process, and both processes are modelled by a modified 

Thevenin’s equivalent circuit, where a large number of parallel-connected RC circuits 

have been replaced by one circuit, in which the resistance and the CPE element, are 

connected in parallel. The chosen equivalent electrical circuit is shown in Fig. 2.8. 

 
 

Fig. 2.8: Equivalent electrical circuit of the LTO pouch cell. 

The resistance Rohm is the ohmic resistance. The constant phase element CPE and Rdrc (Ω) 

describe the charge-transfer and mass-transfer processes in the cell during its operation. 

The resistance Rdrc is denoted as direct current resistance as it was done in (Fleischer et 

al., 2014b). 

2.2.3 Determination of the equivalent circuit parameters 

A method resembling the galvanostatic intermittent titration technique was used for the 

estimation of the parameter values for the chosen equivalent electrical circuit. This 

method was chosen with the purpose to obtain the equivalent circuit parameters for 

charging and discharging. In addition, this method allows to use high current during 

experiments, which decreases the calculation error of equivalent electrical circuit 

parameters. In the experiment, 30 s current impulses were applied. The cell was 

discharged by 5 C-rate current impulses, and after the resting time of five minutes, it was 

charged by negative impulses with a 5 C-rate current. The same experiment was 

performed for different percentages of the SoC from 0 to 100 % with 5 % steps and at 

different ambient temperatures ranging from 258 to 315 K. In all experiments, the values 

of current, terminal voltage and cell surface temperature were measured. The measured 

load current and voltage response at 70 % SoC and 296.8 K are shown in Figs. 2.9 and 

2.10, respectively. 
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Fig. 2.9: Load cycle for the determination of the model parameters. 

 

Fig.2.10: Voltage response for the load cycle. 

The parameters of the equivalent electrical circuit were calculated for the discharging and 

charging processes according to the following equations.  

The ohmic resistances are calculated after one second of cell charging and discharging as 
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The total resistances, which comprise ohmic resistance and direct current resistance, are 

calculated for the cell charging and discharging as 
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The direct current resistances for the charging and discharging are calculated as 

 
dischohm,dischtot,dischdrc, RRR  , (2.21) 

 
hohm,chtot,chdrc, RRR  . (2.22) 

The CPEs for the charging and discharging are a function of charging tch and discharging 

tdisch times, and the CPE values are calculated as 
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The fitting parameters ndisch, nch, Sdisch and Sch are estimated by using an approximation of 

the variation of the CPE values during cell charging and discharging. The variation in the 

CPE values for different time intervals ∆t can be calculated as 
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where Udisch and Uch are the terminal voltages (V) of the LTO pouch cell over a time 

interval ∆t after discharging and charging, respectively. In the estimation of the ndisch, nch, 

Sdisch and Sch, ∆t was varied from 0 to 300 s with a 5 s step, after LTO pouch cell 

discharging and charging, respectively. 
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Temperature has a strong influence on the diffusion in the cell (Fleischer et al., 2014b). 

Therefore, this dependence should be taken into account when estimating the cell terminal 

voltage. This dependence was modelled similarly as in (Fleischer et al., 2014a) 
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where Rdrc is the direct current resistance (Ω), CPE is the constant phase element, T is the 

LTO pouch cell temperature (K), Tref is the reference temperature (K), and cdrc and ccpe 

are the temperature coefficients (1/K). 

In addition, the influence of temperature on the ohmic resistance was taken into account 

by a similar equation as in the case of mass-transfer resistance 
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where ohmc  is the temperature coefficient (1/K). 

The temperature coefficients cdrc, ccpe and cohm were obtained by calculating the equivalent 

electrical circuit parameters at different values of ambient temperatures. 

2.3 Analysis of heat generation in the LTO pouch cell 

2.3.1 Verification of the equivalent electrical circuit 

The Altairnano 60 Ah LTO pouch cell was used in the experiments. The OCV of the cell 

was measured by discharging the cell with a 2.5 A impulse current. The duration of the 

impulses was 70 s and the time between impulses was 140 s. The test was performed by 

using a commercial Potentiostat/Galvanostat Gamry Reference 3000TM. The voltage of 

the cell at the beginning of the experiment was 2.7 V, and the experiment was continued 

until the cell voltage had decreased below 2.06 V. The values of voltage were chosen with 

the purpose to prevent overdischarging of the Altairnano LTO pouch cell, according to 

the cell data sheet. The OCV of the cell was obtained at the cell terminals after 140 s of 

the cell resting time. The measured OCV was approximated by a seventh-order 

polynomial equation. The measured OCV and its approximation are shown in Fig. 2.11. 



2.3 Analysis of heat generation in the LTO pouch cell 57 

 
Fig. 2.11: OCV of the LTO pouch cell and its approximation. 

The measured data and the approximation of the measured data for ohmic and direct 

current resistances for charging and discharging by a 5 C-rate current at 296 K are shown 

in Figs. 2.12 and 2.13 for different values of DoD. 

 

Fig. 2.12: Measured and approximated values of ohmic resistance Rohm. 
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Fig. 2.13: Measured and approximated values of direct current resistance Rdrc. 

The measured values for the ohmic resistance Rohm and the direct current resistance Rdrc 

were approximated by using a third-order polynomial approximation. According to the 

experimental results, both resistances strongly depend on DoD. In addition, the measured 

by the method in question value of the ohmic resistance was smaller than the value 

measured by electro-impedance spectroscopy (EIS), which can be explained by the 

measurement error, caused by the small current applied in the EIS measurements. 

The temperature dependences of the measured equivalent electrical circuit parameters at 

the 30 % DoD and an approximation of the measured values are shown in Figs. 2.14, 2.15 

and 2.16 for the ohmic resistance, direct current resistance and CPE, respectively.  

 

Fig. 2.14: Measured and approximated values of ohmic resistance Rohm for 

different values of temperature. 
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Fig. 2.15: Measured and approximated values of direct current resistance Rdrc for 

different values of temperature. 

 

Fig. 2.16: Measured and approximated values of the constant phase element 

(CPE) after 30 s charging and discharging for different values of temperature. 

The temperature and SoC dependences of the total cell resistance, which comprises the 

internal resistance and direct current resistances of the cell, are shown in Fig. 2.17 (a) and 

(b) for discharging and charging, respectively. 
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Fig. 2.17: Measured total resistance of the LTO pouch cell as a function of SoC 

and temperature for discharging (a) and charging (b). 

As it can be seen in Fig. 2.17, the total resistance of the LTO pouch cell increases when 

the SoC decreases, which is caused by chemical processes occurring in the LTO pouch 

cell. In addition, the variation in the total resistance of the LTO pouch cell with SoC 

variation increases when the temperature decreases. This limits the operation of the cell 

at temperatures below 0 °C. 

Equivalent electrical circuit resistances were measured at different C-rate currents. The 

values of the equivalent electrical circuit resistances, which were obtained for different 

values of current are in the range from 10 A to 300 A, and the approximation of the 

calculated data are shown in Fig. 2.18 and 2.19 for discharging and charging, respectively. 

The approximation of the ohmic resistance Rohm was carried out by linear equation, and 

the fourth-order polynomial equation was used for approximation of the values of the 

direct current resistance. 
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Fig. 2.18: Dependence of the ohmic resistance Rohm (a) and the direct current 

resistance Rdrc (b) on the discharging current. 

 

Fig. 2.19: Dependence of the ohmic resistance Rohm (a) and the direct current 

resistance Rdrc (b) on the charging current. 

The analysis of the measured data shows that the ohmic resistance Rohm does not depend 

on the operating current. However, the direct current resistance Rdrc decreases with an 

increase in the operating current in the range from 0 to 180 A, and it almost does not 

change with a further increase in the operating current. Therefore, the dependence of the 

direct current resistance on currents above 180 A can be neglected. 

After determination of the equivalent electrical circuit parameters, the model was verified 

by experiments. A special operating cycle with different charging and discharging 

impulses was applied. The cell SoC at the beginning of the experiment was 70 %. The 

cycle used in the verification of the equivalent electrical circuit is shown in Fig. 2.20. 
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Fig. 2.20: Operating cycle for the verification of the equivalent electrical circuit. 

The measured and calculated voltages of the LTO pouch cell are shown in Fig. 2.21. 

 

Fig. 2.21: Measured and calculated voltages of the LTO pouch cell in the 

verification of the equivalent electrical circuit. 

The influence of temperature on the equivalent electrical circuit parameters was verified 

by applying a simplified operating cycle of Li-ion batteries in HEVs, shown in Fig. 2.22. 

The cycle consists of short similar charging and discharging impulses. The duration of 

the charging and discharging impulses is 30 s. A 5 C-rate current was used in the 

experiment. 
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Fig. 2.22: Example of the simplified load cycle of a battery in a hybrid mobile 

working machine.  

The measured and calculated terminal voltages of the cell in the test are shown in Fig. 

2.23. 

 
Fig. 2.23: Measured and calculated terminal voltages of the cell in the 

verification of the influence of temperature on the equivalent electrical circuit 

parameters. 

Both tests showed a high agreement between the measured and calculated data, and 

therefore, the proposed equivalent electrical circuit is used in the 3D model of the LTO 

pouch cell for the estimation of the loss and temperature distribution on the pouch cell 

surface. 
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2.3.2 Dependence of the LTO pouch cell losses on the cell geometry 

The geometry and dimensions of the negative and positive electrodes of the Altairnano 

60 Ah pouch cell are shown in Fig. 2.24 (a) and (b), respectively. 

Fig. 2.24: Dimensions of the negative (a) and positive (b) electrodes of the

Altairnano pouch cell. 

The potential distributions on the positive and negative electrodes when the cell operates

with a simplified operating cycle, shown in Fig. 2.22, were calculated by using Eqs. (2.5) 

and (2.6). The calculation results for the potential distribution on the negative and positive 

electrodes at the end of the last discharge cycle are shown in Fig. 2.25 (a) and (b), 

respectively. The arrows in Fig. 2.25 show the gradient of the potential distribution in the 

logarithmic scale. 

Fig. 2.25: Potential distribution on the negative (a) and positive (b) electrodes at 

5 C-rate discharging in the LTO pouch cell under study. 
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The calculated current density between the current collectors and the heat losses in the 

LTO pouch cell unit at the end of the last discharge cycle are shown in Fig. 2.26 (a) and

(b), respectively. The LTO pouch cell unit consists of half of the positive current collector,

positive electrode material, a separator with an electrolyte, negative electrode material

and half of the negative current collector. 

Fig. 2.26: Current density between the current collectors (a) and the heat losses 

(b) in one unit of the LTO pouch cell under study at a 5 C-rate current. 

As it can be seen in Figs. 2.25 and 2.26, the non-uniform voltage distribution, which is 

caused by the geometry of the electrode, leads to a non-uniform current density in the 

cell. This, in turn, leads to non-uniform heat losses in the cell. In addition, the current,

which flows in the electrode, produces non-uniform Joule losses. The highest heat losses 

were found close to the positive and negative terminals of the cell, and the lowest heat

losses were generated on the opposite side of the cell. The average value of heat losses at

the time instant under consideration is 0.259 W, and the standard deviation (SD) of the 

heat losses in the unit on the cell surface, which is parallel to the current collectors, is 

0.0482 W.  

The non-uniform distribution of heat losses can be decreased by modifying the cell 

geometry so that the positive and negative terminals are placed on opposite sides of the 

pouch cell (Sun et al., 2012). This arrangement was verified by calculating the heat 

generation in a similar fictitious cell, but only the positions of the positive and negative 

terminals were changed. These terminals were placed in the middle of the opposite sides 

of the LTO pouch cell. The potential distributions on the negative and positive electrodes

in this case are shown in Fig. 2.27 (a) and (b), respectively. The arrows show the gradient

of the potential distribution in Fig. 2.27. The calculated current densities between the 

current collectors and the heat losses in the unit of the LTO pouch cell are shown in Fig. 

2.28 (a) and (b), respectively. 
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Fig. 2.27: Potential distribution on the negative and positive electrodes at 5 C-

rate discharging in a fictitious structure, where the terminals were placed in the 

middle of the opposite sides of the cell electrodes. 

An analysis of heat losses in the pouch cell where the positive and negative terminals are 

placed on opposite sides of the cell showed that the SD of the heat losses on the cell 

surface parallel to the current collectors decrease by 62.6 % compared with the previous 

cell geometry and is equal to 0.0180 W. The average value of losses for the fictitious cell 

geometry, where the terminals are placed on opposite sides of the pouch cell, is 0.267 W. 

This shows the advantage of such an LTO pouch cell geometry. 

 

Fig. 2.28: Current densities between the current collectors (a) and the heat losses 

(b) in the unit of the fictitious LTO pouch cell, where terminals were placed in 

the middle of the opposite sides of the cell electrodes at a 5 C-rate current. 
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2.4 Summary 

In this chapter, a LTO pouch cell model was used to analyse the heat generation in the 

LTO pouch cell. A modified Thevenin’s equivalent circuit was used to estimate the LTO 

pouch cell terminal voltage during operation of the cell. In this circuit, a large number of 

parallel-connected RC circuits were replaced by one circuit, where the direct current 

resistance Rdrc and the constant phase element CPE were connected in parallel. The 

proposed equivalent electrical circuit was verified by experiments, and it showed a high 

agreement between the measured and calculated data.  

In addition, the dependences of the losses on the SoC, temperature and LTO pouch cell 

design were considered. In principle, the heat generated in the cell during its operation is 

calculated as a sum of irreversible and reversible heat losses. The dependences of the 

LTO pouch cell ohmic and direct current resistances on SoC, operating current and 

temperature were analysed by experiments. The analysis showed an increase in the values 

of the ohmic and direct current resistances, when the SoC was decreased. The ohmic 

resistance Rohm does not depend on the operating current. However, the direct current 

resistance Rdrc decreases when the operating current increases in the range from 0 to 180 

A, and it almost does not change with a further increase in the operating current. In 

addition, the cell operating temperature has a significant influence on the values of the 

ohmic and direct current resistances and may limit the operation of the LTO pouch cell 

at temperatures below 0 °C. 

The influence of cell geometry on the heat losses was analysed by applying the presented 

3D model of the pouch cell. The analysis showed that the placement of the positive and 

negative terminals on the same side of the cell leads to a considerable non-uniformity of 

heat loss generation in the cell. Further, it was shown that the placement of the positive 

and negative terminals on the opposite sides of the cell could significantly decreases the 

non-uniformity of the loss generation in the LTO pouch cell. 
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3 Determination of the cell thermal parameters  

It was shown in Chapter 2 that in the determination of the LTO pouch cell thermal 

parameters, it is not possible to approach the issue of internal heat caused by the cell 

operation similarly as it was done in (Fleckenstein et al., 2013), because the heat 

generation is non-uniform in the LTO pouch cell. Therefore, an external heat source 

should be considered, and a modified heat-flow meter method can be used to determine 

the LTO pouch cell specific heat capacity and the along- and through-plane thermal 

conductivities. The modified methodology allows simultaneous estimation of the 

parameters under study during the transient process. The method is based on an 

assumption that the LTO pouch cell can be regarded as an infinite plate with anisotropic 

thermal properties, because the thickness of a pouch cell is usually much smaller than the 

flat surface dimensions.  

3.1 Determination of the thermal parameters in an infinite plate 

The key requirement in the determination of the thermal parameters is the production of 

a uniform heat flux through the plate. In this case, the determination of the thermal 

parameters in an infinite plate can be taken as a one-dimensional task. The LTO pouch 

cell is considered an infinite plate, shown in Fig. 3.1 (a).  

 

Fig. 3.1: LTO pouch cell (a), considered an infinity plate, and its division into two 

elementary tasks (b) in the calculation of the thermal parameters. The h is the cell 

thickness, and k is the thermal conductivity (Murashko et al., 2014). 

The parameter T0 is the initial temperature in each point of the cell (K). The boundary 

conditions for the infinite plate are: 
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where T is the temperature (K), h is the plate thickness (m), k is the plate thermal 

conductivity in the heat flow direction (W/(m∙K)), and q1 and q2 are the heat fluxes to the 

plate and from the plate (W/m2), respectively. 

The heat transfer in the experiment takes place by conduction. The experiment requires 

linear heat flux. However, if the transient process, during which the heat flux is not 

constant, is considered, the following simplification can be made. The input and output 

heat flux curves are divided into small intervals, in which the heat flux values are assumed 

constant and equal to the average values of heat flux in these intervals. 

According to the superposition principle, the temperature distribution in a plate can be 

calculated by a sum of Ntask tasks with constant average values of heat flux, where Ntask is 

the number of intervals. In addition, each Ntask task can be divided into two elementary 

tasks (Fig.3.1 (b)). In the elementary task, only a half plate with one thermally insulated 

side is considered. The division of the initial task according to the superposition principle 

allows the calculation of temperature in each point of the plate and the average 

temperature in the plate as a sum of 2∙Ntask elementary tasks by equations given in 

(Pekhovich and Zhidkikh, 1976). These equations are given below: 
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where cp is the specific heat capacity of the plate (J/(kg∙K)), ρ is the density of the plate 

(kg/m3), T0 is the initial temperature of the plate (K), and t is the Ntask × 1 matrix, which 

comprises the time intervals. Q1 and Q2 are the 1 × Ntask heat flow matrices, which include 

heat flow elements. The heat flow elements q1 and q2 of the heat flow matrices Q1 and Q2 

are obtained as differences between the average values of heat fluxes in the interval under 

study and the average values of heat fluxes in the previous interval. The matrix Θ is the 

Ntask × 1 matrix of temperature coefficients, which depends on the dimensionless 

thickness coefficients η- and η+, where “-” and “+” denote the first and second elementary 

tasks, respectively. 

The dimensionless thickness coefficients are calculated as 
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where x is the distance between a point, where the heat flux penetrates a plate, and a point, 

where the temperature is calculated (m). 

The elements of the matrix Θ are obtained at a linear temperature gradient as in 

(Pekhovich and Zhidkikh, 1976) 
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where Fo is the thermal Fourier number. The thermal Fourier number Fo is a 

dimensionless time, which, with the Biot number, is used for the characterization of 

transient conduction problems (Incropera, 2013). It is a ratio between diffusive transport 

rate and quantity storage rate. It is defined as in (Incropera, 2013, Lienhard and Lienhard, 

2011) 
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where τ is the time interval (s), and α is the thermal diffusivity (m2/s), which is calculated 

as  
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The specific heat capacity is calculated as 
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where T  is the average temperature in the plate (K). 

Equation (3.9) is obtained by a simple transformation of Eq. (3.4). The average 

temperature is calculated at a linear temperature gradient as 

 

2

0 hxx
TT

T 


 . (3.10) 

The values of the temperature T and the heat fluxes q1 and q2 in the heat flow matrices Q1 

and Q2 in points x = 0 and x = h are measured. 
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The through-plane thermal conductivity is calculated by substitution of Eqs. (3.5)–(3.8) 

into Eq. (3.3). The thermal conductivity is calculated for the points x = 0 and x = h as 
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The average value of the thermal conductivity is defined as  
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The density of the pouch cell can be determined from its mass and volume. 

3.2 Limitations 

The requirements of the uniform heat flux through the LTO pouch cell and of the linear 

temperature gradient in the LTO pouch cell limit the application of Eqs. (3.9)–(3.13) 

when performing the experiment and calculating the thermal parameters. These 

requirements can be achieved by performing the experiment in special conditions. 

The uniform heat flux through the plate can be achieved by providing adequate thermal 

isolation of the plate ends, which are parallel to the produced heat flux. The requirement 

for the quality of the thermal insulation decreases if the plate surface area, which is 

perpendicular to the heat flux, is significantly larger than the surface area, which is 

parallel to the heat flux.  

The linear temperature gradient in the heat flux direction allows calculation of the average 

temperature in the LTO pouch cell in the heat flux direction, which is required in Eq. 

(3.9). The minimum time for the experiment, after which the temperature gradient in the 

object becomes linear, is calculated as 
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where h is the thickness of the object (m), α is the thermal diffusivity (m2/s), and Fomin is 

the minimum value of the thermal Fourier number at which the temperature gradient in 

the plate is linear. The minimum value of the thermal Fourier number Fomin can be 
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determined by an analysis of the temperature gradient in the elementary task under study, 

and it can be calculated for the linear heat flux as in (Pekhovich and Zhidkikh, 1976) 
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where GT is the temperature gradient coefficient, and qlin is the linear heat flux (W/m2). 

By neglecting the change in the material thermal parameters, which is caused by the 

temperature gradient, an assumption can be made that the form of the temperature 

gradient depends only on the temperature gradient coefficient. The temperature gradient 

coefficient for the task is calculated similarly as in (Pekhovich and Zhidkikh, 1976)  
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where Ci and μi are dimensionless parameters calculated as 

 π ii , (3.17) 
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The dependence of the temperature gradient coefficient on the Fourier number and on the 

dimensionless thickness coefficient is shown in Fig. 3.2.  

 

Fig. 3.2: Dependence of the thermal gradient coefficient on Fo and the 

dimensionless thickness coefficient (Murashko et al., 2014). 
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It can be seen in Fig. 3.2 that for small values of the thermal Fourier number, which 

corresponds to short intervals of time, the heat flux applied to one side of the pouch cell 

is consumed in the generation of the temperature gradient in the heat flux direction. 

Within this period of time, the applied heat flux does not have an influence on the 

temperature of the opposite side of the LTO pouch cell. The influence of the heat flux on 

the temperature of the opposite side of the cell becomes significant as the time elapses. 

However, the analysis of this dependence between temperature gradient and the 

dimensionless thickness coefficient showed that the temperature gradient coefficient has 

a linear dependence on the dimensionless thickness coefficient if Fo ≥ 0.5. Therefore, the 

minimum time of the experiment, after which the temperature gradient becomes linear, 

the experimental results are analysed and the thermal parameters are determined, can be 

calculated at Fomin = 0.5. 

3.3 Along-plane thermal conductivity 

The anisotropy of the LTO pouch cell imposes a requirement on the experiments that the 

thermal conductivity should be measured in two directions, which are parallel and 

perpendicular to the current collectors of the pouch cell. The above-presented 

methodology to measure the through-plane thermal conductivity can be used for the 

measurement of the along-plane thermal conductivity. However, it requires a very good 

thermal isolation of the LTO pouch cell sides that are parallel to the direction in which 

the heat flux is produced. However, because of the large surface area, it is very difficult 

to provide such a thermal isolation in the direction that is parallel to the current collectors. 

Therefore, in this work, the along-plane thermal conductivity was roughly estimated as 
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  (3.19) 

where hcc is the thickness of the current collectors (m), Ncc is the number of current 

collectors in the cell, hcell is the thickness of the pouch cell (m), and kcc is the thermal 

conductivity of the current collectors (W/(m∙K)). The thicknesses and number of pouch 

cell current collectors were obtained by disassembling a pouch cell representing the cell 

type under study; they are equal to 25 μm and 79, respectively.  

The influence of the other cell elements on the along-plane thermal conductivity value 

was analysed by assuming that the characteristics and dimensions of all parts of the cell 

are known. In this case, the along-plane thermal conductivity can be calculated by the 

method presented in (Chen et al., 2005) as 
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  (3.20) 

where h, N and k are the thickness (m), the number of cell elements and the  thermal 

conductivity (W/(m∙K)), respectively. The subscripts p, n, cc, sep and cp denote positive 
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electrode, negative electrode, current collector, separator and cell pouch, respectively. 

The total thickness of the cell hcell was calculated as  

 
cpcpsepsepccccnnppcell NhNhNhNhNhh  . (3.21) 

The number of pouch cell elements was assumed equal to the number of the elements in 

the disassembled 50 Ah Altairnano pouch cell. The thicknesses and thermal conductivity 

of current collectors, separator and pouch were assumed the same as in (Kim et al., 2009). 

In addition, the use of an aluminium current collector for both electrodes was assumed. 

The thermal conductivity of the positive and negative electrodes were taken from 

(Burheim et al., 2014). The numbers, thicknesses and thermal conductivity of the pouch 

cell elements are given in Table 3.1 

Table 3.1: Parameters of the passive cell elements. 

Parts of the cell Positive 

electrode 

Negative 

electrode 

Current 

collector 

Separator Pouch 

Number of elements in the 

pouch cell 

40 39 79 80 2 

Thickness, μm 150 145 20 25 100 

Thermal conductivity, 

W/(m·K) 

0.7 0.7 238 1 0.16 

 

The calculated along-plane thermal conductivity by Eq. (3.20) is 30.3 W/(m∙K), and the 

calculated along-plane thermal conductivity by Eq. (3.19) is equal to 29.6 W/(m∙K). The 

difference between the results obtained by Eqs. (3.19) and (3.20) is equal to 2.3 %. The 

small difference between the calculated results suggest an opportunity to use the 

simplified Eq. (3.19) for the pouch cell along-plane thermal conductivity calculation. 

3.4 Experiments 

An Altairnano 60 Ah LTO pouch cell was used in the experiments. The LTO pouch cell 

thermal parameters such as heat capacitance and through-plate thermal conductivity were 

measured by using the simple test system presented in Fig. 3.3. 
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Fig. 3.3: Test system for the measurement of the pouch cell thermal parameters 

(Murashko et al., 2014). 

The test system consists of two aluminium plates between which the LTO pouch cell was 

placed. A 500 W electrical incandescent strip tube bulb was used to produce constant heat 

flux from the lamp to the closest aluminium plate, which was painted black to increase 

its emissivity. The temperature and heat flux sensors were similarly installed on the 

opposite sides of the pouch cell as shown in Fig. 3.3. Vacuum rubber was used between 

the aluminium plates and the flat sides of the cell, on which the heat flux and temperature 

sensors were installed. Vacuum rubber was needed to compensate for the surface 

roughness caused by the sensor installation and to remove air between the aluminium 

plates and the pouch cell. As vacuum rubber has a low thermal conductivity, the sides of 

the cell that are not in contact with the vacuum rubber were thermally insulated by 

fibreglass, the thermal conductivity of which is 0.04 W/(m∙K). The fibreglass was used 

to provide the required heat flux only in one direction through the aluminium plates, 

vacuum rubber and the pouch cell. The thermal parameters of the aluminium plates and 

vacuum rubber are given in Table 3.2. 

Table 3.2: Thermal parameters of the aluminium plate and the vacuum rubber. 

Material Thickness, 

m 

Density, 

kg/m3 

Specific heat 

capacity, J/(kg∙K) 

Thermal 

conductivity, 

W/(m∙K) 

Aluminium plate 0.001 2700 870 205 

Vacuum rubber 0.002 910 2010 0.13 

 

The heat fluxes were measured by gradient heat flux sensors made of bismuth single 

crystals. The bismuth single crystals have a strong anisotropy of thermal conductivity, 

electric conductivity and thermo-electromotive force. Because of this anisotropy, the 

temperature gradients, which are proportional to the electric field vector, are produced in 

two directions in the gradient heat flux sensors: along and across the applied heat flux 
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(Mityakov et al., 2012). The gradient heat flux sensor (GHFS) can be produced in such a 

way that the main direction of the thermal gradient in the sensor is across the applied heat 

flux, as it was shown in (Mityakov et al., 2012). In this case, the change in the signal in 

such a GHFS is proportional to the length of the sensor instead of the sensor thickness, as 

in the case for the heat flux sensors with thermocouples. Therefore, the sensor can be 

made as thin as possible to achieve fast response time and still maintain an adequate signal 

strength (Mityakov et al., 2012). The GHFS construction is illustrated in Fig. 3.4. 

 
Fig. 3.4: GHFS: 1: bismuth thermoelement, 2: mica base, 3: solderings, 4: 

connecting wires, 5: insulation (Murashko et al., 2014). 

The GHFS dimensions in the plane area are 5 × 20 mm, and the sensor thickness is 0.15 

mm. The signal from the GHFS was measured by a 34420A nanoVolt/micro-Ohm meter, 

and the heat flux through the sensor is calculated as  

 

0pl SA

e
q


 , (3.22) 

where Apl is the GHFS surface area (m2) through which the heat flux is passing, S0 is the 

sensor sensitivity (V/W), and e is the thermo-electromotive force (V). 

The sensitivity of the sensor S0 is estimated in the sensor calibration as it was shown in 

(Mityakov et al., 2012). More information about the design of the heat flux sensor and its 

construction can be found in (Murashko et al., 2013, Mityakov et al., 2012, Sapozhnikov 

et al., 2012). 

Two PT100 temperature sensors were used for the temperature measurements. The 

temperature sensors were connected to a Keithley 2701 Multimeter/Data Acquisition 

System by using a four-wire connection scheme in order to take into account the 

resistance of the wires when measuring the PT100 sensor resistance.  
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3.5 Uncertainty of measurements 

The measurement uncertainty of the pouch cell thermal parameters was calculated 

according to (EA-4/02 M). The standard uncertainty of a single measured value was 

calculated by  
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where u(y) is the uncertainty of the output estimate y, u(xi) is the uncertainty of the input 

estimate xi, where i is the number of the input estimates i = 1…N, and f is the function 

that shows the dependence between the input and the output. 

The uncertainty of the pouch cell thermal parameters depends on the uncertainties of the 

temperature, heat flux, time and dimension measurements. These uncertainties were 

obtained from the equipment data sheet or calculated by Eq. (3.23) and are given in Table 

3.3.  

Table 3.3: Uncertainty of the parameter determination. 

Parameters Uncertainty of the parameter determination 

Time 0.1 s 

34420A nanoVolt/micro-Ohm meter 70 nV/0.008 Ω  

Keithley 2701 0.06 °C (4-wire connection) 

Dimensions (digital caliper) 5∙10-5 m 

Dimensions (micrometer caliper) 2∙10-6 m 

Heat flux sensor sensitivity 6.04∙10-5 V/W 

Density 0.1 kg/m3 

Heat flux  0.51 W/m2 

Specific heat capacity 32.7 J/(kg∙K) 

Through-plane thermal conductivity 0.0649 W/(m∙K) 

Along-plane thermal conductivity 2.96 W/(m∙K) 

 

As the uncertainty of the through-plane thermal conductivity is more than 5 % of the 

typical parameter values for the Li-ion cell, which are in the range from 0.5 to 1.1 

W/(m∙K), repeated measurements of the pouch cell thermal parameters were required. In 

this case, the uncertainty of the thermal parameter determination will be much smaller 

and can be given by a normalized standard deviation. 
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3.6 Verification of the proposed method 

For the determination of the pouch cell thermal parameters, the proposed method was 

verified by using an “ideal” sample, the parameters of which are well known. A fused 

quartz plate with the dimensions of 100×100×10 mm3 was chosen as the “ideal” sample. 

The test system was scaled to the dimensions of the sample. The fused quartz plate and 

the test setup are shown in Fig. 3.5.  

 
Fig. 3.5: Fused quartz plate and test setup. 

The thermal conductivity and specific heat capacity values of the fused quartz are in a 

similar range as the through-plane thermal conductivity and specific heat capacity of the 

Li-ion cells, and this information is usually available from the manufacturer. The thermal 

parameters of the fused quartz used to verify the proposed method are given in Table 3.4. 

Table 3.4: Parameters of the fused quartz. 

Parameter Value 

Density, kg/m3 2200 

Specific heat capacity, J/(kg∙K) 680 

Thermal conductivity, W/(m∙K) 1.35 

 

The minimum time of the experiment was calculated by Eq. (3.14), and for the test with 

fused quartz, it is 290 s. The measured heat flux and temperature from both sides of the 

fused quartz in the test are shown in Fig. 3.6 (a) and (b), respectively. 
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Fig 3.6: Heat flux (a) and temperature (b) in the test with fused quartz 

(Murashko et al., 2014). 

The thermal parameters of the fused quartz were calculated in the time interval from 0 to 

2900 s with 10 s steps. The calculation results are shown in Fig. 3.7. 

 

Fig. 3.7: Thermal conductivity (a) and specific heat capacity (b) of fused quartz 

(Murashko et al., 2014). 

As it can be seen in Fig. 3.7, the deviation of the calculated values from the actual values 

becomes acceptable after 290 s as it was calculated above. However, in order to decrease 

the uncertainty of the experiment, the average values of thermal conductivity and specific 

heat capacity in the time interval from 290 to 2900 s were calculated, and the uncertainty 

of the test was given as a standard deviation of the values within the time interval under 

study. The measured thermal conductivity of fused quartz is 1.342±0.0265 W/(m∙K), and 

the measured specific heat capacity is 706±16 J/(kg∙K). A comparison of the measured 

thermal conductivity values with the actual values showed a deviation of 0.58 % for the 

thermal conductivity measurement and 3.8 % for the specific heat capacity measurement. 

This shows the acceptability of the method for measuring the thermal conductivity and 

specific heat capacity of the LTO pouch cell. 
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3.7 Analysis of the LTO pouch cell thermal parameters 

The dependence of the LTO pouch cell thermal parameters on the SoC and sensor 

positions was analysed. Five values of SoC in the range from 10 % to 90 % with 20 % 

steps were studied. The LTO pouch cell was discharged by a 0.1 C-rate (6 A) current, and 

the rest period after discharging was more than 30 minutes. In addition, three different 

positions of the GHFSs (gradient heat flux sensors) and the temperature sensors were 

considered. The heat flux and temperature sensors were installed in points shown in Fig. 

3.8. The example curves of the measured heat flux and temperature and the calculated 

values of through-plane thermal conductivity and specific heat capacity in the middle of 

the LTO pouch cell at 70 % SoC are given in Figs. 3.9 and 3.10, respectively. 

 

Fig. 3.8: Gradient heat flux sensors and the temperature sensors installation. The 

sensors are installed close to each other in the indicated points. 

 

Fig. 3.9: Heat flux (a) and temperature (b) in the middle of the LTO pouch cell 

at 70 % SoC. 
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Fig. 3.10: Through-plane thermal conductivity (a) and specific heat capacity (b) 

in the middle of the LTO pouch cell at 70 % SoC. 

By using Eq. (3.14), the minimum time of the experiment was calculated, and it is equal 

to 790 s (Fig. 3.10). The along-plane thermal conductivity, which is the thermal 

conductivity in a direction parallel to the current collectors of the pouch cell, was 

calculated by Eq. (3.19) for the LTO pouch cell and it is equal to 37 W/(m∙K). The 

calculated values of through-plane thermal conductivity and specific heat capacity for all 

experiments with different values of SoC and for different sensor positions are given in 

Table 3.5. 

Table 3.5: Thermal parameters of the Li-ion pouch cell. 

Points Parameters 
SoC 

10 % 30 % 50 % 70 % 90 % 

First 

point 

(0.128, 

0.208) 

Through-plane thermal 

conductivity, W/(m·K) 

0.734 

±0.027 

0.790 

±0.034 

0.859 

±0.037 

0.826 

±0.031 

0.762 

±0.032 

Specific heat capacity, 

J/(kg·K) 

1028.4 

±9.92 

1050.4 

±9.1 

1051.2 

±9.26 

1042.6 

±8.8 

987.4 

±10.1 

Second 

point 

(0.128, 

0.116) 

Through-plane thermal 

conductivity, W/(m·K) 

0.631 

±0.018 

0.629 

±0.02 

0.684 

±0.021 

0.634 

±0.019 

0.593 

±0.018 

Specific heat capacity, 

J/(kg·K) 

1014.5 

±11.7 

1032.7 

±12.4 

1044.4 

±8.7 

1053.3 

±9.1 

1043.7 

±7.8 

Third 

point 

(0.128, 

0.025) 

Through-plane thermal 

conductivity, W/(m·K) 

0.675 

±0.022 

0.669 

±0.017 

0.673 

±0.019 

0.674 

±0.03 

0.670 

±0.023 

Specific heat capacity, 

J/(kg·K) 

1002.3 

±11.25 

1004.7 

±13.5 

1007.8 

±12.1 

1004.4 

±12.7 

1001.2 

±12.3 
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The analysis of the thermal parameter values for different SoC values showed that the 

through-plane thermal conductivity and the specific heat capacity of the cell are almost 

independent of the SoC. The difference between different values of through-plane thermal 

conductivity and specific heat capacity for different values of SoC is close to the 

uncertainty of the measurements, which may be caused by a measurement error or 

deviation of the heat from the uniformly distributed flux. 

The analysis of the dependence of the thermal parameters on the measuring points shows 

somewhat higher values of the through-plane thermal conductivity and specific heat 

capacity in the point that is close to the terminal of the pouch cell. It can be explained by 

the LTO pouch cell structure under consideration, where all negative and positive 

electrode current collectors are connected to the LTO pouch cell negative and positive 

terminals, respectively. As the current collectors have the highest thermal conductivity of 

the elements of the LTO pouch cell, part of the heat flux passes through the LTO pouch 

cell terminals. Therefore, the values of the pouch cell through-plane thermal conductivity 

are higher in the points that are close to the cell terminals than in the points that are close 

to the opposite side of the pouch cell. In addition, the increase in the specific heat capacity 

values in the points close to the pouch cell terminals may be explained by the heat transfer 

through the current collectors from the opposite side of the pouch cell. 

3.8 Summary 

In this chapter, a modified heat-flow meter method was proposed for the determination 

of the LTO pouch cell specific heat capacity and the through-plane thermal conductivity. 

The along-plane thermal conductivity was roughly estimated. The method was tested on 

a sample with known parameters, similar to the Li-ion cell thermal parameters. A 

comparison of measured thermal conductivity values with actual values for the tested 

sample showed a deviation of 0.58 % for the thermal conductivity measurement and a 

deviation of 3.8 % for the specific heat capacity measurement. These results demonstrate 

the acceptability of the proposed method for the measurement of the LTO pouch cell 

thermal parameters. 

The analysis of the dependence of SoC on the values of the pouch cell thermal parameters 

showed that the through-plane thermal conductivity and the specific heat capacity of the 

LTO pouch cell are almost independent of the SoC. The small increase in the pouch cell 

thermal parameters such as through-plane thermal conductivity and specific heat capacity 

close to the positive and negative terminals of the LTO pouch cell is explained by the 

pouch cell construction. The part of the heat flux passes through the pouch cell terminals, 

to which current collectors are connected. This explains the increase in the thermal 

conductivity values in the points close to the cell terminals. In addition, the increase in 

the specific heat capacity values in the points close to the pouch cell terminals may be 

explained by the heat flux transfer through the current collectors from the opposite side 

of the LTO pouch cell. 
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4 Temperature distribution in the LTO pouch cell 

A non-uniform temperature distribution in a pouch cell has a strong influence on the 

operating characteristics of the cell. For example, it was shown in (Ramadass et al., 2002, 

Wang et al., 2011, Käbitz et al., 2013) that the capacity of a Li-ion cell decreases faster 

with a higher cell operating temperature. The capacity of a Sony 18650 cell decreased by 

70 % after 490 cycles at 55 °C and by 30 % after 800 cycles at 25 °C (Ramadass et al., 

2002). The operation of a part of the cell at a high temperature leads to the degradation 

of the material in this part and to the deterioration of the total cell properties (Samba et 

al., 2014b, Barré et al., 2013). As the part of the cell deteriorates, the internal resistance 

of the cell increases, which increases the temperature non-uniformity even further. 

Therefore, it is important to minimize the deviation of the temperature from its average 

value in the pouch cell.  

4.1 Analysis of the temperature non-uniformity in the LTO pouch cell 

4.1.1 3D LTO pouch cell thermal mode and its verification 

The temperature of the Altairnano 60 Ah LTO pouch cell was measured experimentally. 

In the experiment, an electrical power source Amrel SPS60X333 was used for charging, 

and a programmable electrical load Amrel PLW9K-60-1500E was used for discharging 

of the LTO pouch cell. The electrical power source and the programmable electrical load 

were controlled by a LabView programme. The control of the electrical power source and 

the programmable electrical load was carried out so that a similar operating cycle as the 

one used in the heat loss calculation in Chapter 2 was provided. 

In the experiments, the Altairnano 60 Ah LTO pouch cell was thermally isolated with 100 

mm of polyurethane isolation material. The thermal isolation was used in order to verify 

the non-uniformity of the heat generation in the LTO pouch cell, as in this case only the 

heat generated in the cell has an impact on the temperature distribution. The test started 

at the room temperature, and the duration of the verification tests was chosen such that 

the temperature of the pouch cell at the highest C-rate current did not exceed the 

maximum allowed operating temperature, which is 328 K. By taking into account the 

requirements for the maximum LTO pouch cell continuous operating current (360 A) and 

the limitation on the maximum LTO pouch cell temperature (55 °C), the experiment 

duration was chosen to be 1500 s. The surface cell temperature was measured by a Fluke 

Ti10 infrared camera after 1500 s from the start of the LTO pouch cell heating by the 

charging/discharging cycle, which was shown in Fig. 2.22. In the measurement of the cell 

surface temperature by infrared camera, the thermal insulation material was removed for 

a short period of time, which was enough to perform the measurement procedure. The 

side, from which the thermal insulation was removed, was painted black to increase its 

emissivity.  
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The surface temperature of the pouch cell was calculated in COMSOL Multiphysics 4.4 

by using the Heat Transfer in Solids interface. The model of the generated mesh is shown 

in Fig. 4.1. The dimensions of the cell model are 0.256×0.233×0.0127 m. The mesh 

consists of 2832 domain elements, 1808 boundary elements and 152 edge elements. 

 

Fig. 4.1: Finite element method model of the cell and the generated mesh. 

The heat losses calculated in Chapter 2 and the average values of the estimated specific 

heat capacity and the along- and through-plane thermal conductivities were used in the 

calculation. In addition, the dependence of the heat losses on the SoC, the operating 

current and the cell operating temperature were taken into account. The calculated and 

measured temperatures on the cell surface for a 5 C-rate charging/discharging cycle are 

shown in Fig. 4.2 (a) and (b), respectively.  

 

Fig. 4.2: Calculated (a) and measured (b) surface temperatures. 
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The comparisons of the measured and calculated results in the points shown in Fig. 3.8 

are given in Table 4.1. The coordinates of the temperature sensor installation are given in 

meters, and the lower left corner of the LTO pouch cell is taken as the origin of 

coordinates. 

Table 4.1: Comparison of the measured data by infrared camera and calculated 

data by a finite element method model, generated in COMSOL Multiphysics 4.4. 

Measured points Measured 

temperature, K 

Calculated 

temperature, K 

Deviation, 

% 

First point (0.128, 0.208), 319.2 319.75 0.17 

Second point (0.128, 0.116) 316.4 314.94 0.46 

Third point (0.128, 0.025) 315.4 312.2 1.02 

 

The test showed an adequate correlation of the measured and calculated data. The 

measured and calculated results of the temperature distribution in the LTO pouch cell 

show that the pouch cell has a non-uniform temperature distribution. The highest 

temperature was found on the top of the cell close to the terminals. The lowest 

temperature was found on the bottom of the cell. The non-uniformity of the temperature 

distribution on the cell surface exceeds 6 K according to the measured data and 9 K 

according to the calculation. As it was shown above, such a temperature distribution is 

explained by the non-uniform potential distribution in the electrodes, which leads to a 

different current density in the through-plate direction. The non-uniform current density 

results in non-uniform heat losses, which produce a non-uniform temperature distribution 

in the cell. In addition, the operating current produces non-uniform Joule losses in the 

current collectors, which increases the non-uniform temperature distribution in the cell. 

However, because of the possible measurement errors resulting from the cell 

construction, the temperature measurements by infrared camera have to be treated with 

caution. The LTO pouch cell has a loose-fitting pouch, which may provide a poor contact 

with the cell (Giuliano et al., 2011). Therefore, to ensure a good contact between the cell 

and its pouch, it was pressed during the measurements, and PT 100 temperature sensors 

were used for the thermal model verification. The PT 100 temperature sensors were 

installed on the cell surface in the points given in Table 4.1, and the cell was thermally 

insulated. The temperature was measured when the cell was operating with a cycle similar 

to the one used in the cell surface temperature measurements by the infrared camera. 

However, different values of charging/discharging currents were considered. The 

comparison of the measured and calculated results for the 1 C, 3 C and 5 C-rate 

charging/discharging currents are shown in Figs. 4.3–4.5, respectively.  
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Fig. 4.3: Measured by PT100 sensors and calculated temperatures in the first 

point. 

 

Fig. 4.4: Measured by PT100 sensors and calculated temperatures in the second 

point. 
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Fig. 4.5: Measured by PT100 sensors and calculated temperatures in the third 

point. 

The maximum deviations and the values of the standard temperature deviation (STD) 

between the measured and calculated data are given in Table 4.2. 

Table 4.2: Maximum deviations and STDs between the measured by PT100 

sensors and calculated data. 

Deviations First point  

(0.128, 0.208), 

Second point 

 (0.128, 0.116) 

Third point  

 (0.18, 0.025) 

Maximum deviation for 1C-rate, K 0.113 0.142 0.158 

Maximum deviation for 3C-rate, K 0.253 0.244 0.454 

Maximum deviation for 5C-rate, K 0.876 0.312 0.568 

STD for 1C-rate, K 0.0395 0.0415 0.0452 

STD for 3C-rate, K 0.1056 0.0771 0.1144 

STD for 5C-rate, K 0.3709 0.0602 0.2472 

 

The analysis showed a good agreement between the measured by PT100 sensors and 

calculated data. Thus, the proposed 3D thermal model of the cell can be used to analyse 

methods to minimize the temperature non-uniformity in a single cell or in a more complex 

battery system, which consists of several cells and their cooling system. This small 

deviation of the calculated data from the measured data may be explained by the non-

ideal thermal insulation system, affected by the PT 100 temperature sensors on the cell 

surface. Such a sensor arrangement produces a small air gap between the insulation and 

the cell, which, in turn, reduces the effectiveness of the insulation (Giuliano et al., 2011).  
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4.1.2 Analysis of the impact of the pouch cell design on the temperature non-

uniformity in the cell 

As it was shown in (Sun et al., 2012, Samba et al., 2014a), the temperature non-uniformity 

caused by internal losses in a pouch cell can be minimized by placing the cell terminals 

on the opposite sides of the cell. This method was verified for the cell under study. 

Different designs of the current collectors in the cell were compared in conditions similar 

to the thermal model verification. Two alternative terminal positions were considered. In 

the first case, the negative and positive terminals of the pouch cell were placed on one 

end of the pouch cell. The temperature distribution in such a cell after 1500 s of heating 

with a 5 C-rate charging/discharging cycle is shown in Fig. 4.6 (a). In the second analysed 

pouch cell design, the terminals were placed on opposite ends of the pouch cell. The same 

heating time and operating cycle were studied for this design, and the results of the 

temperature calculation are shown in Fig. 4.6 (b).  

 

Fig. 4.6: Calculated cell temperatures with the terminals on: a) one end and b) 

opposite ends. 

In both cases, the hottest points were found close to the terminals, but the maximum 

temperature difference on the LTO pouch surface (Fig. 4.7) decreased by 59 %, from 9.43 

K to 3.87 K, when the terminals were placed on the opposite ends of the pouch cell. The 

standard temperature deviation on the pouch cell surface (Fig. 4.7) decreased by 72.5 %, 

from 2.8 K to 0.77 K, when the negative and positive terminals were placed on the 

opposite ends of the pouch cell instead of the same end. This shows the advantage of 

placing the cell terminals on the opposite ends of the pouch cell. However, this 

arrangement may be difficult to implement in practice. Therefore, many manufacturers 

still produce pouch cells where the terminals are at the same end of the cell. It may be 

explained by the easier manufacturing process and by easier connections of such cells in 

a battery pack in order to reach the required current and voltage. In this case, a specifically 

constructed thermal control system is the only means to minimize the temperature non-

uniformity in the pouch cell. 
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4.1.3 Simplification of the 3D LTO pouch cell thermal model 

The analysis of different cooling systems requires application of a thermal model with a 

stationary solver. Therefore, the average value of heat losses should be used in the thermal 

model. The average heat generation in the cell was estimated based on the proposed and 

verified 3D cell thermal model by a method similar to the one presented in (Jarrett, 2011). 

The average heat losses were estimated based on an assumption that in the analysis of the 

cooling system, the heat dissipation from the cell is arranged so that the maximum 

temperature of the cell for all tests is close to 55 °C. The 55 °C is the temperature 

limitation given by the battery manufacturer. In this case, the dependence of heat losses 

on temperature can be neglected in the steady-state thermal model of the LTO pouch cell.  

The heat dissipation from the large cell surfaces that are parallel to the current collectors 

was added to the 3D model of the LTO pouch cell as convection heat transfer. The 

convective coefficient was chosen according to the assumption that the heat dissipation 

from the pouch cell is arranged so that the maximum temperature of the cell for all tests 

is close to 55 °C. The calculation time was increased until a steady state in temperature 

was reached. The cell steady state in temperature is assumed when the temperature does 

not change by more than 0.1 K per 300 s. The cell temperatures in the previous three 

points with coordinates top (0.1886, 0.208), middle (0.1886, 0.1165) and bottom (0.1886, 

0.025), and the steady-state temperatures in the sectional plane, which is in the middle of 

the LTO pouch cell (Fig. 4.7) are shown in Fig. 4.8 (a) and (b), respectively.  

 

Fig. 4.7: Sectional plane in the middle of the LTO pouch cell. 
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Fig. 4.8: Transient process (a) and steady-state temperature (b) in the sectional 

plane of the pouch cell at a 5 C-rate current. 

The temperature distribution in the middle of the LTO pouch cell was given by a third-

order polynomial function of two variables 
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The fitting coefficients ia  where 102,1 i  were estimated by a 2D polynomial 

approximation. The 2D polynomial approximation was performed by applying  
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The coefficient matrix X(x,y) indicates the coordinates of the point, and the coefficient 

matrix T(x,y) consists of temperature values in the points under consideration. The standard 

temperature deviation (STD) of the calculated values from the approximated ones was 

0.0794 K. The values of the approximated coefficients are given in Table 4.3. 

Table 4.3: Approximated coefficients. 

Coefficients Values Coefficients Values 

a1 4.078 a6 246.61 

a2 -378.38 a7 69.66 

a3 -275.98 a8 -3.43 

a4 10.16 a9 -7.299 

a5 12.7 a10 317.26 

 

The heat loss in the LTO pouch cell, generated per unit volume Q  (W/m3), was calculated 

from the heat diffusion equation as 
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where ka is the along-plane thermal conductivity (W/(m∙K)), hcell is the LTO pouch cell 

thickness (m), and convq  is the heat dissipation by the convection mechanism from the cell 

surfaces (W/m2), which is calculated as  

  ambconvconv 2 TThq  , (4.4) 

where hconv is the convection heat transfer coefficient (W/(m2∙K)), and Tamb is the ambient 

temperature (K) 

The convection heat transfer coefficient hconv was the same as was used when calculating 

the cell steady-state temperature. A multiplication by two was necessary as heat was 

dissipated by convection from two surfaces.  

The calculated after simplification temperature distribution on the surface, which is in the 

centre of the cell and parallel to the current collectors (Fig. 4.7), and the estimated heat 

generation in the steady-state temperature are shown in Fig. 4.9 (a) and (b), respectively.  

 

Fig. 4.9: Approximated temperature distribution (a) and heat losses (b) in the 

sectional plane of the LTO pouch cell. 

The estimated heat losses were used in the LTO pouch cell thermal model as the input 

parameter, and the steady-state temperature with heat dissipation by convection from the 

pouch cell surfaces parallel to the current collectors was calculated. This was done to 

compare the experimentally verified 3D pouch cell thermal model and the simplified 

steady-state 3D thermal model of the LTO pouch cell. The comparison of the 3D pouch 

cell thermal model and the simplified 3D pouch cell model is shown in Fig. 4.10. 
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Fig. 4.10: Comparison of the 3D pouch cell thermal model (a) and the simplified 

3D pouch cell model (b). 

The standard temperature deviation between the calculated results with and without 

simplification was 0.175 K. As the simplified 3D model of the LTO pouch cell gave the 

same results as without simplification the simplified model was used in the further 

analysis. In the further analysis, the ways to decrease the temperature non-uniformity in 

the LTO pouch cell during high C-rate current operation were considered. 

4.1.4 Analysis of the cooling system influence on the temperature non-uniformity 

in the LTO pouch cell 

The influence of the cooling system on the temperature non-uniformity was analysed in 

a virtual test for the LTO pouch cell designs where the terminals were placed on the same 

side of the cell. In the cooling system, metal plates were used for the heat dissipation from 

the cell surfaces. The virtual module is shown in Fig. 4.11. 

 

Fig. 4.11: Battery module used in a virtual test where the terminals are at the 

same end of the pouch cells on the top of the module. 
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The virtual battery module consists of ten LTO pouch cells, where the terminals are 

placed at the same end of the LTO pouch cell. The metal plates in the virtual module are 

placed between each two cells for the heat dissipation from the LTO pouch cell surface. 

The metal plates are connected to the metal bottom of the battery module, to which the 

cooling systems can be attached. The LTO pouch cells in the virtual module are thermally 

insulated from the metal bottom plates to prevent direct connection between the cells and 

the bottom of the battery module. The use of the thermal insulation material decreased 

the temperature non-uniformity by 20%, according to the calculation in COMSOL 

Multiphysics 4.4. However, it also led to a 1% increase in the operating temperature. The 

other sides of the module can be covered by a plastic box for instance with a 10 mm wall 

thickness, which can be regarded as the thermal insulator in the modelling. The structures 

of the virtual battery module can be assumed to be close to commercial modules available 

in the market. In addition, because of symmetry, the module can be simplified so that 

only one cell and half of the metal plate are considered in the temperature calculation. 

The temperature distributions were calculated by selecting aluminium and copper as the 

materials for the bottom plate and plates, which are placed between cells. An aluminium 

heat sink was considered in the calculation. The thickness of the plates that were placed 

between each two cells was varied from 1 mm to 6 mm. The temperature calculation was 

performed in COMSOL Multiphysics 4.4 by using the Heat Transfer in Solids interface. 

Vacuum rubber was selected as the thermal insulation material, and the approximated 

heat losses were used in the LTO pouch cell thermal model. The thermal parameters of 

the elements used in the thermal model are given in Table 4.4. 

Table 4.4: Thermal parameters of the virtual battery model elements. 

Element of the model Density, 

kg/m3 

Specific heat 

capacity, J/(kg∙K) 

Thermal conductivity, 

W/(m∙K) 

Aluminium plate 2700 870 205 

Copper plate 8700 385 400 

Vacuum rubber 910 2010 0.13 

LTO pouch cell 2357.6 1024.6 37 (along-plane) 

0.7 (through-plane) 

 

The initial temperature of the battery module with the cooling system was 296.9 K. In the 

modelling, the heat dissipation from the cooling system can be provided by a forced air 

or forced liquid cooling system. The convection coefficient was chosen to be 100 

W/(m∙K), which is typical for a forced air cooling system (Incropera, 2013). The result 

of the temperature distribution analysis, when the 2 mm aluminium and copper plates are 

used, is shown in Fig. 4.12. 
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Fig. 4.12: Pouch cell surface temperatures with aluminium (a) and copper (b) 

plates placed between two cells for heat transfer towards the cold base plate. 

The maximum temperatures, maximum temperature difference and the standard 

temperature deviation (STD) in the sectional plane, which was shown in Fig. 4.7, are 

given in Table 4.5 for different thicknesses of the aluminium plates. 

Table 4.5: Maximum temperature, temperature difference and STD for different 

thicknesses of the aluminium cooling plates. 

Aluminium cooling plates 

thickness, m  

Maximum 

temperature, K 

Maximum temperature 

difference, K 

STD, K 

0.001 332.1 16.8 5.4 

0.002 325.4  13.8 4.4 

0.004 319.1 10.5 3.3 

0.006 316.0 8.8 2.7 

 

The maximum temperatures, maximum temperature difference and the STD in the 

sectional plane, which was shown in Fig. 4.7, are given in Table 4.6 for different 

thicknesses of the copper plates. 

Table 4.6: Maximum temperature, temperature difference and STD for different 

thicknesses of the copper cooling plates. 

Copper cooling plates 

thickness, m  

Maximum 

temperature, K 

Maximum temperature 

difference, K 

STD, K 

0.001 326.5 14.6 4.7 

0.002 320.0  11.3 3.6 

0.004 3.14 8.3 2.6 

0.006 312.3 6.9 2.1 
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The analysis of the temperature distribution in the LTO pouch cell showed a decrease in 

the maximum temperature difference and standard temperature deviation when the 

aluminium cooling plates were replaced by copper cooling plates in the battery module. 

In addition, it was shown that an increase in the cooling plate thickness has a positive 

effect on the characteristics of the cooling system. However, an increase in the plate 

thickness increases the mass of the module. Therefore, this method to improve the cooling 

system is recommended for heavy applications, where the light weight of the battery 

system is not a decisive factor when considering the total mass of the working machine. 

On the contrary, a heavy battery system may be beneficial, for example in heavy forklift 

trucks, where the battery system is also used to keep the balance of the truck when lifting 

loads.  

When a low mass of the battery system is important, it is not possible to use thick cooling 

plates. In this case, even if copper is used as the material of the cooling system, the 

temperature non-uniformity is still very high for high C-rate currents. Therefore, a 

different method of heat dissipation from the pouch surface may be required. 

4.2 Cooling system with heat pipes to minimize temperature non-

uniformity 

Heat pipes are widely used for heat dissipation in electronic devices because of their high 

conductive coefficient and small volume. The application of heat pipes to the battery pack 

and cell cooling has been studied for example in (Greco et al., 2014, Zhao et al., 2015, 

Tran et al., 2014, Wang et al., 2014), where the advantages of heat pipes in a battery pack 

cooling system are shown. Therefore, in this work, heat pipes were considered to decrease 

the temperature non-uniformity in the LTO pouch cell.  

4.2.1 Heat pipe 

The operation of a heat pipe is based on evaporation and condensation of the working 

fluid, which is in a saturated state in the heat pipe. The operating principle of the heat 

pipe is shown in Fig. 4.13.  

 

Fig. 4.13: Operating principle of the heat pipe. 
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The heat pipe consists of an evaporator, a condenser and an adiabatic section; however, 

the adiabatic section is not necessary (Dongmei Li et al. 2009). When the evaporator 

section is heated, the working liquid is evaporated and carries heat into the condenser 

section, where the heat pipe is cooled. In the condenser, the vapour changes into liquid, 

which flows back to the evaporation section through a wick structure that provides 

capillary pumping of the circulation. The process is continued as long as the evaporation 

section is heated and the condenser section is cooled (Dongmei Li et al. 2009). 

The use of heat pipes is limited by capillarity limits that determine the maximum amount 

of heat transfer by the heat pipe. This parameter depends on the heat pipe design and 

position of the heat pipe. A method to calculate the capillarity limits has been given in 

(Greco et al., 2014). However, in this work, in order to simplify the analysis, a commercial 

heat pipe was selected for the modelling, and therefore, the capillarity limits were not 

analysed, as usually it is given in data sheet. Further, the maximum amount of heat 

dissipation was obtained from the manufacturer’s datasheet. Moreover, in the modelling 

of the heat pipe, a horizontal position of the heat pipe was assumed, and thus, the effect 

of gravity on the heat pipe operating characteristics was not considered (Greco et al., 

2014). 

The heat pipe was selected by taking into account the continuous heat generation in the 

cell, which is 52 W. The continuous heat generation in the Altairnano 60 Ah LTO pouch 

cell was calculated by Eq. (1.17) for the maximum continuous operating current and the 

maximum pouch cell operation temperature. The maximum continuous current, 

according to the Altairnano cell datasheet, is a 6 C-rate current. The maximum cell 

operating temperature is 55 °C. Based on the given parameters of the pouch cell operation, 

the flattened heat pipes, which have a copper envelope, and in which water is used as the 

working liquid, were chosen. From the simplification point of view, similar parameters 

as the parameters of the commercially available CCI flattened heat pipe were assumed. 

The thermal resistance of the CCI flattened heat pipe is 0.6 °C/W (CCI Heat pipe, 2015). 

The limitations on the CCI flattened heat pipe dimensions are shown in Figure 4.14.  

 

Fig. 4.14: Limitations on the flattened heat pipe dimensions. 
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The thermal conductivity khp of the heat pipes in the axial direction was calculated as in 

(Dongmei et al., 2009; Elnaggar et al., 2011) by  
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where leff is the effective length of the heat pipe (m), Ahp is the cross-sectional surface 

area perpendicular to the heat flux in the heat pipe (m2), and Rth, hp is the thermal resistance 

of the heat pipe (°C/W). The effective length is calculated as  
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where le is the length of the evaporator section (m), lc is the length of the condenser section 

(m), and lad is the length of the adiabatic section (m). 

The cross-sectional surface area Ahp is approximately estimated by assuming a rectangular 

form of cross-sectional area 

 
hphphp hwA  , (4.7) 

where whp is the width of the flattened heat pipe (m), and hhp is the thickness of the 

flattened heat pipe (m). 

In the radial direction, the thermal conductivity of the copper heat pipe was treated 

similarly as in (Dongmei Li et al. 2009) and is equal to 386 W/(m·K). 

4.2.2 Optimization of heat pipe placement 

The minimization of the temperature non-uniformity by heat pipes was analysed by 

applying the cooling system of the battery module, shown in Fig. 4.15 (a). 
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Fig. 4.15: Half of the battery module with heat pipes (a) and placement of the 

heat pipes in the aluminium plate (b). 

U-shaped heat pipes were modelled inside of an aluminium plate. In addition, L-shaped 

heat pipes installed in the aluminium plate similarly as the U-shaped heat pipes can be 

applied. However, it would require a larger number of heat pipes. The aluminium plates 

with heat pipes were placed between each two cells, where the terminals are placed on 

the same side of the pouch cell. The cells with heat pipes embedded in the aluminium 

plate were placed in a plastic box, which is taken as the thermal insulator. The U-shaped 

heat pipes were placed so that the ends of the heat pipes were accessible outside of the 

plastic box, where they were embedded in the aluminium cooling system. The placing of 

the heat pipes in the aluminium plates is described by the variables ap and bp, where the 

subscript p denotes the ordinal number of the heat pipe. The width of the heat pipe is 

described by the parameter whp. The placement of the heat pipes in the aluminium plates 

is shown in Fig. 4.15 (b). 

In order to find the optimal placement and to estimate the required number of heat pipes 

in the aluminium plates, an optimization algorithm was applied. The battery module was 

simplified, and thus, because of its symmetrical construction, only one cell and half of 

the aluminium plate with heat pipes were taken under study. The optimal placement of 

the heat pipes was determined by coupling the 3D thermal model of the LTO pouch cell 

and half of the aluminium plate with heat pipes, produced in COMSOL Multiphysics 4.4, 

and the optimization algorithm generated in MATLAB. The block diagram of the 

optimization algorithm is shown in Fig. 4.16. 



Temperature distribution in the LTO pouch cell 100 

 

Fig. 4.16: Block diagram of the optimization algorithm. 



4.2 Cooling system with heat pipes to minimize temperature non-uniformity 101 

When optimizing the heat pipe placement, the following limitations on the variation in 

the heat pipe diameter and variables, which characterize the heat pipe placement, were 

considered: 

 The minimum distance between the heat pipes is 4 mm, 

 The minimum width of the central U-shaped heat pipe is 60 mm, and the 

minimum height of this heat pipe is 40 mm, 

 The maximum width and height of the outermost U-shaped heat pipe are 4 mm 

smaller than the width and height of the cell, respectively. 

If the width and height of the outermost U-shaped heat pipe do not satisfy the last 

requirement, the distance between the heat pipes should be decreased until the last 

requirement is met. 

The multidimensional unconstrained nonlinear minimization was used for the 

optimization of the heat pipe placement. The function for the implementation of this 

method is available in MATLAB. This function generates a new value of the optimization 

parameter under study by extrapolation of the behaviour of the objective function. When 

values for all optimization parameters are generated, the parameter value whose change 

gave the highest value of the objective function is replaced by a new value according to 

the algorithm. The process is repeated until the required accuracy is achieved or until the 

maximum number of iterations is reached. The following objective function was chosen 

for the estimation of the optimal placement of the heat pipes in the aluminium plates 

 
limmax2sd1obj /TTTf   , (4.8) 

where Tsd and Tmax are the STD and the maximum of the temperature values, respectively, 

on the sectional plane (Fig. 4.7) in the centre of the LTO pouch. The temperature limit of 

the pouch cell 
limT  is 328 K. This equation was chosen in order to find a solution with the 

minimum average deviation of the temperature on the LTO pouch cell surface from the 

average value for which the first part of the equation is responsible. In addition, the 

requirement for the maximum value of temperature on the surface of the cell was added 

to this equation. The weighting coefficients 1  and 
2  are used to describe the significance 

of the different parts of the equation.  

4.2.3 Analysis of simulation results 

The heat pipe placement in the aluminium plate was optimized for different numbers of 

U-shaped heat pipes in the plate. The number of U-shaped heat pipes was varied from 

one to five. The optimization is performed until the variation in the objective function is 

reduced below 0.0001 %, or 500 iterations have elapsed. Different initial parameters were 

chosen to find the global minimum of the objective function. In addition, different meshes 

from 53261 to 237602 elements and different solvers were used to verify the calculation 
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in COMSOL Multiphysics 4.4. The convergence of the objective functions that gave the 

best results for each number of heat pipes is shown in Fig. 4.17. 

 

Fig. 4.17: Values of the objective functions in the optimization for different 

numbers of heat pipes. 

According to Fig. 4.17, the convergence of the objective function for all cases was 

reached after 150 iterations. The convergence shows that the optimization algorithm finds 

the minimum value of the objective function, and further variation in the optimization 

parameters can only give a higher value of the objective function. The optimization results 

of the heat pipe placement for different numbers of heat pipes are shown in Fig. 4.18. For 

each number of heat pipes, the aluminium plate with heat pipes is connected to the pouch 

cell so that the terminals of the cell and the heat sink are on opposite sides of the plate. 
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Fig. 4.18: Optimization results of the heat pipe placement for different numbers 

of heat pipes. 

The standard temperature deviation (STD), the maximum temperatures and the maximum 

temperature differences on the surface shown in Fig. 4.7 for different numbers of heat 

pipes are given in Table 4.7. 

Table 4.7: Temperature values in the sectional plane of the LTO pouch cell. 

Number of 

heat pipes 

Maximum 

temperature, K 

Maximum temperature 

difference, K 

STD, K 

1 318.8 7.3 2.16 

2 315.5 5.4 1.52 

3 314.7 5.1 1.40 

4 314.1 4.7 1.30 

5 314.0 4.7 1.31 

 

The analysis of applying heat pipes to minimize the cell temperature non-uniformity 

showed a decrease in the temperature non-uniformity in the pouch cell compared with the 

previous cooling system, when only aluminium plates were used. The decrease in the 

non-uniformity of temperature in the pouch cell can be significant even when only one 
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heat pipe is used. However, in this case, the operating temperature of the pouch cell will 

be high, and an efficient forced liquid cooling system will be required. The analysis 

showed that by increasing the number of U-shaped heat pipes, the performance of the 

cooling system can be improved. A considerable improvement can be seen when three U-

shaped heat pipes are used instead of one. In this case, the STD on the LTO pouch cell 

surface decreases by 55.6 % compared with the similar value of the STD when only 

aluminium plates were used. In addition, STD decreases by 41.5 % compared with the 

value of the STD when copper plates were used. Increasing the number of U-shaped heat 

plates further does not bring a significant improvement in the characteristics of the 

cooling system. Moreover, the estimation of the optimal placement of heat pipes becomes 

more difficult with a larger number of pipes. Therefore, using three U-shaped heat pipes 

was recommended for the minimization of the non-uniform temperature distribution in 

the pouch cells. The parameter values that describe the placement of the U-shaped heat 

pipes in Fig. 4.14 (b) are given in Table 4.8 for the recommended number of heat pipes. 

Table 4.8: Parameter values that describe the placement of the recommended 

number of U-shaped heat pipes. 

Parameter Value, m Parameter Value, m 

a1 0.0332 b1 0.1797 

a2 0.0316 b2 0.0044 

a3 0.0087 b3 0.0043 

 

The optimization of the heat pipe placement showed that in order to get a better result for 

any number of heat pipes, the horizontal part of the U-shaped heat pipes should be placed 

in the area that is close to the maximum temperature of the cell. For the pouch cell under 

study, this area is close to the positive and negative terminals. 

4.3 Summary 

This chapter provided an analysis of the temperature distribution on the cell surface. The 

proposed thermal model of the cell showed a fairly high temperature non-uniformity 

especially for high C-rate currents.  

The verification of the thermal model was performed by experiments. The measured and 

calculated temperatures were compared for a short 30 s charging/discharging cycle and 

for different C-rate currents. The comparison showed a good correlation between the 

measured and calculated data, and therefore, the thermal model was used in the further 

analysis to find means to minimize the temperature non-uniformity. 
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It was shown that the temperature non-uniformity is caused by a non-uniform current 

density in the pouch cell, which produces non-uniform losses. The current density non-

uniformity could be significantly decreased if the negative and positive terminals were 

placed at the opposite ends of the pouch cell. However, it may complicate the connection 

of the pouch cell in the battery pack and construction of the cooling system. Placing the 

terminals far from each other may also cause problems in electromagnetic compatibility 

as a large radiating loop is easily generated. In addition, the use of metal plates between 

each two cells was considered for the heat dissipation from the pouch cell surfaces. The 

analysis of the cooling system showed that the metal plates could not significantly 

decrease the non-uniformity of the temperature distribution on the pouch cell surface. 

Therefore, the use of heat pipes embedded in the aluminium plate was found to provide 

different heat dissipation from different parts of the cell surface. 

To find an optimal position of the heat pipes, an optimization algorithm was used for 

different numbers of heat pipes embedded in the aluminium plate. The analysis of using 

heat pipes to minimize the temperature distribution non-uniformity, when the pouch cell 

operates with high C-rate currents, showed an opportunity to decrease the standard 

deviation of temperature in the LTO pouch cell. An analysis of the required number of 

U-shaped heat pipes was carried out, and based on this analysis, the use of three U-shaped 

heat pipes for the LTO pouch cells was recommended. 
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5 Thermal model of a battery module  

The methods presented to set up the LTO pouch cell thermal model and estimate the LTO 

pouch cell thermal parameters can be used for the analysis of the module temperature in 

the module design when all the dimensions and materials of the module parts are known. 

However, if a commercial module is under consideration, the structure of the module is 

usually unknown, and it is not possible to construct the thermal model of such a module 

in the finite element method (FEM) program. This limits the analysis of the thermal 

control systems for commercial modules and the analysis of the operating temperature of 

the battery pack composed of such modules.  

In this chapter, an approach to the construction of the thermal model for a commercial 

battery module is presented. The model can be used to estimate the average operating 

temperature of the battery module on-line without detailed information of the inner 

structure of the battery module. In addition, the thermal model of the battery module can 

be used for the analysis of different thermal control systems, and for the analysis of 

temperature distributions in a complex battery pack. The method can be applied to any 

battery modules with different structures and cell designs. 

5.1 Thermal model of the commercial battery module 

5.1.1 Battery module 

A commercial 24 V, 60 Ah battery module, manufactured by Altairnano, was chosen as 

the target of modelling. The module consists of ten LTO pouch cells, which are connected 

in series. Aluminium plates are used between each two cells for the heat dissipation from 

the LTO pouch cell flat surfaces. All aluminium plates are welded to the module bottom, 

also made of aluminium. The container of the battery module is made of plastic. A phase 

change material (PCM) is used in the module to improve its thermal characteristics. 

Nevertheless, detailed information about this PCM is not available. The battery module 

has three temperature sensors: on the top, in the middle and on the bottom of the module. 

In addition, the voltage of each cell is measured. More detailed information about this 

commercial module is not available. This information may only be obtained by 

disassembling the module. However, because of the PCM and the complexity of the 

construction, the module could be destroyed or the reassembly of the model to its initial 

condition may not be possible. Therefore, another way to analyse the heat transfer in the 

module and to construct the model is required. 

To analyse the heat dissipation from the LTO pouch cells in the module, the following 

test setup was established. Four PT100 temperature sensors were installed in the middle 

of two vertical walls, on the top and bottom horizontal plates of the module. A water 

cooling system was used for the cooling of the module during its operation. Running tap 

water was used in the cooling system for the heat dissipation from the battery module. 

Vacuum rubber was used between the module and the water cooling system to 
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compensate for the roughness of the surface caused by the mounting of the temperature 

sensor on the aluminium bottom of the module. To estimate the characteristics of the 

water cooling system, the gradient heat flux sensor (GHFS) was installed on the bottom 

of the module close to the temperature sensor. The module was connected to an electrical 

power source Amrel SPS60X333 and a programmable electrical load Amrel PLW9K-60-

1500E to generate the charging and discharging cycles. The experimental test setup is 

shown in Fig. 5.1. 

 

Fig. 5.1: Test setup of the commercial battery module. The points where the 

temperature sensors are installed are shown by dots with numbers from one to 

four. 

5.1.2 Analysis of heat dissipation 

The heat dissipation was analysed by thermal impedance spectroscopy (TIS). A similar 

method was used in (Fleckenstein et al., 2013) for the determination of the cylindrical 

cell specific heat capacity and the thermal conductivity. The method requires generation 

of sinusoidal varying heat losses in the cells. Such losses produce a sinusoidal variation 
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in the temperatures of the LTO pouch cell and the module walls. The analysis of the heat 

generation and temperature variation can show how heat is dissipated from the cells in 

the module, and it can be used to model this process. 

The sinusoidal heat losses in the cells were generated by using short charging and 

discharging cycles with different values of current. The electrical power source Amrel 

SPS60X333 and the programmable electrical load Amrel PLW9K-60-1500E were 

controlled by a LabVIEW program. The operating cycle was obtained by multiplication 

of the charging and discharging impulses on the discrete sinusoidal signal as shown in 

Fig. 5.2. 

 

Fig. 5.2: Generation of the operating cycle and heat losses of one Altairnano 

battery module. 

The frequency of all charging and discharging impulses was kept constant. The values of 

the operating currents were varied so that the SoC of the cells remained constant on 

average. This was achieved by using the same current value for the charging impulses as 

for the previous discharging impulses.  

The heat losses in the battery module were estimated as in (Javani et al., 2014) by  
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where N is the number of LTO pouch cells, I is the operating current (A), Uocv is the OCV 

of the LTO pouch cell (V), Ucell is the terminal voltage of the LTO pouch cell (V), and T  

is the average temperature of the LTO pouch cells (K). 

The values of the charging and discharging current I (A) were measured in the 

experiments by using a shunt of a 0.6 mΩ resistance, and the terminal voltage of the cell 

was measured directly from the special terminal in the battery module. The temperature 

variation in the battery module was measured in the steady state at the average 
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temperature of the module walls. Further, it was assumed that all LTO pouch cells in the 

module can be regarded as a single source of losses. Based on this assumption, the average 

temperature of the cells can be described by measuring data from the temperature sensor, 

which was installed in the centre of the module by the battery manufacturer. In the 

analysis of the heat dissipation, it was also assumed that heat is dissipated from three parts 

of the module: from the aluminium bottom, vertical walls and top of the battery module. 

To verify the assumption, the temperature values in points 2 and 3 were measured in all 

tests, and the temperature differences in these points were analysed. The sinusoidal heat 

losses were generated by 1, 0.6, 0.4, 0.3, 0.2, 0.15 and 0.1 mHz frequencies of the battery 

pack operating cycle. For all tests, the initial SoC of the battery module was 64 %.  

After the tests, the measured variation in temperature and the calculated values of heat 

losses were analysed in MATLAB by using a fast Fourier transform. The fast Fourier 

transforms of the calculated losses and the average temperatures of the cells for the 0.2 

mHz frequency of the operating cycle are shown in Figs. 5.3 (a) and (b), respectively. 

 

Fig. 5.3: Fourier transform of the heat losses (a) and the average cell 

temperatures (b) in the battery module. 

The fast Fourier transform showed two main harmonics. The harmonic at the zero 

frequency shows the average value of the signal. The second largest harmonic is detected 

at the 0.2 mHz frequency, which is the main frequency of the battery module operating 

cycle. Therefore, this operating cycle of the battery module could be used to generate the 

sinusoidal heat losses, which produce a sinusoidal temperature variation in the average 

temperature of the LTO pouch cells.  

The analysis of the heat dissipation from the bottom of the battery module was made by 

analysing the measured sinusoidal signals of the temperature difference between the 
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module bottom plate and the cooling liquid, and heat flux from the module bottom plate. 

The fast Fourier transform results of these signals for the 0.2 mHz frequency of the 

operation cycle are shown in Figures 5.4 (a) and (b), respectively. 

 

Fig. 5.4: Fourier transform of the heat dissipation from the module bottom (a) 

and the temperature difference between the module bottom plate and the cooling 

liquid (b). 

PT 100 temperature sensors were used for the measurements of the temperature values of 

the module aluminium bottom and the cooling liquid. The heat dissipation from the 

module bottom was measured by a GHFS. The same analysis was performed for all 

frequencies under study. The magnitude difference and phase shift between the signals 

were calculated as: 
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where ∆t is the time-lag of the responce signal (s), and YT and YH are the magnitudes of 

the measured temperatures and heat, respectively. The values of the magnitudes were 

calculated by a fast Fourier transform of the measured temperature and heat waveforms 

as a function of time.  

The calculated magnitude ratio on a logarithmic scale and the phase shift are shown as a 

Bode plot in Figure 5.5.  
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Fig. 5.5: Magnitude ratio on a logarithmic scale and the phase shift presented as 

a Bode plot, which describes heat dissipation from the battery module bottom. 

The Bode plot of the measured thermal impedance of the cooling system shows that at 

the frequencies under study, the magnitude and phase shift of the measured data are 

almost constant. Such a result shows that the heat dissipation from the module bottom is 

mostly determined by the module bottom temperature, which allows neglecting the 

cooling system heat capacity in the modelling. 

Heat transfer from the cells to the bottom, top and vertical walls can be presented by 

temperature transfer functions, which describe the dependence of the average cell 

temperature on the temperature of the bottom, top and vertical walls of the battery 

module. The difference between the measured temperatures of the module walls in points 

2 and 3 (Fig. 5.1) was less than 1 °C for all experiments. Therefore, to simplify the thermal 

model of the module, the average temperature between points 2 and 3 was taken as the 

wall temperature of the module. The Bode plots of the temperature transfer functions 

from the centre of the cell to the module bottom, module top and vertical walls of the 

battery module are shown in Fig. 5.6 (a), (b) and (c), respectively. 

As it can be seen in Fig. 5.6, the phase shift for the temperature transfer functions, which 

describes the heat transfer from the cells to the aluminium bottom, is larger than -90° for 

the smallest frequency under study. The phase shifts for other directions are smaller than 

-90° for the smallest frequency. The result can be explained by considering the battery 

module structure. The heat from the cell goes directly to the aluminium plates, which are 

connected to the aluminium bottom. In this direction, the heat transfers through one type 

of material to the battery module cooling system. In the horizontal directions, the heat 

transfers through at least two materials such as the phase change material (PCM) and the 

module plastic walls. When the heat transfers from the cell to the top of the battery 

module, it passes through two different materials. These materials may be the plastic top 
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of the module and an additional system, which provides a series connection of the cells 

inside the battery module.  

 

Fig.5.6: Bode plots of the measured battery module thermal impedances in the 

directions from module centre to the module bottom (a), to the module top 

horizontal plate (b) and to the vertical walls (c). 

The analysis of the heat transfer from the cells to the module bottom, top and vertical 

walls allows an assumption that a Cauer network can be used. A first-order Cauer network 

can be used to model the heat transfer from the cells to the module bottom as only heat 

transfer through only one material was found (Davidson et al., 2014). A second-order 

Cauer network was chosen to model the heat transfer from the cells to the vertical walls 

and to the top of the battery module. It was chosen as the measured data showed at least 

two different materials, through which the heat flux transferred in these directions. The 

total lumped-parameter thermal model, which was chosen to model the heat transfer and 

temperature in the battery module, is shown in Fig. 5.7.  
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Fig. 5.7: Lumped-parameter thermal model of the battery module. 

In the presented lumped-parameter thermal model, the heat generated in the cells 

increases the average cell temperature Tbat. This process is modelled by an element similar 

to the current source in an electrical circuit Qbat and the thermal capacitance Cth, bat. The 

heat dissipation from the cells takes place in three ways. The largest amount of heat is 

dissipated through the aluminium bottom of the module. This process is modelled by the 

thermal resistance Rth, 11, which indicates heat transfer from the cell to the aluminium 

bottom. The thermal resistance Rth, 12 indicates heat transfer from the aluminium bottom 

to the water cooling system. The thermal capacitance Cth, 11 is used for the modelling of 

the module cooling system heat capacity. The element that is similar to the voltage source 

in an electrical circuit is used to model the cooling liquid temperature Twat. The heat 

dissipation from the module top and temperature on the model top Ttp are modelled by 

the thermal resistances Rth, 21, Rth, 22 and Rth, 23 and the thermal capacitances Cth, 21 and 

Cth,22. The heat dissipations from the vertical walls and temperature on the walls of the 

module Tw are modelled by the thermal resistances Rth, 31, Rth, 32 and Rth, 33 and the thermal 

capacitances Cth, 31 and Cth, 32. The ambient temperature is modelled by an element that is 

analogous to the voltage source in an electrical circuit, Tamb. The lumped-parameter 

thermal model parameters were estimated by approximating the measured thermal 

impedances of the battery module in the direction under consideration. 
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5.2 Estimation of the thermal model parameters 

5.2.1 Calculation of the temperature transfer functions 

The thermal model parameters were estimated by using temperature transfer functions, 

which were calculated from the proposed lumped-parameter thermal model. The 

temperature transfer function can be calculated from a part of the thermal model under 

study by assuming that the temperature of the boundary walls, which are the plastic walls 

of the Altairnano battery module, is equal to 1 and by calculating the average cell 

temperature based on this assumption by using Kirchhoff’s circuit laws. As described 

above, the calculated transfer functions for the module bottom, module top and module 

vertical walls are given below 
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where a2, b2, c2, a3, b3 and c3 are the auxiliary variables, which are calculated as 

 
2 th,1 th,3 th,2 th,1 th, jjjjjj CCRRRa  , (5.7) 

    2 th,1 th,3 th,2 th,2 th,3 th,1 th,1 th, jjjjjjjjj RRRCRRRCb  , (5.8) 

 
3 th,2,th1,h jjjtj RRRc  , (5.9) 

where j is the auxiliary index, which is equal to 2 or 3 and indicates the elements in the 

suggested lumped-parameter thermal model.  

The dependence of the cell average temperature on the heat losses can be described by 

the following thermal function, which was obtained by assuming that the average cell 

temperature is equal to 1 and by calculating heat generation in the battery module Qbat by 

applying the lumped-parameter thermal model and Kirchhoff’s circuit laws. The transfer 

function that describes the dependence between the change of average cell temperature 

and the heat generation in the battery module during its operation is given as 
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where Qbot is the heat transfer from the cells to the bottom (W), Qtp is the heat transfer 

from the cells to the module top plate (W), and Qw is the heat transfer from the cells to 

the module walls (W). The heat transfer from the cells to the bottom, top and vertical 

walls of the module were calculated by Eqs. (5.11)–(5.13), respectively. 
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The parameters of the lumped-parameter thermal model of the battery module that 

describe the dependence of the temperature of the module bottom, top and vertical walls 

on the average temperature of the cells are estimated by a fitting of the transfer function 

parameters. It was done by comparing the Bode plots of these transfer functions, Eqs. 

(5.4)–(5.6), with the measured data. The fitting is performed by multidimensional 

unconstrained nonlinear minimization, which is available in MATLAB. The following 

objective function was chosen for the minimization in the parameter fitting 

 
max4max3std2std1obj   oAooAof , (5.14) 

where ∆Astd and ∆Amax are the standard deviation (SD) and the maximum value of the 

differences between transfer function magnitudes at different frequencies, and ∆φstd and 

∆φmax are the SD and the maximum value of the differences between phase shifts at 

different frequencies. Coefficients oi where i is equal to 1, 2, 3 and 4 are the weighting 

coefficients. The parameters of the lumped-parameter thermal model, which describe the 

heat dissipation from the module bottom, module top and vertical walls can be calculated 

or measured. 

5.2.2 Heat dissipation from the battery module 

In the experiment, heat is dissipated from the battery module by three mechanisms: 

convection, conduction and radiation. In the test, the heat dissipation from the module 

bottom took place by conduction while the heat from the module top and vertical walls 

was dissipated by radiation and free convection. The amount of heat dissipated from the 

top and vertical walls of the module by convection is 
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  ambconvconv TThq  , (5.15) 

where hconv is the heat convection coefficient (W/(m2∙K)), T is the surface temperature 

(K), and Tamb is the ambient temperature (K). 

The heat convection coefficient during free convection from the top and vertical walls of 

the module can be calculated by using the heat transfer correlations from (Incropera, 

2013). In the calculation, the top of the module is taken as a horizontal plate, and the other 

plastic walls of the module are considered as vertical plates.  

The heat convective coefficients are calculated as 
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where Nu is the Nusselt number, k is the thermal conductivity of the material (W/(m∙K)), 

and lchar is the characteristic length (m). 

The Nusselt number Nu  for free convection on a vertical plate is calculated as in 

(Incropera, 2013)  
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where Ra is the Rayleigh number, and Pr is the Prandtl number. 

Eq. (5.17) can be applied when the Rayleigh number is lower than 109. The Prandtl 

number is calculated as in (Incropera, 2013) 
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where α is the thermal diffusivity (m2/s), and ν is the kinematic viscosity (m2/s). 

The Rayleigh number is calculated according to (Incropera, 2013) as  
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where   is the volumetric thermal expansion coefficient (1/K), and g is the acceleration 

due to gravity (m/s2). The thermal expansion coefficient and the characteristic length are 

calculated by Eqs. 5.20 and 5.21, respectively.  
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where Asurf is the surface area of the plate (m2), and the P is the perimeter of the plate (m). 

The Nusselt number for free convection on a horizontal plate is calculated according to 

(Incropera, 2013) as  

 4/154.0 RaNu  , (5.22) 

when 104 ≤ Ra ≤ 107, and as  

 3/115.0 RaNu  , (5.23) 

when 107 ≤ Ra ≤ 109. 

The heat dissipation by radiation from the top of the module and vertical walls is 

calculated as 

  4
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where ε is the emissivity, and σ is the Stefan-Boltzmann constant (5.6704∙10-8 

W/(m2∙K4)). 

In order to model the heat dissipation by radiation in terms of thermal resistance, the 

equivalent radiation coefficient was considered as in (Nerg et al., 2008) 
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The total thermal resistance Rth, which takes into account the heat dissipation by radiation 

and free convection, is calculated as  
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To verify the calculation, the total thermal resistance was measured for the top of the 

module and for the vertical walls. The measurements were performed by using GHFSs, 

which were installed close to the temperature sensors on the top of the module and on the 

vertical wall. The ambient temperature, the temperatures of the module top and walls, and 
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the heat dissipation from these surfaces were measured. The total thermal resistances for 

these surfaces were calculated as 

  

surftot

amb
measth,

Aq

TT
R




 , (5.27) 

where qtot is the total heat dissipation from the particular surface (W/m2). 

The comparison of the calculated and measured values of the thermal resistances, which 

were used to model the heat dissipation from the model top and vertical walls, is shown 

in Table 5.1. The measured heat flux was 10.7 W/m2 for the top of the battery module 

and 9.8 W/m2 for the vertical walls of the module. The emissivity of the plastic was taken 

to be 0.91 from (Incropera, 2013). 

Table 5.1: Parameters describing the heat dissipation. 

Type Calculated Measured Deviation, 

% hcon, 

W/(m2·K) 

hrad, 

W/(m2·K) 

Rth,, 

K/W 

Rth, K/W 

Top of the module, 

horizontal plate 

4.82 5.9895 2.14 2.16 0.9 

Walls of the module, 

vertical plate 

3.89 5.9895 0.387 0.385 0.5 

 

The analysis of the heat dissipation from the surface of the battery module by convection 

and radiation showed that radiation may strongly influence the heat dissipation especially 

if free convection is used. Therefore, radiation should be taken into account in the 

lumped-parameter thermal model. In addition, a comparison of the calculated and 

measured thermal resistances showed an acceptable agreement between the measured and 

calculated results. The deviation between the measured and calculated values of the 

thermal resistances for the top of the model is 0.9 % and for the walls of the module is 

0.5 %. It allows the use of GHFSs for the estimation of the required thermal resistance in 

the modelling of the heat dissipation from the battery module surface. 

The thermal resistance that describes the heat transfer dissipation from the bottom of the 

battery module is calculated from the measured data shown in Fig. 5.5 as  
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where �̅� is the average value of the magnitude ratio of the signal for the different angular 

frequencies ω. According to Eq. (5.28), the thermal resistance used to model the heat 

dissipation in the experimental cooling system is 0.53 K/W. The calculated value of the 

water-cooling system thermal resistance is higher than the measured value of the vertical 

wall thermal resistance. The high value of the water-cooling system thermal resistance is 
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explained by the vacuum rubber between the battery module and the cooling system. The 

vacuum rubber was necessary for the compensation of the surface roughness caused by 

sensor installation. 

5.2.3 Dependence of the model parameters on temperature 

When validating the proposed thermal model of the battery, the dependence of the thermal 

model parameters on temperature was analysed. Three average currents of the operating 

cycles, which were used to produce the sinusoidal heat losses in the module, were studied. 

The average current values chosen for study were 50 A, 75 A and 125 A. The average 

values of the cell temperatures were 301 K for 50 A, 311.2 K for 75 A and 316 K for 125 

A. The temperature transfer functions from the cell to the module bottom, to the module 

top and to the module vertical walls were measured for all average operating temperatures 

of the battery module. The measured data were used for the fitting of the proposed 

lumped-parameter thermal model. The measured data and results of the thermal model 

parameter fitting for all average cell temperatures are shown in Fig. 5.8 for the bottom 

(a), top (b) and vertical walls of the battery module (c).  

 

Fig. 5.8: Measured Bode plots and results of the measured data extrapolation 

from the module centre to the module bottom (a), to the module top horizontal 

plate (b) and to the vertical walls (c). 

As it can be seen in Fig. 5.8, the changes in temperature have a strong influence on the 

heat transfer from the cells to the module bottom (Fig.5.8 (a)). The variations in the heat 

fluxes in the other directions during variation of the average cell temperature (Fig.5.8 (b) 

and (c)) were much smaller and can be explained by a measurement error. The phase 

change material (PCM) may explain such a temperature influence. The amount of PCM 
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is much larger on the bottom of the battery module than on the top, and between cells and 

module walls. If the PCM is placed between the cell and the module bottom, it will not 

have a strong influence on the conductive heat transfer as heat is mostly transferred by 

aluminium plates, which are placed between each two cells and connected to the module 

bottom. However, it will have a strong influence on the heat energy saving in this part of 

the module, especially when starting the PCM melting process, in which the heat capacity 

of the PCM increases. The analysis showed that the dependence of the thermal model 

parameters on temperature could be taken into account only for the part of the model 

where the heat flows from the cells to the bottom of the module. Therefore, only the 

variation in the bottom thermal capacitance of the battery module with the variation of 

the average cell temperature can be considered. The estimated values of the thermal 

capacitance for the cells and for the module bottom are given in Table 5.2. 

As it can be seen in Table 5.2, the thermal capacitance of the module bottom increases 

when the average temperature of the cells increases. In addition, the estimated thermal 

capacitance of the cells does not depend on the temperature. The dependence of the 

thermal capacitance of the battery module bottom was taken into account in the proposed 

lumped-parameter thermal model by a first-order polynomial equation. 

Table 5.2: Temperature dependence of the thermal capacitances. 

Parameters Temperature 

301 K 311 K 316 K 

Battery module bottom thermal capacitance C11, J∙K-1 8960.9  11768  14584  

Cell thermal capacitance Cbat, J∙K-1 14384  14406  14359  

 

5.3 Verification of the thermal model of the battery module 

The model of the battery module was generated in MATLAB. The temperature rise in 

each node of the lumped-parameter thermal model was calculated as 
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where ∆T is the matrix of the temperature change values, Qheat is the heat generation and 

dissipation matrix, and G is the thermal conductivity matrix, which is defined as in (Nerg 

et al., 2008). 

The heat generation and dissipation vector was calculated as  
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The heat capacity matrix was calculated as  
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The lumped-parameter thermal model was verified by operating with the same cycles that 

were used for the production of sinusoidal heat losses in the battery module. In the 

verification of the model, the measured values of ambient temperature and water 

temperature were used as input parameters. Six tests were performed to verify the thermal 

model. The average values of currents in the module operating cycle were 50 A in tests 1 

and 2, 70 A in tests 3 and 4, and 125 A in tests 5 and 6. The chosen operating cycles lead 

to a sinusoidal heat generation in the battery module with the frequency of 0.4 mHz in 

tests 1, 3 and 5, and 0.15 mHz in tests 2, 4 and 6. A comparison of the calculated and 

measured average cell temperatures in all tests is shown in Fig. 5.9. 

 

Fig. 5.9: Measured and calculated cell temperatures in the battery module for the 

operating cycles under study. 

The comparison showed a high agreement between the measured and calculated data. The 

maximum deviation, 1.1 K, was found in test 6. It showed that the proposed model can 

be used to estimate the average temperature of cells when analysing different cooling 

systems. In addition, it can be used in the BMS to estimate the average temperature of the 
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LTO pouch cells during battery module operation in order to take into account the 

influence of temperature on the model operating parameters and to prevent the module 

overheating. The presented model can be used for modelling of a larger system, which 

consists of a large number of modules. Each module in such a model is presented by the 

proposed thermal equivalent electrical circuit. The connection of these circuits depends 

on the module placement in the battery system.  

5.4 Summary 

In this chapter, a method to generate a lumped-parameter thermal model of a commercial 

battery module was proposed. Thermal impedance spectroscopy was used to analyse the 

heat generation and dissipation in the module. A special operating cycle for the battery 

module was provided, which produces sinusoidal heat losses during the battery module 

operation. In addition, in the analysis of heat generation and dissipation in the module, a 

structure for the lumped-parameter thermal model was determined.  

The parameters of the lumped-parameter thermal model were fitted by a comparison of 

the measured and calculated data, which were presented by Bode plots. Multidimensional 

unconstrained nonlinear minimization was used to compare the measured and calculated 

data. The thermal resistances used to model the heat dissipation from the battery module, 

top and vertical walls were calculated by taking into account the heat dissipation by 

convection and radiation. It was shown that radiation has to be taken into account when 

heat is dissipated by free convection. The calculated values of the thermal resistances 

were verified by experiments, in which the heat flux from the surfaces was measured by 

the gradient heat flux sensor (GHFS). The temperatures of the surfaces and the ambient 

temperature were measured by PT100 sensors. The thermal resistance used to model the 

heat dissipation by conduction through the liquid cooling system was estimated 

experimentally by using GHFS and temperature sensors. 

The dependence of the thermal model parameters on the average operating temperature 

of the battery module was analysed by producing different average values of sinusoidal 

heat losses in the battery module. The analysis showed that the temperature has a strong 

influence on the thermal capacitance, which was used to model the heat transfer from the 

cell to the module bottom, but the influence of temperature on other thermal parameters 

can be neglected. Such a temperature dependence on thermal model parameters may be 

explained by the large amount of phase change material (PCM) by which the empty areas 

between the cells and the aluminium bottom of the battery module was filled. An increase 

in the temperature leads to the melting of the PCM, which increases the thermal capacity 

of the module bottom.  

The proposed lumped-parameter thermal model was verified by comparing the calculated 

and experimental data. The comparison showed a good agreement between these data, 

which allowed to recommend the method for the generation of the thermal model. The 

model may be used to analyse the thermal control systems of battery modules, also taking 

into account the dependence of the battery module operating characteristics on 



5.4 Summary 123 

temperature. Further, in the BMS, the model can be used for the battery module 

overheating protection.  
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6 Conclusion  

6.1 Summary and conclusions 

The objective of the doctoral dissertation was to find ways to establish thermal models of 

a single Li-ion pouch cell and a complex battery pack, which has a modular structure and 

consists of battery modules. The models can be applied to commercial cells and battery 

modules when information about the cell chemistry and construction is limited. The work 

may help in setting up a thermal model of the cell or battery module and using it without 

deep knowledge in electrochemistry. Therefore, all the presented models are based on the 

use of measured data, which can be obtained directly from the cell or battery module 

under study. In addition, the emphasis was on the application of simple procedures in the 

parameter determination.  

In the introduction to the work, basic information about the battery chemistry, design and 

operating principles was presented. It was shown that because of the large variety of 

electrochemical energy storage devices, models that are based on experimentally obtained 

data are preferred. In addition, different battery chemistries available in the market were 

compared to find a profitable battery chemistry that satisfies the requirements set for the 

battery operation in HEVs and hybrid mobile working machines. It was shown that in this 

case, the LTO/NMC chemistry is one of the suitable choices because it provides the 

required safety, a high number of charging and discharging cycles and a high charging 

and discharging C-rate current. Moreover, the LTO/NMC pouch cell was chosen for 

further analysis as such a cell design provides an opportunity to produce a cell with a high 

power density. Further, such a design decreases the complexity of the connection and 

protection of the cell in a high-power battery pack. Despite the advantages of the cell 

design, the large cell dimensions lead to non-uniform electrochemical processes in the 

cell, which cause a non-uniform temperature distribution in the cell, and further, non-

uniform ageing of the pouch cell parts as it was shown in (Samba et al., 2014b, Barré et 

al., 2013).  

These disadvantages of the cell design have been widely discussed in different studies for 

continued charging and discharging. However, the lack of research was noticed for the 

pouch cell operation with high charging and discharging frequencies. Such operation is 

common for the battery pack operation in HEVs and other hybrid mobile working 

machines. Therefore, a thermal model of the LTO pouch cell, where transient processes 

are taken into account, was established. The behaviour of the terminal voltage of the LTO 

pouch cell was taken into account by the proposed simplified equivalent electrical circuit. 

The parameters of the circuit were measured by applying a method similar to the 

galvanostatic intermittent titration technique. In addition, the dependence of the 

equivalent electrical circuit parameters on the SoC and temperature was analysed. It was 

shown that these parameters strongly depend on the SoC and temperature, and these 

dependences should be taken into account when setting up an LTO pouch cell thermal 
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model. The proposed equivalent electrical circuit was verified experimentally for 

different C-rate currents and operating temperatures.  

The heat losses were analysed for different pouch cell designs. Pouch cells where the 

negative and positive terminals are placed on the same and opposite sides of the cell were 

considered. The analysis showed that in both cases the highest heat losses take place close 

to the terminals of the cell. However, the non-uniformity of the loss distribution on the 

highest surface of the LTO pouch cell, which is parallel to the current collectors, is much 

higher if the terminals are placed on the same side of the LTO pouch cell than when they 

are placed on the opposite sides. This observation has been reported in previous studies 

also.  

The calculation of the temperature distribution in the cell requires information about the 

cell thermal parameters. This information was not available for the pouch cell from the 

battery manufacturer. Therefore, in this work, a non-destructive method for the thermal 

characterization of the pouch cell was proposed. This method allows simultaneous 

measurements of the pouch cell specific heat capacity and through-plane thermal 

conductivity. The method does not require a steady state in temperature, which decreases 

the time required for the experiment. An additional advantage of the method is the 

opportunity to measure the thermal parameters of the pouch cell in different points and 

for different states of charge. This advantage of the method was used for the analysis of 

the dependence of the pouch cell thermal parameters on the SoC and measuring points. 

The thermal parameters of the pouch cell, in which the terminals were placed on the same 

side, were measured. The analysis shows that the through-plane thermal conductivity and 

the specific heat capacity of the pouch cell are almost independent of the SoC. The small 

increase in the pouch cell thermal parameters such as through-plane thermal conductivity 

and specific heat capacity close to the positive and negative terminals of the pouch cell is 

explained by the pouch cell construction. In addition, the increase in the specific heat 

capacity values in the points that close to the pouch cell terminals may be explained by 

heat transfer through the current collectors from the opposite side of the pouch cell. 

The generated 3D thermal model was verified experimentally. In the experiments, a high 

non-uniformity of the surface temperature was detected (9 °C) according to the data 

calculated for the 5 C-rate current. The maximum deviation of the measured data from 

the calculated data was 0.876 K for the 5 C-rate current. Because of the good agreement 

of the measured and calculated data, the 3D model of the LTO pouch cell was used to 

analyse the methods to decrease the temperature non-uniformity in the cell. It was shown 

that the use of thin metal plates between the LTO pouch cells for the heat dissipation by 

a conduction mechanism from the LTO pouch cell surface could not significantly 

decrease the non-uniform temperature distribution. Therefore, heat pipes were suggested 

to provide different heat dissipation from different parts of the LTO pouch cell surface. 

U-shape heat pipes were suggested to be placed inside the metal plates. An optimization 

algorithm was generated to define the optimal placement of heat pipes in the aluminium 

plates. An analysis of the use of heat pipes to minimize the non-uniformity of the 

temperature distribution when the pouch cell operates with high C-rate currents showed 
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that it is possible to decrease the standard temperature deviation (STD) on the pouch cell 

surfaces. The STD on the LTO pouch cell sectional plane that was chosen in the middle of 

the LTO pouch cell decreases by 55.6 % compared with the similar value of the STD when 

only aluminium plates were used.  

In addition, the method for generating a thermal model of a complex system was shown 

for the battery module that consists of ten previously considered LTO pouch cells. The 

proposed method is based on an analysis of heat transfer in the module by using thermal 

impedance spectroscopy. The method allows an estimation of the parameters of the 

lumped-parameter thermal model based on the measured data. Further, this method can 

be used to analyse heat dissipation from the battery module. In the analysis, it was shown 

that in addition to heat dissipation by convection, also radiation has to be considered. The 

model was verified by experiments for different operating currents, and as the maximum 

deviation was 1.1 K, the proposed thermal model was recommended for application in 

the BMS to take into account the impacts of temperature on the characteristics of the 

battery module and to prevent it from the overheating. 

6.2 Suggestions for future work 

The application of battery packs in HEVs and hybrid mobile working machines will be 

more attractive in the future especially if the price of Li-ion batteries comes down. The 

operation of the battery pack with a high operating current in such systems requires an 

appropriate cooling system to prevent the battery pack overheating, which will affect the 

battery pack operating characteristics, and in the worst case, set it on fire. The 

requirements for the compact placement of the battery pack in HEVs and hybrid mobile 

working machines may limit the use of the air cooling system. Therefore, main attention 

should be placed on liquid cooling systems or combinations of traditional and two-phase 

cooling methods.  

In addition, the combination of the cooling and heating systems should be considered, as 

the operation of the battery pack at temperatures below zero degrades the efficiency, 

capacity and lifetime of the battery pack. Controlling the battery pack operating 

temperature and keeping it close to the optimal operating temperature (close to 23 °C) 

may significantly improve the operating characteristics of the battery pack when applied 

to HEVs and other hybrid mobile working machines. 

The use of heat flux sensors to measure the heat dissipation from the battery pack may 

also enhance the operation of the battery pack in HEVs and hybrid mobile working 

machines. Furthermore, heat flux sensors can be used for the control of the battery pack 

thermal protection system. Finally, sensors of this kind can be used for the estimation of 

the battery pack operating characteristics such as internal resistance and ageing of the 

battery pack. 
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