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ESKERRAK 

Tesiaren erredakzioa amaitu eta gero, egindako lanaren balorazioa egiteko 
momentua heldu da. Asko dira burura datozkidan oroitzapenak: lehenengo 
hilabeteak IK4-IKERLAN-en, proiektu berri batekin hasteak suposatzen duen 
urduritasun eta emozioarekin, baterien laborategiarekin lehenengo kontaktua 
Arrasaten “inprobisaturiko laborategian” lanean ibili eta gero, TECNUN-en 
Masterrean pasatako orduak eta horretarako Euskal Herrian zehar egin 
beharreko kilometroak, 7 hilabeteetako estantzia RWTH-ISEAn, tesiaren 
erredakzioan zentraturik pasatu ditudan azken hileak, eta abar luze bat. 
Anekdotak eta zailtasunak ugariak izan dira: egun luzeak, gau laburrak, egun 
batetik bestera funtzionatzeari uzten dioten ordenagailuak, azalpenik gabe 
bertan behera geratzen diren simulazioak, eta beste abar luze bat. Baina batez 
ere burura datorkidana momentu ezberdin horietan alboan izan ditudan 
pertsonak dira. Izan ere, hurrengo orrietan irakurriko duzuen tesia pertsona 
askoren kolaborazioaren ondorio izan da. Hori dela eta, lerro hauen bidez, 
modu batean edo bestean tesia aurrera eramaten lagundu didaten pertsona 
guztiak eskertu nahi ditut. 

Para empezar me gustaría agradecer a mis directores de tesis Fran y 
Juan Carlos por su dedicación. A Fran por haber encaminado la tesis y haber 
fijado la dirección a seguir. A Juan Carlos por haberme guiado en la escritura de 
la tesis, especialmente. La tesis podría haberse alargado de forma incontrolada 
de no haber sido por sus consejos. 

Hurrengo aipatu behar ditudanak, tesian guztiz inplikaturik egon diren 
Jon eta Luis dira, tesi hau zuona ere badelako. Forgez eta Hong-en artikuluak 
behin eta berriz irakurri eta gero lan-plan bat definitzen hasi ginenetik, askotan 
entzun behar izan duzue “etorri ahal zara momentu bat?” galdera eta beti 
egon zarete edozein zalantza argitzeko prest. Inoiz ez naiz Fluent-arekin zuek 
bezain aditua izatera helduko, baina asko asko erakutsi didazue. Eskerrik asko, 
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benetan. Kasu honetan, badakit lerro hauekin ez dela nahikoa izango, beraz, 
idatzita geratu dadila: dagokion hamaiketakoa jasoko duzue. 

IK4-IKERLAN-en jarraituz, bertako lankide guztiak eskertu nahi nituzke. 
Alde batetik laborategian lana erraztu didatenak: Mikel, TB2-koei ere ekipoen 
planifikazioan tartetxo bat egiteagatik, Isabel, Jon eta Luis, kalorimetrian 
konfiantza izateagatik, Vicente, ekipoen konexioekin izandako arazoak 
konpontzeagatik, Leire, chiller eta cold plate-en saiakuntzekin laguntzeagatik, 
Iakes, beste gauza askoren artean moduloarekin egindako saiakuntzetan 
konexio hidraulikoekin laguntzeagatik, eta orokorrean baterien laborategian 
lan egiten duten guztiak, seguruenik behin baino gehiagotan lagundu behar 
izan didatelako muntaia, Digatron-eko programa, eta abarrekin.  

IK4-IKERLAN-en tesi hau burutzeko ezagutzez gain, beste hainbat 
ezagutza ez zientifiko/tekniko ere eskuratu ditut, gehienak Domolab-en 
bazkaltzeko orduan. Aurrerantzean denbora libre gehiago izango dudala 
aprobetxatuz, merkatura joan beharko naiz orain arte inoiz entzun ez ditudan 
izenak dituzten elikagaiak benetan existitzen diren konprobatzera. Horrez gain, 
azterketa sakon bat egitera konprometitzen naiz Danacol-ak kolesterola 
murrizten laguntzen duela frogatzeko. 

Baina zalantzarik gabe denbora librean lehentasuna izango dutenak, 
azken hilabeteetan nahi baino baztertuago izan ditudan Ander (Elbis ere pack-
ean sartzen da), lagunak eta familia izango dira. Beraiei bereziki eskertu BEHAR 
diet eman didaten babesa eta nire momentu kritikoenetan (bai, asko) izan 
duten pazientzia.  

Mis aitas siempre han demostrado confianza en mí y se han esforzado 
por ofrecerme la mejor educación posible, esperando que en el futuro 
mereciera la pena. Con esta tesis espero compensar de alguna forma su 
esfuerzo. Además, este trabajo no hubiera sido posible de no ser por los 
valores que me han inculcado en casa, tales como la constancia y la capacidad 
de esforzarse cada día un poco más.  

Nire alboan Ander bezalako pertsona bat izan gabe ere, tesi hau 
bukatzeko prozesua oso bestelakoa izan zitekeen. Azken hilabeteetan nik 
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burua ez galtzea lortu du eta bere esku egon den guztia egin du nire tesia 
idazteko denbora maximizatzearren. Bazkari eta afari asko egitea tokatuko zait 
aurrerantzean.  

Elbiseri ere paseo asko zor dizkiot. Bera da ordenagailuaren aurrean 
pasatu ditudan orduak hobekien dakiena, etxean lanean nenbilenean ez baita 
inoiz ere ez nigandik aldendu, bere zurrungekin ezin kontzentraturik gure saloi-
ofizinatik “bota” behar izan diodanean izan ezik. 

Orain paperez beteta egon arren, laster saloiak bere hasierako funtzioa 
berreskuratzea espero dut eta berriz lagunekin afariak egiteko toki bihurtzea. 
Aurrerantzean gainera, afari guztietara joateaz gain, arinagoko poteora eta 
ondorengo trago luzera/luzeetara apuntatzeko asmoa daukat. Ezingo 
nintzateke azken urteotan sortu dugun lagun taldeaz arroago egon. Batzuk 
kanpoan bizi arren, kuadrilaren oso zati garrantzitsua dira eta beti ditugu 
gogoan. Tesiak iraun duen denboran atzera eginez, momentu on asko bizi izan 
ditugula konturatzen naiz, baina ziur nago etortzeko daudenak oraindik hobeak 
izango direla. 

Beste pertsona askok merezi dute aipamen berezi bat tesiaren 
eboluzioaz arduratu direlako, batez ere, senitartekoak, baina atal honek tesiko 
kapituluren bat baino gehiago luzatzeko beldurra daukat hemen bukatzen ez 
badut. 

Guzti guztioi, eskerrak bihotz bihotzez. 
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RESUMEN 

En la presente tesis se propone una metodología mejorada de diseño para los 
Sistemas de Gestión Térmica de packs de baterías de ión-litio de alta potencia 
que se utilizan en aplicaciones de transporte. La metodología implica el 
desarrollo de diferentes modelos matemáticos para la generación de calor, su 
transmisión y su disipación, así como su acoplamiento e integración en la 
metodología de diseño del pack de baterías con el fin de mejorar su seguridad 
y rendimiento. A lo largo de la tesis se describen los pasos a seguir según la 
metodología propuesta. 

Se identifican y resuelven cuestiones térmicas asociadas con las baterías. 
Para ello, se lleva a cabo en primer lugar una caracterización detallada de tres 
tipos de celdas de ión-litio, que permite obtener un mayor conocimiento sobre 
su comportamiento térmico. Los test de caracterización incluyen ensayos 
eléctricos y calorimétricos con las baterías que proporcionan la información 
necesaria para desarrollar el modelo de generación de calor. 

A continuación, mediante el método de los volúmenes finitos, se 
desarrollan modelos de baterías que integran el modelo de generación de 
calor, sirviendo así de base para el diseño del Sistema de Gestión Térmica. Se 
analizan varias simplificaciones de los modelos que permiten disminuir el 
tiempo de simulación y realizar simulaciones en un amplio rango de 
condiciones de operación con un tiempo computacional razonable. Los 
resultados de las simulaciones se utilizan para obtener información, para 
evaluar diseños y para proporcionar soluciones a cuestiones térmicas 
asociadas con las baterías como un control adecuado de la temperatura de las 
celdas que constituyen el pack de baterías. 

Se demuestra la validez de los diferentes supuestos considerados para el 
desarrollo de los modelos térmicos en CFD (Dinámica de Fluidos 
Computacional) mediante ensayos de transferencia de calor y flujo de fluidos 
en un prototipo de un módulo de baterías. Una vez validados, los modelos CFD 
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se utilizan para comprobar la idoneidad del diseño del Sistema de Gestión 
Térmica propuesto para una aplicación de tracción real. De esta forma se 
verifica la efectividad de un proceso de diseño basado en modelado. 

Aunque en la presente tesis los pasos a seguir para evaluar y diseñar de 
forma sistemática los Sistemas de Gestión Térmica de packs de baterías se 
aplican a un caso particular con refrigeración líquida, los pasos podrían resultar 
de gran utilidad para diseñadores de packs de baterías que deben lidiar con 
diferentes tipos de sistemas de refrigeración así como diferentes aplicaciones.
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ABSTRACT 

In the present thesis an improved design methodology is proposed for TMSs 
(Thermal Management Systems) for high power lithium-ion battery packs used 
in traction applications. The methodology involves the development of 
different mathematical models for heat generation, transmission, and 
dissipation and their coupling and integration in the battery pack design 
methodology in order to improve overall safety and performance. The 
sequence of steps to be followed according to the proposed methodology are 
described throughout the chapters of this thesis. 

Thermal issues associated with battery packs are identified and solved. 
In order to do this, first an in-depth characterization of three different lithium-
ion cells is performed in order to better understand their thermal behavior. 
The characterization tests include battery electric and calorimetric 
experiments, which provide the information required for the development of a 
heat generation model. 

Battery models that integrate the heat generation model are then 
developed using the finite volume method, and they provide the basis for the 
thermal management system´s design. Various model approaches that shorten 
simulation times in order to perform simulations in a wide range of operating 
conditions within a reasonable computational time are analyzed. Results from 
the simulations are used to obtain information, evaluate designs, and provide 
solutions for battery thermal issues, such as the proper temperature control of 
the cells that made up the battery pack. 

The validity of the different assumptions made for the development of 
the thermal CFD (Computational Fluid Dynamics) models is proved by means of 
heat transfer and fluid flow experiments on a battery module prototype. Once 
validated, the CFD models are used to check the suitability of the proposed 
thermal management system design for a real traction application, which 
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proves the effectiveness of a thermal management system design process 
based on numerical modeling. 

Although in the present work the steps of the method used to 
systematically design and evaluate TMSs for battery systems are applied to a 
particular case of liquid cooling, the steps are also likely to be of use to battery 
designers who have to deal with different types of cooling arrangements and 
applications. 
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LIST OF SYMBOLS 

The list corresponds to the symbols that appear in the equations used during 
this research. Those appearing in the equations found in the review of the 
state of the art are not listed here, but defined directly throughout the test.  

Latin Characters 

푎  [m2]   area 

퐴  [V]   constant used in the fits 

퐵  [V·K-1]   constant used in the fits 

퐵푖  [-]   Biot number 

퐶  [V·s-1]   constant used in the fits 

퐶   [J·g-1·K-1]  heat capacity at constant pressure 

퐶   [J·m-3·K-1]  specific heat capacity per unit volume 

퐶   [-]   empirical constant in turbulence model 

퐷   [m]   hydraulic diameter 

퐷(휏 )  [-]   dimensionless specific time function 

푑푈 푑푇⁄   [V/K]   entropic heat coefficient 

푒  [m]   thickness 

푒 , ,   [-]   extrapolated discretization error 

퐸  [J·kg-1]   specific energy 

퐸   [K]   activation energy 
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ℎ  [W·m-2·K-1]  convection heat transfer coefficient 

퐻  [J·kg-1]   specific heat energy 

푖  [J·kg-1]   specific internal energy 

퐼  [A]   cell current, + (-) for charge (discharge) 

퐼   [-]   modified Bessel function  

퐼   [%]   turbulence intensity 

푘  [W·m-1·K-1]  conduction heat transfer coefficient 

퐾  [m2·s-2]   turbulent kinetic energy 

푘   [W·m-1·K-1]  turbulent thermal diffusivity 

푙  [m]   turbulence length scale 

퐿  [m]   characteristic length 

푚  [-]   number of concentric ring sources 

푀  [g]   mass 

푁  [-]   number of mesh elements 

풑  [-]   apparent convergence order 

푝  [Pa]   static pressure 

푃  [W]   power output 

푞  [J]   thermal energy 

푞̇  [W]   heat generation rate 

푄  [l·min-1]   flow rate 

푟  [m]   radius 



List of symbols xi 

푟   [-]   refinement factor 

푅   [Ohm]   internal resistance 

푅   [Ohm]   external surface resistance 

푅   [K·W-1]   thermal resistance 

푆   [W·m-3]   energy source 

푆   [W·m-3]   volumetric heat source 

푆   [N·m-3]   momentum source 

푡  [s]   time 

푇  [K]   absolute temperature 

푢  [m·s-1]   flow velocity 

푈   [V]   open circuit potential 

푼  [-]   uncertainty 

푈   [m·s-1]   velocity components 

푣  [m·s-1]   velocity 

풗  [m3]   cell volume 

푉  [V]   cell potential 

푥   [m]   Cartesian coordinates 

Greek Letters 

휌  [kg·m-3]   density 

휇  [kg·m-1·s-1]  dynamic molecular viscosity 

휀  [-]   emissivity 



xii List of symbols 

휀   [m2·s-3]   turbulent dissipation rate 

훷 , ,   [-]   extrapolated value 

휁  [-]   integration function 

훽  [-]   integration variable 

훿   [-]   Kronecker delta 

흈  [-]   standard deviation 

휎  [5.67·10-8 W·m-2·K-4] Stefan-Boltzman constant 

훼  [m2·s-1]   thermal diffusivity 

휏  [s-1]   thermal time constant 

휏   [N·m-2]   component of the viscous stress tensor 

휏 ,   [N·m-2]   turbulent Reynolds stresses tensor 

휇  [kg·m-1·s-1]  viscosity 

휇   [kg·m-1·s-1]  turbulent eddy viscosity 

휑 ,   [W·m-2]   turbulent heat flows vector 

휆  [m2·s-2]   turbulent kinetic energy 

휖  [m2·s-3]   휆´s dissipation rate 

휃  [m·s-1]   velocity´s turbulent scale 

Subscripts 

⁄⁄     parallel direction 

⊥     normal direction 

0     initial 
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푎푣푔     average 

푐ℎ푟     charge 

푐표푛푣     convective 

푑푖푠푐ℎ     discharge 

푒     environment 

푒푥푝     experimental 

푔푒푛     generation 

푖푛     inlet 

푖푟푟푒푣     irreversible 

푚푎푥     maximum 

푚푖푛     minimum 

표푢푡     outlet 

푝     overpotential 

푟푒푣     reversible 

푡ℎ     thermal 

푡푟푎푛푠푣     transversal 

푇     total 

푠     surface 
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chapter 1  

INTRODUCTION 

A modern economy depends on the ready availability of cheap energy. Today, 
the world’s energy supply is primarily centered on fossil fuels. As a result, the 
energy dilemma facing the world is twofold: global warming from carbon 
dioxide (CO2) emissions and the vulnerability from a dependence on foreign oil 
[1.1]. New technologies for generating electricity from sources that do not 
generate CO2, such as solar, wind, and nuclear, together with the advent of 
plug-in hybrid electric vehicles (PHEV) and even all-electric vehicles (EVs), offer 
the potential for meeting future energy demands besides of alleviating the 
present dilemma. The major challenge in realizing this vision, however, is the 
development of effective electrical energy storage (EES) systems. 

The use of electricity generated from renewable sources, the world´s 
fastest growing sources of energy in the future outlook [1.2], requires efficient 
EES in order to provide electricity which is reliably available 24 hours a day 
despite coming from intermittent sources. EES devices are also needed to 
mitigate short-term fluctuations in power, which represent a major problem in 
the current electrical supply grid. However, current EES systems fall far short of 
meeting these future electrical energy supply needs [1.1]. New ESS to be 
developed will need to have high power ratings (for connection to both 
distribution and the transmission networks) as well as a high energy to power 
rating so as to provide primary reserve as well as system balancing for the 
dispatch of renewable power. 
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In addition, greatly improved EES systems are needed to progress from 
today’s hybrid electric vehicles to plug-in hybrids or all-electric vehicles [1.3, 
1.4]. Electrical storage devices with high energy and power densities are 
needed to power electric vehicles with performance comparable to that of 
today´s petroleum-fueled internal combustion vehicles. 

Lithium-ion (Li-ion) battery systems appear to be an effective approach 
for energy storage and for being applied to address many environmental and 
economic challenges in modern society. However, the reliability and safety 
issues arising from excessive heat generation is being considered as one of the 
most critical technical challenges inherent to Li-ion battery, which may lead to 
significant battery performance degradation or even thermal runaway, thereby 
hindering the Li-ion technologies to achieve broader market penetration [1.5]. 
Hence the importance of developing a model based improved design 
methodology of thermal management systems for lithium-ion battery packs 
which ensure their safety operation without risks for thermal runaway events. 

Chapter 1 is organized as follows. First a brief overview about electrical 
energy storage systems is presented. Lithium-ion batteries and their thermal 
management systems are introduced in the next two subsections which are 
followed by a description of the motivation and objectives of the research 
carried out. Finally, the methodology and structure of the thesis are depicted 
in the last subsection. 

1.1 ELECTRICAL ENERGY STORAGE SYSTEMS 

Electrical energy storage is defined as the conversion of electrical energy from 
a power network or system into a form of energy in which it can be stored 
during a certain period of time until converted back to electrical energy. 

The market needs for ESS come from two characteristics of electricity. 
First, electricity is consumed at the same time as it is generated [1.6]. Power 
demand varies from time to time (Figure 1.1) and the price of electricity 
changes accordingly. ESS reduces electricity costs by storing electricity 
obtained at off-peak times when its price is lower, for use at peak times 
instead of electricity bought then at higher prices. 
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The second characteristic is that the places where electricity is 
generated are usually located far from the locations where it is consumed 
[1.6]. This sometimes leads to higher chances of an interruption in the power 
supply. ESS support users when power network failures occur by continuing to 
supply power to consumers. 

 

 
RWE: Rheinisch-Westfälisches Elektrizitätswerk. 

PJM: Regional transmission organization that coordinates the movement of whole sale electricity in all parts 
of Delaware, Illinois, Indiana, Kentucky, Maryland, Michigan, New Jersey, North Carolina, Ohio, Pennsylvania, 

Tennessee, Virginia, West Virginia, and the District of Columbia. 

Figure 1.1. Comparison of daily load curves [1.6]. 

Congestion in power grids is also a consequence of long distances 
between generation and consumption. The power flow in transmission grids is 
determined by the supply and demand of electricity. In the process of 
balancing supply and demand, power congestion can occur. ESS established at 
appropriate sites such as substations at the ends of heavily-loaded lines can 
mitigate congestion, by storing electricity while transmission lines maintain 
enough capacity and by using it when lines are not available due to congestion 
[1.6]. 
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In addition, electricity always needs cables for transmission, and 
supplying electricity to mobile applications and to isolated areas presents 
difficulties. ESS systems can solve this problem. 

These have been the main roles that ESSs have played historically [1.7]. 
Currently, there are two major emerging market needs for ESS as a key 
technology: to utilize more renewable energy and less fossil fuel, and the 
future Smart Grid [1.6]. The Electrical Energy Storage technologies that are 
available up to day for those applications are briefly described hereafter. 

1.1.1 TYPES AND FEATURES OF ENERGY STORAGE SYSTEMS 

A widely-used approach for classifying EES systems is according to the form of 
energy stored. In Figure 1.2, EES systems are classified into mechanical, 
electrochemical, chemical, electrical and thermal energy storage systems [1.6]. 

 

 
Figure 1.2. Classification of electrical energy storage systems according to stored 

energy form [1.6]. 

The most common mechanical storage systems are pumped 
hydroelectric power plants (pumped hydro storage, PHS), compressed air 
energy storage (CAES) and flywheel energy storage (FES). In the first case, 
Figure 1.3 (a), two water reservoirs at different elevations are used to pump 
water during off-peak hours from the lower to the upper reservoir (charging) 
and, when required, the water flows back from the upper to the lower 
reservoir, powering a turbine with a generator to produce electricity 
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(discharging). In the second case, Figure 1.3 (b), electricity is used to compress 
air and to store it usually in an underground structure and, when needed, the 
compressed air is mixed with natural gas, burned and expanded in a modified 
gas turbine [1.8]. In flywheel energy storage, Figure 1.3 (c), rotational energy is 
stored in an accelerated rotor and electricity is extracted from the system by 
reducing the rotational speed. 

Long life and cycle stability are common advantages of the three types 
of mechanical storage systems. Disadvantages are geographic limitation of 
locations for both pumped hydroelectric power plants and compressed air 
energy storage systems and the high level of self-discharge in the case of 
flywheels. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 1.3. Mechanical storage systems: (a) Pumped Hydro Storage, (b) Underground 
Compressed Air Energy Storage [1.6], and (c) Flywheel Energy Storage [1.9]. 
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The second type of electrical energy storage systems according to the 
classification in Figure 1.2, are the electrochemical storage systems. A general 
overview of both secondary and flow batteries is given in the next paragraphs. 

In conventional secondary batteries, the energy is charged and 
discharged in the active masses of the electrodes. The most common batteries 
are lead-acid batteries (LA), nickel-cadmium (NiCd) and nickel-metal-hydride 
batteries (NiMH), lithium-ion batteries (Li-ion), metal-air batteries (Me-air), 
sodium-sulphur batteries (NaS) and sodium–nickel-chloride batteries (NaNiCl). 

A flow battery is also a rechargeable battery, but the energy is stored in 
one or more electroactive species which are dissolved in liquid electrolytes. 
The electrolytes are stored externally in tanks and pumped through the 
electrochemical cell that converts chemical energy directly to electricity and 
vice versa (Figure 1.4). 

 

 
Figure 1.4. Schematic of a Vanadium Redox Flow Battery [1.6]. 
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Chemical energy storage, third type of electrical energy storage, focuses 
on hydrogen and synthetic natural gas (SNG) as secondary energy carriers, 
Figure 1.5, since these could have a significant impact on the storage of 
electrical energy in large quantities. The main purpose of such a chemical 
energy storage system is to use “excess” electricity to produce hydrogen via 
water electrolysis. Once hydrogen is produced different ways are available for 
using it as an energy carrier, either as pure hydrogen or as SNG. Although the 
overall efficiency of hydrogen and SNG is low compared to storage 
technologies such as PHS and Li-ion, chemical energy storage is the only 
concept which allows storage of large amounts of energy, up to the TWh 
range, and for greater periods of time – even as seasonal storage. 

 

 
Figure 1.5. Overall concept for the use of hydrogen and SNG as energy carriers [1.6]. 

On the other hand, double layer capacitors (DLC), Figure 1.6 (a), and 
superconducting magnetic energy storage (SMES), Figure 1.6 (b), must be 
mentioned among the most common electrical storage systems. 

The former, also known as supercapacitors, fill the gap between classical 
capacitors used in electronics and general batteries, because of their nearly 



8 Chapter 1: Introduction 

unlimited cycle stability as well as extremely high power capability and their 
many orders of magnitude higher energy storage capability when compared to 
traditional capacitors. Unlike conventional batteries, very fast charges and 
discharges are feasible with supercapacitors, due to extraordinarily low inner 
resistance. However, they are not suitable for the storage of energy over 
longer periods of time, because of their high self-discharge rate, their low 
energy density and high investment costs.  

Superconducting magnetic energy storage systems work according to an 
electrodynamic principle. The energy is stored in the magnetic field created by 
the flow of direct current in a superconducting coil, which is kept below its 
superconducting critical temperature. The main advantage of SMES is that the 
requested power is available almost instantaneously. Nevertheless, to date 
there are only a few, rather small SMES products commercially available. 

 

 
(a) 

 

 
 
 

(b) 
Figure 1.6. Electrical storage systems: (a) supercapacitor, and (b) superconducting 

magnetic energy storage system [1.9]. 

Finally, thermal energy storage systems are also included in the 
classification of ESS systems, although in most cases electricity is not the direct 
input to such storage systems. But with the help of thermal energy storage the 
energy from renewable energy sources can be buffered and thus electricity can 
be produced on demand. Examples are hot molten salts in concentrated solar 
power plants and the storage of heat in compressed air plants using an 
adiabatic process to gain efficiency. 
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All the energy storage technologies mentioned above are at various 
stages of development and deployment. Some of them are already mature 
technologies, while others are not widespread at all [1.10]. However, new 
system models are showing that energy storage is cost-effective when its full 
range of services and benefits are fairly accounted for. Therefore, energy 
storage is growing faster than ever and the acceleration is poised to keep on 
going [1.11]. A large quantity of other EES systems is expected to be installed 
given the emerging market needs for different applications. An estimation of 
the future ESS market potential by application is shown in Figure 1.7.  

 

 
Figure 1.7. ESS market forecast by application for 2030 [1.6]. 

1.1.2 TECHNICAL COMPARISON OF ESS TECHNOLOGIES 

The previous section has shown that a wide range of different technologies 
and applications exists to store electrical energy. The functional requirements 
for electrical storage systems supporting renewable energy, distributed energy 
systems, or grid operations [1.12] are very different for the requirements for 
those supporting transportation vehicles. Electricity storage systems in electric 
power applications will be stationary and ground-based; therefore, the weight, 
volume, and energy density of electricity storage is not as important for them 
as for mobile vehicle applications. 
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Since different applications with different requirements demand 
different features from EES, a comprehensive comparison and assessment of 
all storage technologies is rather ambitious, but Figure 1.8 gives a general 
overview of EES. In this double logarithmic chart the rated power (W) is 
plotted against the energy content (Wh) of EES systems. The nominal discharge 
time at rated power can also be seen, covering a range from seconds to 
months.  

Figure 1.8 comprises not only the application areas of today’s EES 
systems, but also the predicted range in future applications. Not all EES 
systems are commercially available in the ranges shown at present, but all are 
expected to become important. Most of the technologies could be 
implemented with even larger power output and energy capacity, as all 
systems have a modular design, or could at least be doubled (apart from PHS 
and some restrictions for underground storage of H2, SNG and CAES). If a larger 
power range or higher energy capacity is not realized, it will be mainly for 
economic reasons (cost per kW and cost per kWh, respectively). On the basis 
of Figure 1.8, EES technologies can be categorized as being suitable for 
applications with short discharge times (seconds to minutes), medium 
discharge time (minutes to hours) or long discharge time (days to months). 

 

 
Figure 1.8. Comparison of rated power, energy content and discharge time of different 

ESS technologies [1.6]. 
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In Figure 1.9 the power density (per unit volume, not weight) of 
different EES technologies is plotted versus the energy density. The higher the 
power and energy density are, the lower the required volume for the storage 
system. Highly compact EES technologies suitable for mobile applications can 
be found at the top right. Large area and volume-consuming storage systems 
are located at the bottom left. 

PHS, CAES and flow batteries have a low energy density compared to 
other storage technologies. SMES, DLC and FES have high power densities. but 
low energy densities. Li-ion has both a high energy density and high power 
density. NaS and NaNiCl have higher energy densities in comparison to the 
mature battery types such as LA and NiCd, but their power density is lower in 
comparison to NiMH and Li-ion. Metal air cells have the highest potential in 
terms of energy density. Flow batteries have a high potential for larger battery 
systems (MW/MWh), but have only moderate energy densities. The main 
advantage of H2 and SNG is the high energy density, superior to all other 
storage systems. 
 

 
Figure 1.9. Comparison of power density and energy density (in relation to volume) of 

EES technologies [1.6]. 

It can be concluded that a single universal storage technology superior 
to all other storage systems does not exist. Today and in the future, different 
types of ESS will be necessary to suit all the applications described previously. 
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Figure 1.10 shows which EES technology is or will become feasible for what 
applications, and where further research and development is necessary. In 
addition to the broad range of applications where Li-ion is currently deployed 
because of both a high energy density and high power density (Figure 1.9), it 
has great potential for many applications, as shown in Figure 1.10, although it 
needs further careful development and introduction of mass production to 
achieve cost effectiveness. Li-ion batteries are thoroughly studied in the next 
subsection. 

 

 
Figure 1.10. EES present feasibility, future potential, need for further research and 

development. Orange circles represent ESSs which are feasible today, orange circles 
with black lines ESSs which need further stringent development and mass production, 
and blue circles with lines ESSs that need fundamental research and development of 

production methods [1.1]. 

1.2 LITHIUM-ION BATTERIES 

As has been already introduced, lithium-ion has become the dominant 
rechargeable battery chemistry for consumer electronics devices and is poised 
to become commonplace for industrial, transportation, and power-storage 
applications. This chemistry is different from previously popular rechargeable 
battery chemistries (e.g., nickel metal hydride, nickel cadmium, and lead acid) 
in a number of ways. From a technological standpoint, because of high energy 
density, lithium-ion technology has enabled entire families of portable devices 
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such as smart phones. From a safety standpoint, a high energy density coupled 
with a flammable organic, rather than aqueous, electrolyte has created a 
number of new challenges with regard to the design of batteries containing 
lithium-ion cells, and with regard to the storage and handling of these 
batteries [1.13]. Therefore, Li-ion cells market share exceeded the cumulative 
share of Ni-Cd and Ni-MH cells by 2004, and now they account for 80% of the 
rechargeable battery market [1.14]. 

This section contains two parts. The first part provides a general 
introduction to lithium-ion cells. It includes a basic description of how lithium-
ion cells work and how they are characterized (chemistry and form-factor). The 
second part discusses lithium-ion battery failure modes, paying a major 
attention to those failure modes related to the thermal behavior of the cells.  

1.2.1 CELL FUNDAMENTALS 

In a Li-ion cell, lithium ions shuttle back and forth between the intercalating 
electrodes. The principle of the intercalation is the reversible insertion of a 
guest atom (or molecule) into a host structure without inducing a major 
disruption of the host material [1.14], i.e. lithium ions are inserted in the 
crystalline lattice of the host electrode without changing its crystal structure. 
This is represented in Figure 1.11. 

 

 
Figure 1.11. Schematic of ions (charge and discharge) and electrons (discharge) 

movements in a lithium-ion cell [1.14]. 
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In operation (discharge cycle), the positive (ions) and negative 
(electrons) charges leave the anode (negative electrode) for the cathode 
(positive electrode): the flow of electrons across a potential difference in the 
external circuit can be used to do work (e.g. drive a motor) while the ions 
move across the electrolyte. The ions reverse direction during charging, as 
shown in Figure 1.11. In this case, the guest atom is the lithium ion. 
Consequently, the positive material is oxidized and the negative material is 
reduced when a Li-ion cell is being charged. 

Electrode and cell reactions in a Li-ion cell are described by Equations 
(1.1) to (1.3) [1.15]. In this scheme, 퐿푖푀푂  represents the metal oxide positive 
material, such as 퐿푖퐶표푂 , and 퐶 the carbonaceous negative material, such as 
graphite. 

Positive 퐿푖푀푂 ⇔ 퐿푖 푀푂 + 푥퐿푖 + 푥푒  (1.1) 

Negative 퐶 + 푥퐿푖 + 푥푒 ⇔ 퐿푖 퐶 (1.2) 

Overall 퐿푖푀푂 + 퐶 ⇔ 퐿푖 퐶 + 퐿푖 푀푂  (1.3) 

The chemical processes derived from the above reactions do not take 
place instantaneously, as there are at least three key processes involved in the 
cell chemical conversions [1.16]: 

 One is the "charge transfer", which is the actual chemical reaction taking 
place at the interface of the electrode with the electrolyte and proceeds 
relatively quickly.  

 The second is the "mass transport" or "diffusion" process in which the 
materials transformed in the charge transfer process are moved on from 
the electrode surface, making way for further materials to reach the 
electrode to take part in the transformation process. This is a relatively 
slow process which continues until all the materials have been 
transformed.  

 The charging/discharging process may also be subject to other 
significant effects whose reaction time should also be taken into 
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account, such as the "intercalation process" by which lithium ions are 
inserted into the crystal lattice of the host electrode.  

The battery charging/discharging process thus has at least three 
characteristic time constants associated with achieving complete conversion of 
the active chemicals which depend on both the chemicals employed and on 
the cell construction. 

The time constants and the phenomena mentioned above give rise to 
hysteresis in the battery. During charging, the chemical reaction lags behind 
the application of the charging voltage and similarly, when a load is applied to 
the battery to discharge it, there is a delay before the full current can be 
delivered through the load. Energy is lost during the charge/discharge cycle 
due to the chemical hysteresis effect. Figure 1.12 shows the hysteresis effect in 
a lithium battery.  

 

 
Figure 1.12. Hysteresis effect in a lithium battery [1.16]. 

1.2.1.1 Cell components 

Figure 1.13 depicts lithium-ion cell components in detail. Alternating layers of 
anode and cathode are separated by a porous film (separator). An electrolyte 
composed of an organic solvent and dissolved lithium salt provides the media 
for lithium ion transport [1.1]. Therefore, the four primary functional 
components of a practical lithium-ion cell are the negative electrode (anode), 
positive electrode (cathode), separator, and electrolyte.  
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To increase the battery´s storage capacity and rate capability, it is 
desirable for the anode and cathode materials to have large geometric 
electrode areas with small particle sizes and high porosity to increase reaction 
area. Thus, electrodes are constructed of pastes composed of fine particles 
coated on thin current collectors (usually thin copper or aluminum foils). 
However, other cell properties such as cycle life, self-discharge rate, and 
thermal stability can be negatively affected by increased surface area. 
Additional components of lithium-ion cells such as the current collectors, case 
or pouch, internal insulators, headers, and vent ports also affect cell reliability 
and safety. The chemistry and design of these components will be selected to 
optimize a family of cell properties and performance criteria. As a result, no 
“standard” lithium-ion cell exists and even cells that nominally appear to be 
the same can exhibit significantly different performance and safety behavior 
[1.13]. 

 

 
Figure 1.13. Schematic of lithium-ion cell [1.14]. 
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In the following paragraphs, different commercial materials used in the 
construction of batteries will be described. 

Positive electrode (cathode) 

Depending on the cathode material, lithium-ion family is divided into three 
major battery types: lithium-ion-cobalt (LiCoO2, LCO), lithium-ion-manganese 
(LiMn2O4, LMO) and lithium-ion-phosphate (LiFePO4, LFP). Other oxides, such 
as lithium-ion-nickel-cobalt (LiNixCo1-xO2, LNCO), lithium-ion-nickel-
manganese (LiNixMnyO4, NMO) and lithium-ion-nickel-cobalt-manganese 
(LiNixCoyMnzO2, NCM) are also used [1.15].  

Lithium cobalt oxide has been the most widely used cathode material in 
lithium-ion batteries, typically for use in laptops and mobile phones, for many 
years. Figure 1.14 (a) summarizes the performance of LCO in terms of specific 
energy, specific power (ability to deliver high current), safety, performance at 
hot and cold temperatures, life span (reflecting cycle life and shelf life) and 
cost [1.17]. LiCoO2 offers the best compromise of the properties [1.18]. It has 
excellent specific energy and offers moderate specific power, safety and life 
span. However, their high cobalt content, a material of high and volatile price, 
was a driver for developing alternative cathode materials. 

Manganese, for example, is much cheaper than cobalt and the superior 
safety of manganese oxides compared with cobalt oxides renders manganese 
compounds attractive for use as cathodes in rechargeable lithium batteries 
[1.19]. Lithium manganese oxide spinel provides a higher cell voltage than 
cobalt-based chemistries, which enables higher rate of ion exchange between 
electrodes. Moreover, battery’s internal resistance is reduced and higher 
discharge rates are therefore possible. Another advantage is that it is thermally 
more stable (higher temperature performance). Nevertheless, its energy 
density is about 20% lower than LCO’s [1.20]. In addition, shelf life is reduced 
especially at higher temperatures [1.21]. Figure 1.14 (b) shows the spider web 
of a typical Li-manganese battery. All characteristics are moderate, however, 
newer designs have improved in terms of specific power, safety and life span 
[1.17]. 
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Phosphate-based technology’s main advantages are primarily related to 
stability issues [1.20]. This technology possesses superior thermal and chemical 
stability, which provides better safety characteristics than those of other 
lithium-ion technologies. They are more stable under overcharge or short-
circuit conditions and they can withstand high temperatures without 
decomposing. Therefore, they are much less susceptible to thermal runaway. 
Moreover, cost, safety and toxicity have been significantly improved over 
lithium cobalt oxide cells. However, olivine lithium metal phosphates main 
disadvantage is that they have lower energy density than cobalt because the 
operating voltage is low: 3.5 V vs. Li/Li+ [1.20]. On the other hand, LFP presents 
large intrinsic internal resistance. Figure 1.14 (c) summarizes the attributes of 
Li-phosphate: excellent safety and long life span but moderate specific energy 
and elevated self-discharge [1.17]. Work is being done on getting better 
performance derivative cathodes as LiMnPO4 or LiCoPO4. 

Recently, the development of materials with manganese partial 
substitution in LMO has led to two main ternary systems: LiNi0.5Mn1.5O4 and 
LiNi0.3Co0.3Mn0.3O2. Another used oxide is LiNiCoAlO2.  

LiNi0.5Mn1.5O4 reaches values of specific power in the same range as LCO. 
Its operating voltage is high, around 4.5 V vs. Li/Li+, so it is an interesting 
material to achieve higher energy density values, which currently is 30% higher 
than LMO´s.  

The other manganese cathode, LiNi0.3Co0.3Mn0.3O2, has specific power of 
160-170 mW/g [1.21]. Figure 1.14 (d) shows the main characteristics of NCM: 
good overall performance and excellent specific energy. It is the preferred 
candidate for electric vehicles [1.17]. 

Finally, the Lithium Nickel Cobalt Aluminum Oxide cathode, LiNiCoAlO2 
(NCA), shows high specific energy and specific power, as well as a long life 
span, which makes it to be widely used in the automotive industry. Less 
flattering are safety and cost. Figure 1.14 (e) summarizes NCA´s main 
characteristics [1.17]. 
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The decision of the cathode to be used is a compromise between 
different properties. This way, it should be selected according to the 
application. 

Currently, the materials of main interest for battery manufacturers are 
manganese-based compounds (LMO or NMO) and olivine lithium metal 
phosphates (LFP) [1.22]. Cell manufacturers from US and China (A123 and BYD 
are the leaders, respectively) are strategically investing in LFP because of its 
safe performance. Japan is however focusing on manganese cathodes, LMO, 
which are widely produced (industry) and are therefore more robust and 
cheaper [1.23, 1.24].  

 

(a) (b) (c) 

 
                  (d) 

 
                       (e) 

Figure 1.14. Comparison of (a) LCO, (b) LMO, (c) LPF, (d) NMC, and (e) NCA battery 
performance [1.17]. 

The considerable R&D focus and funding is expected to bring improved, 
lighter and cheaper batteries to the market. Nevertheless, the time lapse 
between proof of concept in lab to commercialization for successful battery 
chemistries is at least 10 years. This means that chemistries which are not 
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already in use in consumer applications today are not expected to penetrate 
the automotive market for example for at least 5 years. Therefore, the most 
promising work in short term is around the optimization in the NMC triangle 
which could reach high capacities (200 mAh/g) [1.14]. This is the next 
chemistry in line to be used in series vehicles, already used in prototype 
vehicles [1.14]. 

Negative electrode (anode) 

The lithium-ion cell negative electrode is composed of a lithium intercalation 
compound coated in a thin layer onto a metal current collector. The most 
common anode material is some form of carbon, usually graphite, in powder 
form, combined with binder material. Anodes composed of silicon, 
germanium, and titanate materials have also been produced and tested [1.13].  

The theoretical specific capacity of carbon (LiC6) is 372 mAh·g-1. Hard 
carbon materials offer higher capacity, over 1000 mAh·g-1, but they have not 
achieved broad acceptance because they have greater irreversible capacity, 
are highly disorganized, and have higher voltage, ~1 V vs. Li/Li+, than graphitic 
materials [1.15]. New graphite structures, such as nanotubes, are being 
developed to improve features [1.22, 1.25].  

Lithium metal alloys have a specific capacity which largely exceeds that 
of lithium-graphite: about 4000 mAh·g-1 for Li-Si and 990 mAh·g-1 for Li-Sn 
whereas it is 370 mAh·g-1 for Li-C [1.22]. However, they do not have good 
cycling performance.  

Spinel-framework LTO´s capacity is 170 mAh·g-1 and voltage level is 1.5V 
vs. Li/Li+. Its highlighted advantages are [1.22]: the cycling stability due to a 
very low volume change (< 1%) during cycling, a high thermal stability as well 
as a high rate charge/discharge capability at very low temperature. 

Brookite structure TO’s maximum theoretical capacity is 335 mAh·g-1. It 
offers important advantages in terms of cost effectiveness, safety and 
environmental compatibility. Its performance depends on the morphology of 
particles; nano forms are therefore under investigation. LTO is widely used for 
PHEVs batteries at present. 
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Electrolyte 

A safe and long-lasting battery needs a robust electrolyte that can withstand 
existing voltage and high temperatures and that has a long shelf life while 
offering a high mobility for lithium ions [1.26]. Four types of electrolytes have 
been used in Li-ion batteries: ceramic, liquid, polymer and gel electrolytes. 
Table 1.1 provides a high level comparison.  

Liquid electrolytes retain their importance in rechargeable lithium-ion 
batteries because of their high conductivity [1.27]. Nevertheless, polymer gel 
electrolytes (PGEs) appear particularly suitable in advance Li-ion batteries 
although safety is still a major issue. LiPF6-PC-EC-PVdF membrane is a very 
convenient electrolyte because it maintains high conductivity values over a 
temperature range exceeding from -10 to 80 oC and has a wide electrochemical 
stability (0-5 V vs. Li/Li+) [1.21]. 

 
Table 1.1. Electrolyte type comparison [1.14]. 

Type Organic 
liquid 

Polymer  
liquid 

Polymer  
solid 

Inorganic 
 solid 

PROS 
Currently 
used 

Less leak 
prone 

High safety 
Cell can be flexible 
Easy to 
manufacture 

High safety 
Wide V window 
Solid (strength) 

CONS 

Safety issues (can 
combust) 

Limited voltage 
window 

Under R&D: lower conductivity and 
volume/interface problem 

Separator [1.13]  

Lithium-ion cell separators most commonly used are porous polyethylene, 
polypropylene, or composite polyethylene/polypropylene films. The function 
of the separator is to prevent direct contact between the anode and the 
cathode. The pores in the separator allow transfer of lithium ions by diffusion 
during charge and discharge.  

Separator thickness, porosity, permeability, toughness, and resistance to 
penetration can vary considerably depending on desired cell properties. New 
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separators continue to be developed and applied to commercial cells. Some 
separator manufacturers are currently producing and experimenting with 
separators that incorporate ceramic coatings or separators made of thermally 
stable non-woven fabrics that maintain separation between the anode and 
cathode over a broader temperature range. 

1.2.1.2 Cell form factors 

Apart from the materials in which cells can be constructed, cells can also be 
constructed in a variety of form factors; a cell can be constructed by stacking 
alternating layers of electrodes (typical for high-rate capability prismatic cells), 
or by winding long strips of electrodes into a “jelly roll” configuration typical 
for cylindrical cells. Electrode stacks or rolls can be inserted into hard cases 
that are sealed with gaskets (most commercial cylindrical cells, Figure 1.15 (a)), 
laser-welded hard cases ,Figure 1.15 (b), or enclosed in foil pouches with heat-
sealed seams (commonly referred to as lithium-ion pouch cells), Figure 1.15 
(c). 

The cylindrical cell continues to be one of the most widely used 
packaging styles for primary and secondary batteries [1.17]. The main 
advantages are ease of manufacture and good mechanical stability. The 
tubular cylinder has the ability to withstand internal pressures without 
deforming. This cell design has good cycling ability, offers a long calendar life, 
and is economical, but on the other hand, it is heavy and has low packaging 
density due to space cavities. However, the air cavities that result with side-by-
side placement can be used for air-cooling. 

Introduced in the early 1990s, the prismatic cell satisfies the demand for 
thinner sizes and lower manufacturing costs. Prismatic cells make optimal use 
of space by using the layered approach, but are less efficient in thermal 
management and have a shorter cycle life than the cylindrical design. In 
addition, the prismatic cell requires a slightly thicker wall size to compensate 
for the decreased mechanical stability from the cylindrical design, resulting in a 
small capacity drop [1.17].  

In 1995, the pouch cell surprised the battery world with a radical new 
design. Rather than using a metallic cylinder and glass-to-metal electrical feed-
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through for insulation, conductive foil tabs welded to the electrode and sealed 
to the pouch carry the positive and negative terminals to the outside. As a 
result, the pouch cell makes the most efficient use of space and achieves a 90 
to 95% packaging efficiency, the highest among battery packs. Eliminating the 
metal enclosure reduces weight, but the cell needs some alternative support in 
the battery compartment.  

 

(a) (b) (c) 
Figure 1.15. Cell form factors [1.20]: (a) cylindrical, (b) prismatic, and (c) pouch cell. 

Additional detailed information with regard to lithium-ion batteries is 
available in a number of references including Linden´s Handbook of Batteries 
[1.15], Advances in Lithium-Ion Batteries edited by Schalkwijk and Scrosati 
[1.28], and a large volume of research publications and conference 
proceedings on the subject [1.13, 1.14, 1.17-1.22, 1.25, 1.26, 1.29-1.31]. 

1.2.2 THERMAL BEHAVIOR OF LITHIUM-ION CELLS AND SAFETY ISSUES 

In this section few lithium-ion failure modes are discussed. Although there are 
a number of root causes for cell and battery failure, this section is focused on 
those related to the thermal behavior or temperature of the cells. 

Lithium-ion batteries can fail in both non-energetic and energetic modes 
[1.13]. Typical non-energetic failure modes (usually considered benign failures) 
include loss of capacity, internal impedance increase (loss of rate capability), 
shutdown separator, fuse or battery pack permanent disable, electrolyte 
leakage with subsequent cell dry-out, and cell swelling. 
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Some of these non-energetic failure modes are commonly associated 
with cell-aging mechanisms. The ideal lithium-ion battery failure mode is a 
slow capacity fade and internal impedance increase caused by normal aging of 
the cells within the battery. If a cell exhibits this failure mode, capacity will 
decrease and impedance will increase until the point the battery can no longer 
satisfy the power requirements of the device and must be replaced. The bulk 
of lithium-ion batteries in the field experience this type of failure and it is 
enhanced by too high/low cell temperatures (Figure 1.16). 

 

 
Figure 1.16. Effect of cell temperature on cycle life [1.16]. 

Energetic failures result in thermal runaway. Cell thermal runaway refers 
to rapid self-heating of a cell derived from the exothermic chemical reaction of 
the highly oxidizing positive electrode and the highly reducing negative 
electrode; it can occur with batteries of almost any chemistry. In a thermal 
runaway reaction, a cell rapidly releases its stored energy. The more energy a 
cell has stored, the more energetic a thermal runaway reaction will be. One of 
the reasons why lithium-ion cell thermal runaway reactions can be very 
energetic is that these cells have very high-energy densities compared to other 
cell chemistries. The other reason why lithium-ion thermal runaway reactions 
can be very energetic is because these cells contain flammable electrolyte, and 
thus, not only do they store electrical energy in the form of chemical potential 
energy, they store appreciable chemical energy in the form of combustible 
materials. 
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If a typical fully charged (or overcharged) lithium-ion cell undergoes a 
thermal runaway reaction, a number of things occur: cell internal temperature 
and pressure increases, cell undergoes venting, cell vent gases may ignite, cell 
contents may be ejected, and if one cell in a pack undergoes a thermal 
runaway reaction, it is likely to cause thermal runaway in adjacent cells by way 
of various heat transfer mechanisms – direct case-to-case contact, 
impingement of hot vent gases, or impingement of flaming vent gases. 

Changing the heat transfer environment of a cell and thus affecting the 
removal of energy can also influence the severity of thermal runaway. High 
ambient temperatures or adiabatic insulation will increase the likelihood that 
any given internal fault can drive to thermal runaway, and increase the energy 
available to heat the cell. Conversely, if a cell is surrounded by thermally 
conducting media (e.g., surrounded by densely packed cells or coolant), heat 
loss may prevent or mitigate a thermal runaway reaction. 

Note that internal heat transfer within the cells may be slow due to the 
thermally insulating properties of many cell components. Thus, localized 
heating within large cells can be problematic, particularly during high rate 
discharge processes. 

Low temperature operation also affects the performance of Li-ion cells. 
Low temperatures might cause electrode materials to shrink. In addition, the 
reduced reaction rate makes more difficult the insertion of the lithium ions 
into the intercalation spaces. Thus, not only is the power reduced, but anode 
plating is also enhanced with irreversible capacity loss in consequence. 

The narrow area in which lithium-ion batteries operate with safety and 
reliability is depicted in Figure 1.17. The reliable operating temperatures 
required by a majority of current lithium-ion batteries (C/LMO, C/NMC, C/LFP 
or C/NCA) are: discharging at -20 to 55 oC and charging at 0-45 oC and for 
lithium-ion battery with LTO negative electrode, the minimum charge 
temperature can be -30 oC. Usually, the operating voltage of lithium-ion 
batteries is between 1.5 V and 4.2 V (C/LCO, C/NCA, C/NCM and C/LMO about 
2.5-4.2 V, LTO/LMO about 1.5-2.7 V and C/LFP about 2.0-3.7 V). 
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Current commercial lithium-ion batteries must be fitted with a 
management system, through which the lithium-ion batteries can be 
controlled and managed effectively to be operated within the lithium-ion 
battery safety operating window shown in Figure 1.17. 

 

 
Figure 1.17. Lithium-ion cell operating window [1.32]. 
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1.3 BATTERY MANAGEMENT SYSTEMS FOR 
LITHIUM-ION BATTERIES 

According to the previous section and despite their huge energy advantages, 
safety limitations pose the greatest threat to the future of lithium-ion 
batteries, particularly if they are used with current cell chemistries in large, 
heavy-duty devices such as all-EVs and HEVs that require high energy and 
power from the battery for range and acceleration, respectively. Since the 
capacity and voltage of a single cell are relatively small, single battery cells are 
first packed and integrated to a battery module. The battery system contains 
one or more module according to the requirements, so the battery system 
usually consists of hundreds or thousands of single cells. The Battery 
Management System (BMS) is very important to manage so many cells. 

1.3.1 GENERAL OVERVIEW 

Battery Management can be defined as the effective use and control of energy 
and power into and out of a string of at least one battery, either primary or 
secondary [1.33]. Such a system encompasses not only the monitoring and 
protection of the battery, but also methods for keeping it ready to deliver full 
power when called upon and methods for prolonging its life [1.34]. Therefore, 
designing a BMS requires an in depth understanding of the fundamental cell 
chemistries, performance characteristics and battery failure modes, for which 
information has been provided in the previous sections. 

Battery Management is typically implemented into battery operation for 
two major purposes. One is to optimize the battery performance, and the 
other to mitigate safety hazards. Three are the main tasks of the BMS in order 
to achieve those purposes [1.32]: 

 To protect the cells and battery packs from being damaged. 

 To make the batteries operate within the proper voltage and 
temperature interval, guarantee the safety and prolong their service life 
as long as possible. 
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 To maintain the batteries to operate in a state that the batteries could 
fulfill the functional requirements of the application for which they were 
specified. 

For that to be possible, a typical management system may first involve 
monitoring of basic characteristics such as pressure, temperature, voltage, or 
current for pre-set values in order to protect the cell from operation outside 
the limits set by the manufacturer. 

The next level involves measuring of individual battery characteristics to 
get appropriate information on present conditions. This more detailed 
information may then be used for more advanced tasks such as a local display 
of capacity or charge status. It may also be used to directly control the power 
and energy into or out of the battery cells. 

Battery Management beyond basic monitoring and measuring involves 
additional processing and perhaps communication of the measured 
information from the battery to the host device. This may also include 
calculations based on the measurements which can provide additional 
information, such as remaining operation time or capacity of the battery 
[1.35]. This information can be then used by the device in order to better 
utilize the energy available in the battery. This communication path can also be 
used by a charger to determine the best method of charging the battery, thus 
maximizing capacity. 

In general, Battery Management is concerned with getting the most 
useful energy out of the battery cells on a single discharge cycle. For secondary 
rechargeable batteries, this may include optimizing the charge into the battery 
as well, so as to get the most energy out of the battery cells on subsequent 
discharges. By doing so, the management system also minimizes the impact of 
operating conditions that could harm the battery performance [1.33] and lead 
to failure of the battery. 

Apart from the inconvenience, the cost of replacing the battery can be 
prohibitive. This is particularly true for high voltage and high power 
automotive batteries which must operate in hostile environments which at the 
same time are subject to abuse by the user [1.16]. In addition, the 
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consequences of failure of a lithium cell could be quite serious, possibly 
resulting in an explosion or fire. Cell protection is therefore indispensable. 

Functions of the battery management system intended to maintain the 
lithium-ion batteries within the safety operating temperature range shown in 
Figure 1.17 will be pointed out in the next subsection. These functions are 
provided by a part of the battery management system which is referred to as 
the Thermal Management System and are necessary in order to optimize both 
charge capacity and cycle life. 

1.3.2 THERMAL MANAGEMENT SYSTEM 

A battery thermal management system should contain some basic functions as 
shown in Figure 1.18. In general, cell protection by means of a thermal 
management system should address undesirable events or conditions such as 
high ambient temperature or overheating, i.e., exceeding the cell temperature 
limit. Therefore, battery thermal management first involves monitoring and 
measuring the temperature of the battery to determine the present conditions 
of the battery itself.  

 

 
Figure 1.18. Basic functions of battery thermal management system [1.36]. 

Cell measurement differs from cell monitoring in that the result is a 
value that can be used to prevent operation of the cell outside a desired range. 
For example, at elevated temperatures a circuit can be activated to interrupt 
current flow. Unlike a monitor function which may not re-activate, or which 
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may only re-activate at the same trip-point, thus causing potential oscillations, 
a measurement can be used to re-enable the current flow at a lower 
temperature than the trip-point. 

Both monitoring and measurement are used to maintain the cells, 
modules, and the battery pack within the desired safe operational limits set by 
the manufacturer. Indeed, a practical system may keep the cells not just within 
the battery manufacturer´s specified working limits, but within a more limited 
range to achieve optimal performance. Moreover, thermal management not 
only keeps the battery within these limits, but keeps within control the several 
simultaneous internal and external thermal effects the battery is subject to.  

Typically, battery measurements are used at the battery pack level as a 
first stage for maintaining operational limits. Cell monitoring is then used at 
the cell level to prevent extreme abuse conditions which could cause cell 
destruction.  

Low temperature operating conditions are relatively easy to cope with. 
In the simplest case there is usually enough energy in the battery to power 
self-heating elements which gradually bring the battery up to a more efficient 
operating temperature when the heaters can be switched off. In some cases it 
is enough to keep the battery on its recharging cycle when it is not in use. In 
some complex cases some external heating must be required to bring the 
battery up to its operating temperature on start up and special thermal 
insulation may be needed to maintain the temperature for as long as possible 
after it has been switched off. 

For low power batteries the normal protection circuits are sufficient to 
keep the battery within its recommended operating temperature limits. High 
power batteries, however, need special attention to thermal management. For 
the latter, the main design objectives are four: 

 Protection from overheating. In most cases this simply involves 
monitoring the temperature and interrupting the current path when the 
temperature limits are reached using conventional protection circuits. 
While this will prevent damage to the battery from overheating it can 
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however cut-off the battery before its current carrying limit is reached 
seriously limiting its performance. 

 Dissipation of surplus heat generated. Removing heat from the battery 
allows higher currents to be carried before the temperature limits are 
reached. Heat flows out of the battery by convection, conduction and 
radiation and the pack designer´s task is to maximize these natural flows 
by keeping the ambient temperature low, by providing a solid, good 
heat conducting path from the battery, by maximizing its surface area, 
by providing good natural air flow through or around the pack and by 
mounting it on a conductive surface. 

 Uniform heat distribution. Even though the battery thermal design may 
be more than sufficient to dissipate the total heat generated by the 
battery, there could still be localized hot spots within the battery pack 
which can exceed the specified temperature limits. This can be a 
problem with the cells in the middle of a multi-cell pack which will be 
surrounded by warm or hot cells compared with the outer cells in the 
pack which are facing a cooler environment. A temperature gradient 
across the battery pack can seriously affect the life of the battery. 

 Minimum addition to the weight. For very high power applications, such 
as traction batteries used in EVs and HEVs, natural cooling may be 
insufficient to maintain a safe working temperature and forced cooling 
may be required. This should be the last resort as it complicates the 
battery design, adds weight to the battery and consumes power. If 
forced cooling is unavoidable however, the first choice would normally 
be forced air cooling using fans. This is relatively simple and inexpensive 
but the thermal capacity of the thermal fluid, air, which is intended to 
carry the heat away, is relatively low limiting its effectiveness.  

In the worst case liquid cooling may be required. Water is normally the 
first choice because it is inexpensive but other fluids such as ethylene 
glycol may be used. The weight of the coolant, the pumps to circulate it, 
the cooling jackets around the cells, the pipework and manifolds to carry 
and distribute the coolant and a radiator or heat exchanger to cool it, all 
add dramatically to the total weight, complexity and cost of the battery. 
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These penalties could well outweight the gains expected to be achieved 
by using high energy density battery chemistries.  

Figure 1.19 shows how the thermal module is integrated in the 
framework of an automotive BMS, for example. Automotive battery 
management is much more demanding than for other applications. It has to 
interface with a number of other on-board systems, it has to work in real time 
in rapidly changing charging and discharging conditions as the vehicle 
accelerates and brakes, and it has to work in a harsh and uncontrolled 
environment. 

 

 
Figure 1.19. Basic framework of software and hardware of BMS in vehicle [1.32]. 

The battery thermal management would have inputs such as 
temperature sensors to measure the temperature of the cells, the 
temperature outside the battery box, and maybe also the temperature at the 
battery coolant inlet and outlet. Outputs would be cooling control and heating 
control. 

Additionally, cell temperature measurements and battery temperature 
measurements provide the foundation for other advanced battery 
management features such as charge/discharge management which allow for 
the integration of the thermal management module in the overall 
management system. Charging is not initiated if the battery is too hot or too 
cold, for example. Charging may also be stopped when the battery 
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temperature moves out of a preset temperature range. The charge rate may 
be reduced due to temperature as well, not just completely stopped. 

Temperature together with discharge current can also be used to 
augment voltage-based discharge management (discharge is disabled below a 
preset voltage threshold). In most chemical battery systems, the ideal voltage 
to terminate the discharge can vary with temperature and the magnitude of 
the discharge current. Thus, a more advanced discharge management 
technique should attempt to change the desired end of discharge voltage 
(EODV), or the effective empty point of the battery, based on the measured 
temperature and the measured discharge current. 

1.4 MOTIVATION OF THE THESIS 

IK4-IKERLAN works closely with companies in the automotive and energy 
sectors that require that high power battery packs based on lithium-ion cells 
be developed for novel applications. These applications include trams, 
elevators, e-bikes, (H)EV, PV integration and grid application. 

When designing battery systems, thermal management is one of the 
major design issues, particularly for automotive applications [1.37], due to the 
effect of temperature on cell performance. As already stated in the previous 
sections, at low temperatures lithium batteries suffer from lithium plating of 
the anode, causing a permanent reduction in capacity. At the upper extreme, 
the active chemicals may break down, destroying the battery. Probably more 
important is the fact that, for both high and low temperatures, the further the 
operating temperature is from room temperature, the more the cycle life is 
degraded.  

However, thermal management is a major issue in battery pack designs 
not just for its impact on battery life. Another important issue that needs to be 
addressed is its impact on the total cost of battery packs as well as on the 
weight of the system (a major drawback for transport applications). Thermal 
management designs may include both heating and cooling circuits. In 
addition, expensive cable forms are needed to connect the cell voltage and 
temperature sensing signals to the BMS processing unit. All of these 
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requirements add to the complexity, cost and timescales of the associated 
system software [1.16]. Therefore, it is essential to accurately design the 
thermal management system of a battery pack and its components in order to 
reduce both cost and weight. Nevertheless, the design rules are currently far 
from being optimized due to the lack of knowledge in the thermal behavior of 
large lithium-ion cells.  

The present research resulted from the need to develop new know-how 
and technology in order to develop schemes that effectively control the 
temperature of high power battery packs developed for the transport sector. 
For the final product to be competitive in the market, devising a way to solve 
the thermal control problems at a minimum cost, size and weight without 
compromising the safety of the battery system was paramount. In this context, 
the issues that required intensive study and that motivated this research 
project were twofold: 

(1) Studies on battery thermal performance. 

There was a lack of thermal performance data for large lithium-ion cells 
used in high power applications. In order to design a safe and cost competitive 
battery pack, it is essential to properly understand the thermal behavior of the 
lithium-ion cells which make up the battery system. However, only a few 
studies have dealt with the development of a heat generation model for such 
cells, and the results when comparing model predictions to experimental data 
were not always satisfactory. The absence of an accurate heat generation 
model for high power lithium-ion cells is a bottleneck for the thermal 
management system design process. Thus, it was necessary to generate basic 
knowledge regarding the thermal performance of large lithium-ion cells. 

(2) The building of battery models in a practical way in order to facilitate 
the thermal management system design process. 

Numerical modeling improves the efficiency of the design process 
relative to a trial-and-error determination of the battery cooling system design 
parameters, reduces product development time and leads to a better battery 
design. However, most of the battery models used so far considered a constant 
heat generation value within the cells, which was estimated from the internal 
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resistance value provided by the cell manufacturer. Assuming a constant heat 
generation value is not representative of a real application in which the cells 
are dynamically charged and discharged, and it led to oversized thermal 
management systems in most cases. Therefore, the integration of the heat 
generation model developed at the cell level in the battery models to be used 
in the thermal management system design was crucial as a means for 
improving the overall design process. 

1.5 OBJECTIVES OF THE THESIS 

The primary objective of the thesis is to design a thermal management system 
for a high power lithium-ion battery pack by means of an improved design 
methodology, i.e., by using the numerical modeling method based on a heat 
generation model that is integrated in a thermal model. The design of the 
thermal management system is restricted in this case to the cooling system, 
since the design of its auxiliary components and a control scheme are outside 
the scope of the present work. 

In order to meet the main objective of the thesis, first a deep 
understanding of the battery thermal performance had to be derived by way 
of research on the mechanism of heat generation in the batteries. A 
methodology that is valid for any lithium-ion cell technology was developed in 
order to determine the heat generated within lithium-ion cells.  

The second and third objectives of the thesis are related to the 
practicability of building battery models. The final goal, based on successfully 
meeting the three objectives, was to design a thermal management system for 
a battery pack made up of lithium-ion cells. 

For this to be possible, the second objective consisted of integrating the 
heat generation model determined at the cell level into a battery pack. This 
allowed battery thermal performance to be analyzed at different operating 
conditions, and it was the basis for the third main objective of the thesis. 

The third objective consisted of designing a lithium-ion battery pack for 
a traction application. The design methodology was based on a sequence of 
steps that led to an optimum battery system in order to attain fixed battery 
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thermal performance and other battery pack specifications such as maximum 
energy efficiency and minimum weight/volume. 

1.6 METHODOLOGY AND STRUCTURE OF THE 
THESIS 

The general methodology employed to meet the primary objective of the 
thesis, i.e. to design a thermal management system for a high-power lithium-
ion battery pack, is indicated in Figure 1.20. This methodology is divided into 5 
major steps, which also reflects the structure of the thesis. 

 

Figure 1.20. Schematic of the general methodology employed to achieve the primary 
objective of the thesis. 
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1) Heat generation model development 

As mentioned previously, the absence of an accurate heat generation model 
for high power lithium-ion cells is a bottleneck for the thermal management 
system design process. Therefore, this was the first issue that was addressed in 
this research.  

First, we acquired in-depth knowledge about what other researchers 
have already done and are doing in terms of this topic. Different types of heat 
generation models found in the literature were analyzed in order to assess 
their advantages and disadvantages before defining our own methodology for 
determining the heat generated within lithium-ion cells. 

After analyzing the previous work on heat generated within lithium-ion 
cells, the most widely used equation in the literature was chosen to develop 
the heat generation model. The heat source was calculated from the 
polarization heat and the reversible entropic heat.  

The heat generation model was then developed for a pouch type 
lithium-ion cell. The thermal parameters required for determining the heat 
generation were experimentally measured using different techniques selected 
from the literature. Depending on the benefits and drawbacks seen for these 
techniques, our own test procedure was proposed.  

Finally, the test procedure was carried out with two other types of 
lithium-ion cells in order to validate the methodology proposed for 
determining the heat generated within a wide range of lithium-ion cells.  

This methodology is thoroughly explained in chapter 2. The 
characteristics of the experimental tests carried out in order to determine the 
heat generation model parameters as well as the thermo-physical parameters 
and the results obtained with three different lithium-ion cells are also 
described in this chapter. The analysis of the results allowed a few cell 
selection criteria to be defined from a thermal point of view. 
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2) Validation of the heat generation model  

As was done in step 1, the starting point was a review of the state-of-the-art of 
different techniques for experimentally measuring heat generation in order to 
select the most appropriate one for the present work. Previous studies were 
mainly conducted on small coins for low to moderate charge/discharge rates 
(i.e., C/10 to C/1). Therefore, due to the lack of data for large lithium-ion cells, 
higher energy, power per cell and faster charge/discharge rates were 
considered in this research for the validation of the heat generation model. 
This was fundamental so that the heat generation model could be later 
implemented in high power traction application studies. 

The validation of the model was based on direct heat generation 
measurements carried out with an Accelerating Rate Calorimeter. 
Measurements of the heat generated within the three types of selected 
lithium-ion cells were performed during charge/discharge at various currents 
by operating the instrument adiabatically, and they were then compared with 
model predictions for the same conditions. 

The whole procedure is depicted in chapter 3, together with a 
comparison of the heat generated within the three sample cells. 

3) Design of a lithium-ion battery pack and its thermal management system 
for a traction application 

As already mentioned, numerical modeling was used as the basis for the 
design process. Therefore, an evaluation of the different types of models 
found in the literature in order to investigate the thermal response of battery 
systems was carried out. 

Because the primary objective of this thesis was to design a thermal 
management system for a high-power lithium-ion battery pack, different 
cooling concepts were also reviewed. 

In this research, the design process was based on Computational Fluid 
Dynamics techniques. Precisely determining the heat generated by means of 
the model developed above allowed the design process of the battery pack´s 
thermal management system to be improved. For this to be possible, the heat 
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generation model developed at the cell level was integrated into the battery 
pack model by means of a User Defined Function, UDF, implemented in CFD. 

Different model approaches, such as the simplification of the geometry 
and the domain to be studied, were analyzed. The thermal models were then 
verified in order to check the grid independency of the mathematical results. 

The entire design process is presented in chapter 4. The different steps 
of the design methodology (detailed version of Figure 1.20) are first introduced 
and then applied to the design of a lithium-ion battery pack for a traction 
application. The most important aspect of the design methodology is the use 
of numerical modeling in both the preliminary and final design steps. 
Therefore, chapter 4 includes an in-depth explanation of the thermal models 
used for the design process as well as a detailed description of the final battery 
pack design and its thermal management system. 

4) Experimental measurements on a real prototype 

A sample prototype of the designed battery pack was constructed in order to 
experimentally prove the correct thermal behavior of the battery module, i.e. 
to validate the adequacy of the thermal management system design, as to also 
validate the thermal models of the final design concept. 

Validation was based on experimental temperature measurements 
obtained while cycling the battery module. The thermal behavior of the 
battery model was assumed to be mainly affected by four experimental 
parameters (coolant inlet flow rate and temperature, state of charge (SOC) 
range and C-rate) and therefore, tests with the most representative conditions 
for these parameters were carried out. 

The characteristics of the experimental tests carried out and the results 
are thoroughly described in chapter 5. 

5) Validation of the thermal models and the selected design concept 

Simulations run with the thermal models were validated with the experimental 
temperature measurements described above. Taking the results into account, 
the different approaches considered in the models were reviewed. In addition, 
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in order to prove the correct thermal behavior of the module in real 
conditions, the cycle of an urban transport system was used for simulations.  

The results of the validation that prove the effectiveness of a design 
process based on numerical modeling are also included in chapter 5. 
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chapter 2  

THERMAL CHARACTERIZATION 
OF A LITHIUM-ION CELL 

As it will be pointed out in chapter 4, one of the objectives of a thermal 
management system is to determine the battery pack cooling conditions which 
ensure that the cells satisfy the established thermal operating criteria for all 
possible electrical and environmental operating conditions. The non-
satisfaction of the thermal design criteria by the cells could result in 
accelerated degradation of the power performance, in a reduction of the 
operating life, and could critically affect the safety of battery packs. 

Knowledge of the thermal behavior of individual cells is the basis for 
overcoming the aforementioned problems and is one of the first steps in the 
design process of the thermal management system. According to the literature 
review presented in Section 2.1, characterization of the thermal behavior of Li-
ion cells encompasses three tasks: (i) development of a heat generation model 
at the cell level, (ii) determination of the thermo-chemical parameters involved 
in the previous model, and (iii) determination of the thermo-physical 
properties of the cells. 

As a result, thermal characterization of lithium-ion cells permits both the 
determination of the heat generated within the cells as a function of the 
operating conditions (by means of the heat generation model), and the 
determination of how this heat is stored (by means of the heat capacity) and 
transmitted (by means of the thermal conductivity). This is the input for the 
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thermal management system, which must ensure that all the heat is dissipated 
by the cooling system in order to maintain the cells under the thermal design 
criteria. Thus, the heat generation model developed needs to be accurate 
when predicting the heat generated within the cells, but yet simple enough to 
be implemented in design tools, i.e. system simulation tools and CFD 
(Computational Fluid Dynamics) codes. 

In this chapter the thermal characterization approach adopted in the 
present work will be described. The procedure followed for the development 
of a heat generation model as well as for the empirical determination of the 
thermo-chemical and thermo-physical parameters of lithium-ion cells will be 
thoroughly explained. Previously, in the following section, the research 
projects that can be found in the literature related to this topic will be 
analyzed. 

2.1 STATE OF THE ART 

Several investigations can be found in the literature, which deal with thermal 
modeling of lithium-ion cells. In order to develop a thermal model for a 
lithium-ion cell, the heat generated within a cell and various thermo-chemical 
and thermo-physical parameters need to be determined.  

2.1.1 HEAT GENERATION MODELS 

Because lithium-ion cell performance is strongly linked to temperature, it is 
important to understand how heat is generated and accumulated inside a 
single unit. However, thermodynamics of lithium-ion cells is complicated due 
to the presence of mixtures of liquid electrolytes as well as solid on a single 
phase or multiphase solids. The energy conversion that takes place in a 
secondary lithium-ion cell is not ideal and the heat generation is the result of 
phase changes, mixing and electrochemical reactions. This heat generation 
could be different at different points inside the cell. Thus, there develops a 
temperature distribution in all directions inside the cell, in addition to 
distributions in potentials and concentrations [2.1].  

To obtain a reliable prediction of temperature profiles in individual cells 
and systems of batteries, the total heat generation needs to be evaluated 
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quantitatively. A proper cell energy balance will give reliable predictions of 
thermal characteristics such as heat generation and temperature-time profiles 
which will be later used for the design of thermal management systems for 
lithium-ion battery packs. Therefore, several authors deal with this problem.  

First Approaches 

The problem of determining heat effect with simultaneous electrochemical 
reactions was first addressed by Sherfey and Brenner in 1958 [2.2]. The heat 
developed in a cell was derived from its relation to the polarization, being the 
polarization defined as: 

푃 = 퐸 − 퐸  (2.1) 

퐸  is the dynamic voltage and is equal to the voltage of the cell less the 
ohmic voltage drop across the electrolyte, 퐼 · 푅. 퐸  is the voltage of the cell 
operating under strictly reversible (equilibrium) conditions. 

Polarization, or overvoltage, is present when the system is operated 
under irreversible conditions. It represents the effect of all irreversible 
elements, other than Joule heating, in the total system. To determine the 
polarization at any electrode at which two or more reactions are occurring, the 
departure of each reaction from equilibrium was considered (one equation 
similar to Equation (2.1) for each reaction) [2.2]. Furthermore, since these 
reactions occur at different rates, the current was prorated among the various 
reactions. These relations were expressed in Equation (2.2), which represents 
the polarization of the electrode as the sum of the partial polarizations due to 
each reaction. 

푃 = 푓 (퐸 − 퐸 ) + 푓 (퐸 − 퐸 ) + 푓 (퐸 − 퐸 ) +⋯ (2.2) 

In this equation, 푓 represents the fraction of the current used for an 
electrode reaction (훴푓 =  1).  

Since polarization is a voltage, the energy associated with it equals 
푃 · 퐼 · 푡 joules, where 푃 is the polarization in volts, 퐼 is the current in amperes, 
and 푡 the time in seconds. The relation between the heat developed in a cell 
and the polarization was derived as follows [2.2]. If a finite number of 
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coulombs could be passed through an electrolytic cell reversibly, the heat 
effect per mole of reaction would be equal to the 푇 · 훥푆 of the cell process. If 
two or more reactions are occurring, the sum of the entropies of the various 
reactions prorated according to the fraction of the current used for each has to 
be considered. Moreover, in a real cell there are heat effects from two sources 
other than the entropy change, that due to the resistance of the electrolyte 
and that due to polarization at the two electrodes. The relation between the 
heat effect, in calories, and the other quantities was defined as depicted in 
Equation (2.3): 

푞 =
푇푡

96500
푓 ∆푆
푛

+
푓 ∆푆
푛

+
푓 ∆푆
푛

+ ⋯

+ 0.2390[퐼 푅푡 + (푃 + 푃 )퐼푡] 
(2.3) 

where 푞 is calories evolved in a given reaction, 푇 absolute temperature, 
훥푆  molar entropy change of reaction 푖, 퐼 current, 푅 resistance of the solution 
between electrodes, 푡 period of electrolysis, 푛  number of faradays per mole of 
reaction 푖, 푃  anode polarization, and 푃  cathode polarization. 

Equation (2.3) is restricted in its application to electrode processes 
involving no secondary reactions [2.2]. Later, Gross [2.3] presented essentially 
the same equation, but introduced a term for the heat generated by 
spontaneous reactions.  

The treatments by Sherfey and Brenner [2.2] and by Gross [2.3] are 
restricted in their application to cell reactions in which every reactant is 
present in a single, pure phase. Gibbard [2.4] discussed the calculation of the 
thermodynamic properties of battery systems when some of the reactants are 
dissolved in solution. However, this treatment of the energy balance considers 
the case of a single reaction without mixing effects.  

The implementation of these particular approaches in a heat generation 
model requires knowledge of cell material properties such as the resistance of 
the electrolyte, the fraction of the current used for an electrode reaction, etc. 
which are in practice very difficult to obtain and which must be determined by 
some suitable analytical scheme [2.2]. Therefore, they were discarded in this 
work. 



2.1 STATE OF THE ART 47 

An alternative to the distributed thermal models like the ones 
mentioned above which is commonly found in the literature, is the use of 
lumped models. Lumped element modeling allows the description of the 
thermal behavior of lithium-ion cells to be simplified by reducing the thermal 
system to a number of discrete “lumps”. The temperature difference inside 
each lump is assumed to be negligible. Heat generation is supposed to be 
uniform throughout the cell instead of spatially distributed. 

Lumped Models 

Pollard and Newman [2.5, 2.6] presented a model for a lithium-aluminum iron-
sulfide battery with a relatively simple energy equation in which mixing effects 
were ignored and a single cell reaction occurred. Their works provided a 
practical approach to calculate heat effects theoretically. 

Four years later, Bernardi et al. [2.7] presented a general energy balance 
for battery systems in which the heat effects from reactions, changes in the 
heat capacity of the system, phase changes, mixing and electrical work were 
considered. The temperature of the battery was assumed to be uniform 
throughout and changes with time to be determined by the processes 
mentioned in the previous sentence as well as heat transfer with the 
surroundings. The general energy balance was deduced from the First Law of 
Thermodynamics as shown in Equation (2.4) where 푞 represents the rate of 
heat transfer with the surroundings, 퐼 · 푉 is the electrical work, and the terms 
in the right side of the equation contribute to the change in the amount of 
energy contained inside the system. 

Equation (2.4) includes contributions of mixing, phase changes and 
simultaneous electrochemical reactions with open circuit potentials dependent 
on composition. The formulation of such an equation is useful in developing a 
fundamental understanding of the processes involved in cell heat generation. 
However, in its most rigorous form, the energy balance is difficult to apply 
without a detailed mathematical model because instantaneous composition 
profiles and current fractions are required.  
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푞 − 퐼 · 푉 = 

∑ 퐼 푇
,

 enthalpy-of-reaction 

−∑ ∫ ∑ 푐 , 푅푇 푙푛 ,

,
푑휐  enthalpy-of-mixing 

−∑ ∑ ∆퐻 → − 푅푇 푙푛 ,

,

,  phase-change 

+ ∑ ∑ 푛 , 퐶̅ , +∑ ∫
∆퐶 +∑ ∑ 퐶̅ , −

퐶̅ , 푛 , − 푛 ,  heat-capacity 

(2.4) 

Therefore, in their work, simplifications and special cases of the general 
energy equation were also discussed. If an average heat capacity is used, 
enthalpy-of-mixing and phase-change terms are not considered, and enthalpy-
of-reaction is written in terms of the contributions of the reversible work 
(second term in the right-hand side of Equation (2.5)) and the entropic heat 
(third term in the right-hand side of Equation (2.5)), then Equation (2.4) may 
be written as: 

푞 = 퐼푉 − 퐼 푈 , + 퐼 푇
푑푈 ,

푑푇
+푀퐶

푑푇
푑푡

 (2.5) 

The enthalpy-of-reaction and electrical work terms in Equation (2.4) are 
now combined and restated as irreversible (first two terms in the right-hand 
side of Equation (2.5)) and reversible heat effects (third term in the right-hand 
side of Equation (2.5)).  

Although some authors [2.8, 2.9] state that the average heat generation 
method used in lumped models could lead significant errors when predicting 
heat generation, Equation (2.5) is actually the form of the energy balance that 
is most commonly encountered in the literature. However, in most cases the 
composition dependence of the open circuit potential, 푈 , is not considered 
[2.10-2.35]:  
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푞 = 퐼(푉 − 푈) + 퐼푇
푑푈
푑푇

+푀퐶
푑푇
푑푡

 (2.6) 

The aim of this thesis is to develop a methodology for the determination 
of the heat generated within lithium-ion cells which is valid for any cell 
technology. Therefore, a relatively simple model is preferred based on the 
lumped thermal modeling approach, rather than a distributed thermal model 
which would require spatial profiles of the current density and electrode 
overpotentials. 

Previous studies have shown that because of the intimate contact 
among electrodes, electrolyte, and separator, the instantaneous temperature 
difference between components in the vicinity of their interface is often very 
small (~ 10-4 oC). This allows one to consider the composite electrode stack as a 
quasi-homogeneous medium and to assume that the thermal behavior of the 
core region can be sufficiently represented by averaged properties, such as 
average specific heat and effective thermal conductivities. One can also 
assume that the heat generated from various sources can be averaged over 
any differential volume in the core region of the cell [2.8] and that the reaction 
current distribution in the porous electrode is uniform. This is the general 
trend when modeling lithium-ion battery systems for the analysis or design of 
thermal management solutions [2.36-2.42]. In this work, the temperature is 
also assumed to be uniform throughout when evaluating the heat generated 
within the cells as it is done in [2.7, 2.43]. 

In addition, it is considered that the assumption of only one main 
electrochemical reaction is valid. The cells used in this study are not believed 
to have significant side reactions because of their high current efficiency and 
stable resistance over several cycles, and therefore this aspect is not 
considered in this work. Forgez et al. [2.15] also assumed that side reactions 
accounting for aging were slow enough to be neglected and so was also the 
term which represented the heat produced or consumed by any chemical 
reaction that may occur in the cell. 

In lithium-ion batteries without side reactions, there is only one reaction 
occurring at each electrode, and no phase change effects exist [2.44]. 
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According to [2.45, 2.46], for a battery well designed to mitigate concentration 
overpotential, heat of mixing is negligible, too. Forgez et al. [2.15] also stated 
that for electrochemical systems with good transport properties, 
concentration gradients are limited and heat of mixing can usually be ignored. 
Because the batteries under consideration are designed for high power 
applications, they are thought to follow the above statement. Moreover, 
neglecting the heat of mixing terms is acceptable when the particle size is 
sufficiently small, which is representative of commercial battery designs [2.44]. 

Consequently, the heat generation will be determined in this work as it 
is done in the energy balance depicted in Equation (2.6): 

푞̇ = 퐼(푉 − 푈) + 퐼푇
푑푈
푑푇

 (2.7) 

Apart from the heat generation model itself, in order to understand heat 
generation mechanism of the battery reaction, thermo-chemical and thermo-
physical properties of the cells should be determined: entropic heat 
coefficient, 푑푈/푑푇, and internal resistance, 푅 , on the one hand, and specific 
heat capacity, 퐶 , and thermal conductivity, 푘, on the other hand. These 
properties depend on the kind of active material and the cell constitution, and 
different procedures can be found in the literature for their determination. 

2.1.2 DETERMINATION OF THERMO-CHEMICAL PARAMETERS 

The internal resistance is one of the main basic parameters determining the 
performance (heat generation and energy efficiency) of lithium-ion batteries in 
automotive applications under high current loads. For a given battery voltage 
and weight, the internal resistance limits the specific power of a battery. As a 
premise for successful battery application, the knowledge of the battery´s 
internal resistance is essential because this parameter is needed for 
dimensioning the battery system, for selecting and comparing cells, for energy 
efficiency calculation, for dimensioning the cooling system of the battery and 
for power estimation [2.47]. Therefore, the precise knowledge of the internal 
resistance of a lithium-ion battery is one of the most important factors for the 
design to specific applications. 
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On the other hand, the use of intercalation compounds as safe lithium 
storage materials is one of the main characteristics of lithium-ion batteries. 
Ordering effects and phase transitions in lithium insertion compounds may 
have a strong impact on the entropy of intercalation. Knowledge of the 
entropy of reaction as a function of SOC (State of Charge) is therefore also 
important for understanding and predicting heat generation in lithium-ion 
cells. 

In this subsection, different experimental techniques found in the 
literature for the determination of both parameters are summarized. 

Internal Resistance 

Determining the internal resistance of batteries is difficult because the 
outcome of the measurement is not only governed by the ohmic behavior of 
the device, but also by its capacitive and inductive behavior. In addition, the 
behavior of lithium-ion batteries is strongly dependent on the measurement 
frequency and amplitude and the specific measurement procedure provokes 
additional non linearity such as temperature dependence and time variant 
behavior. Because of this behavior, the internal resistance is also a function of 
the method of determination. Experimental conditions have an impact on the 
outcome of measurements, too. Thus, sophisticated measurement procedures 
have to be used for measuring the resistive part of a lithium-ion battery [2.47]. 

Onda et al. [2.16, 2.48] estimated the internal resistance of a lithium-ion 
cell with four different methods. In order to determine the internal resistance 
by means of the first method, i.e. the voltage-current characteristics, both 
discharge and charge tests were performed at constant current and various 
temperatures. During the tests the cell voltage was measured and then 
converted into the voltage and current curves shown in Figure 2.1 (a) with the 
SOC parameter. The relationship between voltage and current was almost 
linear, so the slope gave the internal resistance for individual SOC.  

The overpotential was also determined by the difference between the 
OCV (Open Circuit Voltage) and the cell voltage. In [2.16], the OCV settled 
down for 20 h was taken, after the SOC was made to change to an individual 
value. The overpotential was given by dividing the difference between the OCV 
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and the cell voltage by the discharge current (Equation (2.19)). This method 
was also used by Bandhauer et al. [2.29].  

 

Figure 2.1. (a) 푉 − 퐼 characteristics with SOC parameter (b) Internal resistance 
measurement by intermittent discharge [2.16]. 

The third procedure used by Onda et al. [2.16] for the estimation of the 
cell internal resistance was the 60 s intermittent discharge method. The 
resistance was obtained as shown in Figure 2.1 (b) by dividing each voltage 
drop after the intermittent discharge corresponding to each SOC by the 
discharge current. SOC was dropped in 10% increments, however, an average 
SOC was used, as SOC changes after 60 s. Measurement by intermittent charge 
was performed in the same manner in [2.48]. The current interruption 
technique was also used by Al Hallaj et al. [2.49], Lu et al. [2.28], Hong et al. 
[2.17] and Schweiger et al. [2.47], although the procedure was slightly 
different.  

Finally, Onda et al. [2.16, 2.48] measured the internal resistance by the 
ac impedance meter. This method, also used in [2.47] and [2.50], is referred to 
as electrochemical impedance spectroscopy (EIS). EIS is an established and 
wide spread method to describe the dynamic behavior of electrochemical 
systems. With this method a frequency range from 1 mHz to 200 kHz is 
typically covered in order to investigate the frequency dependence of the 
impedance of a cell. An electrical stimulus (a known voltage or current) is 
applied to the system and the response is observed. The relation between 
applied voltage and measured current (or vice versa) is the impedance 
function of the system. The impedance data is represented by a Nyquist plot, 
Figure 2.2, and the value of the internal resistance is found at the intersection 



2.1 STATE OF THE ART 53 

of the semicircle and the Warburg straight line. This value is assigned to the 
sum of resistances of the electrolyte, the solid electrolyte interface and 
electron transfer reaction.  

 

 
Figure 2.2. Nyquist plot for a lithium-ion cell [2.47]. 

Schweiger et al. [2.47] also determined the internal resistance of a cell 
by different methods. First, according to the VDA procedure, the discharge 
resistance of the cell was measured by a constant current discharge pulse with 
duration of 18 seconds and a current rate of 20C. After a rest period of 40 
seconds, a 10 seconds charge pulse of 16.6C was applied to the cell in order to 
measure charge resistance. Cell voltages resulting from this current profile are 
shown in Figure 2.3 (a). Discharge and charge resistances were calculated by 
resulting voltage drop after current was switched on.  

The current pulse technique was also used in [2.50], but the cell was 
discharged with high pulse currents limited to 5C due to manufacturer 
specifications and the pulse duration was 12 s, followed by a rest period of 60 s 
after which there was virtually no further change of voltage. However, the 
PNGV Battery Test Manual [2.51] suggested an 18 second discharge pulse for 
resistance characterization. According to [2.52], 18 seconds is enough time for 
most of the transient behavior of the cells to die away. 
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Secondly, the current switch method was used by Schweiger et al. [2.47] 
for the determination of the internal resistance. In this method a discharge is 
directly switched to charge, Figure 2.3 (b). The main benefit was the increased 
voltage caused by the switch. Since a direct switch from discharge to charge 
occurred, the current amplitude was doubled. The voltage response was also 
doubled and a reduced error resulted due to the increased voltage response.  

 

 
(a) 

 
(b) 

Figure 2.3. Measurement of internal resistance: (a) according to VDA test procedure, 
and (b) by switching current from discharge to charge [2.47]. 
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Finally, a completely different method proposed in [2.47] for the 
determination of the internal resistance consisted of measuring Joule´s heating 
in an adiabatic calorimeter. For this to be possible, heat dissipated by the 
battery has to be governed only by Joule´s heating, i.e., the reversible heat 
effect has to be cancelled out. This was achieved by cycling the battery 
symmetrically (equal amounts of charge and discharge) around a given SOC 
with a charge neutral profile. Heat dissipated by the cell was calculated by the 
temperature increase, as the heat capacity of the cell was already known. 
Internal resistance of the cell was calculated according to Equation (2.8): 

푅 =
퐶 (푇 − 푇 )

∫ 퐼(푡) 푑푡
 (2.8) 

As aforementioned, the internal resistance is a function of the method 
of determination and experimental conditions have an impact on the outcome 
of measurements. Thus, a critical analysis of the different procedures found in 
the literature for the determination of the internal resistance was conducted in 
order to select the most sophisticated measurement procedures to be used in 
the present work. 

Determining the internal resistance by means of the voltage-current 
characteristics requires approximation techniques, such as the least squares 
approximation method, for the determination of the slope. Thus, it was not 
thought to be accurate enough and was not considered in the present work.  

The estimation of the internal resistance from the difference between 
the OCV and the cell voltage was also discarded due to the time required for 
the OCV to be measured after each SOC change.  

In the case of the current-off method, the main problem is that the 
choice of the second point for calculating the voltage difference is quite 
arbitrary, because the voltage curve of the battery is not well defined. 
Moreover, since the SOC is determined at the end of the current pulse, the 
internal resistance is not measured at the desired SOC of the battery. This is 
also the case of the current switch method, which in addition is very 
demanding to the slew rate of the measurement equipment’s power stage due 
to the change which occurs in the current’s sign [2.47].  
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Not measuring the internal resistance at the desired SOC might be a 
major drawback if the internal resistance of the battery is strongly SOC 
dependent [2.47]. However, this problem can be avoided if adequate current 
and pulse duration are selected when characterizing the internal resistance by 
means of a constant current discharge pulse as suggested by both the VDA 
procedure and the PNGV Battery Test Manual [2.51]. Therefore, this method 
was used in the present work. 

Although EIS has the big advantage that there is no distortion by the 
measurement, since only low power is utilized [2.47], the prerequisites for 
good impedance functions are linearity, causality, stability and finiteness of the 
examined system. Consequently, the recorded impedance function of a 
nonlinear system, such as electrochemical systems, is only valid in the 
neighborhood of the operating point [2.50]. In addition, impedance 
spectroscopy requires quite expensive equipment and the measurement is 
generally time consuming. Accuracy of the impedance spectroscopy is 
influenced by parasitic resistance, instrument set-up and principle uncertainty 
due to the limited frequency selectivity of the measuring method. Therefore, 
EIS was also passed over. 

Finally, due to the possibility for measuring Joule´s heating in an 
adiabatic calorimeter, the last method proposed by Schweiger et al. [2.47] was 
also selected, but only for validation purposes. As it will be later shown in 
Section 2.3.1, this indirect way of determining the internal resistance 
demonstrated the consistency of the constant current discharge pulse method 
proposed in this work. 

Entropic Heat Coefficient 

In most of the reviewed papers two methods are used in order to determine 
the entropic heat coefficient, potentiometry and calorimetry. 

In the former, the equilibrium cell voltage is directly measured as a 
function of temperature. The test starts with the cell at a fixed equilibrium 
voltage and the cell temperature is then increased stepwise. The equilibrium 
cell voltage is sampled during the temperature cycle in order to determine the 
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values of the entropic heat coefficient from the equilibrium cell voltage versus 
temperature data.  

The difference between the various works found in the literature lies 
mainly in the way in which the cell temperature is increased, the duration of 
each step in which the cell temperature is kept constant, the procedure to 
establish the desired SOC at the beginning of the test or the way in which the 
value of the entropic heat coefficient is determined from the experimental 
data. 

Hong et al. [2.17] applied currents to the heater coil wound around the 
cell in order to increase the cell temperature stepwise, while in [2.13], the cell 
was wrapped in one layer of polyethylene and placed in a water bath. In the 
latter, as well as in [2.14, 2.49], ramp temperature increase was used instead 
of increasing the temperature stepwise. In [2.16, 2.48], the battery was also 
set in a thermostat bath. However, in most of reviewed works open circuit 
voltage measurements were carried out in a climatic chamber [2.53, 2.29, 
2.15]. 

The stabilization time after each temperature increase varied from 1.5 h 
[2.53] to 6 hours [2.14, 2.49]. In most of the cases, the test regime was 
repeated for several SOCs. However, the time during which the cells were 
allowed to relax after each SOC change was remarkably different. In general, 
long times were required to ensure that the OCP (Open Circuit Potential) was 
steady. For example, Onda and co-workers [2.16, 2.48] waited 3 hours at each 
SOC tested (e.g., six test points in [2.16]) at four different test temperatures 
(10, 20, 30, and 40 oC). This results in at least 72 hours required for testing one 
battery. Yang and Prakash [2.32], and Lu et al. [2.28] considered the voltage 
stabilized within 0.1 mV/min, but the relaxation time after each temperature 
change was still 2 hours. In addition, Lu et al. [2.28] placed the cells discharged 
to different states of charge in a climatic chamber at 0 oC for 48 hours to 
ensure a uniform Li+ ion distribution throughout the working electrode before 
increasing the temperature in a range from 0 to 45 oC at intervals of 5 oC. 
Eddahech et al. [2.54] also left the cell for 48 hours after discharging it to the 
desired SOC and before the temperature was measured to minimize the self-
discharge effect. The climate chamber was then programmed in several steps 
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(15, 25, 35, 45 and 55 oC), lasting 6 hours each. Self-discharge can be important 
at these long wait times, especially at high SOC. Lu et al. [2.35], Hong et al. 
[2.17], and Onda et al. [2.48] all had difficulties maintaining stable voltages for 
a high SOC.  

Regarding the determination of the value of the entropic heat 
coefficient from the experimental data, various authors [2.17, 2.13, 2.29] 
calculated it from the equilibrium cell voltage vs. temperature plot as shown in 
Figure 2.4. The entropic heat coefficient at each SOC was determined from the 
linear slope calculated using the method of least squares over the entire 
temperature range. 

 

 
Figure 2.4. Entropy measurement of the Li-ion cell presented in [2.17]: (a) OCV 

measurement, (b) surface temperature, and (c) equilibrium cell voltage vs. 
temperature difference. 

In the cases in which ramp temperature increase was used [2.14, 2.49], 
the equilibrium cell voltage measurements were plotted against time and the 
corresponding entropic heat coefficient values were obtained by dividing the 
slope of the equilibrium cell voltage vs. time by the temperature ramp rate. 

Finally, in [2.15] the voltage response was fit to a function 푉(푡,푇) =
 퐴 +  퐵 · 푇 +  퐶 · 푡 with 퐴, 퐵, and 퐶 some constants, and B corresponding to 
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the entropic heat coefficient. This was the approach used in the present work, 
too. 

Though the entropy values measured potentiometrically are 
thermodynamically correct and may be used as reference data, they do not 
shed light on the nature of the heat effects in lithium-ion cells. In addition, this 
method requires a long time to stabilize the OCV. Therefore, a calorimetric 
determination of these heat effects is desirable.  

The calorimetric method utilizes the difference between heat sink and 
heat source during the same current charge and discharge of a battery set in 
ambient temperature condition. If the entropic heat coefficient is negative, the 
heat produced by entropy change is positive during discharge cycle (negative I) 
and negative during charge cycle. If the battery chemical reaction is reversible, 
the absolute values for the heat produced by entropy changes are assumed to 
be equal for the same charge and discharge current. The exothermic heat by 
overpotential could be assumed to be the same irrespective of the current 
direction. Therefore, when the experimentally determined quantities for the 
sensible heat (퐶 · 푑푇/푑푡) and the heat loss are put together into the energy 
balance equation (Equation (2.6)) keeping the same current for charge and 
discharge, the difference between the two values of the sum of the irreversible 
and the reversible heat measured for the discharge and charge cycles gives the 
double of the heat produced by entropy change [2.13, 2.14, 2.16, 2.17]: 

푞 . + 푞 , = 푞 ,  (2.9) 

푞 . + 푞 , = 푞 ,  (2.10) 

푞 . = −푞 ,  (2.11) 

For a complete thermodynamic cycle, 푞 ,  may be replaced by 
푞 ,  if current efficiency is 100% and the cell is assumed to be in the 
same chemical and thermal equilibrium before and after the cycle.  

푞 , = 푞 ,  (2.12) 

Then, 

2 · 푞 , = 푞 , − 푞 ,  (2.13) 
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The entropic heat coefficient determined by this method is an average 
over the range of SOC accessed during the charge and discharge, and 푞  is the 
total heat produced during a half cycle [2.13].  

This method was used in [2.13, 2.16, 2.17]. Jalkanen et al. [2.53] did a 
qualitative calorimetric experiment to confirm their potentiometric results. 
Thomas et al. [2.13], and Onda et al. [2.16] also showed that this method 
provides similar results to the potentiometric method. However, Hong et al. 
[2.17] observed that this method produced entropic heat coefficients that 
were a function of rate, which may be attributable to inaccuracies in their 
measurement technique [2.44].  

Another calorimetric method is to subtract an estimated irreversible 
heat from the total heat, the overpotential heat is typically (and most 
accurately) estimated by direct calculation of the overpotential using OCP and 
operating voltage data [2.33-2.35].  

In the calorimetric methods, the resolution as a function of SOC is 
limited by the size of the cell and the accuracy of the calorimeter [2.13]. The 
accuracy in the magnitude of the entropic heat coefficient at a given value of 
SOC is determined by the size of the cell and current density (i.e., by the signal-
to-noise-ratio), and the highest resolution in knowing that value of SOC is 
obtained with the largest cell that will remain isothermal during passage of 
current. For the potentiometric method, the highest accuracy in the magnitude 
of the entropic heat coefficient is obtained with the most thermally thin cells, 
and the resolution in SOC is limited only by the patience of the experimenter 
to repeat the experiment at different values of SOC [2.13]. 

To sum up, potentiometry is the most common method to measure the 
entropic heat coefficient. It is the most straightforward and easiest method to 
implement, but it does have a few minor drawbacks that have led other 
investigators to explore other methods. In this work, potentiometry was 
extensively studied and efforts were done in order to optimize the testing 
procedure. The calorimetric method was used to confirm the potentiometric 
results. 
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2.1.3 DETERMINATION OF THERMO-PHYSICAL PARAMETERS 

The fast heating of the cells can rapidly increase the internal temperature of 
the battery. This makes the heat storage term the most significant value in the 
energy balance, thus requiring the battery heat capacity to be precisely 
measured [2.44]. In addition, a discrepancy of nearly one order of magnitude 
in the value of the thermal conductivity would (in simulation) also lead to a 
difference of one order of magnitude for the predicted thermal gradient in the 
cell [2.55]. Thus, the thermo-physical characterization of a lithium-ion cell is 
obliged to be considered with similar care as the electrochemical 
characterization. 

The battery is a layered cell containing multiple materials with different 
thicknesses and thermal properties. Figure 2.5 (a) and (b) show cutout views of 
a typical lithium-ion cylindrical and pouch type cell, respectively. In the former, 
a composite layered material made up of an anode, cathode, separator and 
current collectors is soaked in electrolyte and rolled in a Swiss roll fashion. 
Electrode tabs are present at the ends of the cell to collect and conduct 
electric current to the external cell terminals. Pouch type cells are constructed 
by stacking electrode and electrolyte materials in a flat sandwich, rather than 
by winding them in a jelly roll fashion. 

Due to this construction, the nature of radial/transversal thermal 
transport is expected to be significantly different from axial thermal transport 
in cylindrical/pouch type lithium-ion cells. While in the radial/transversal 
direction, heat flow is expected to be impeded by several thermal contact 
resistances between the thin layers, in the axial direction, thermal conduction 
is expected to occur primarily along the current collector materials, which 
often run continuously in the axial direction [2.56]. Thermal contacts between 
materials in microsystems often present significant thermal resistance, 
sometimes even greater than the material thermal resistance itself [2.56]. Due 
to this expected anisotropy of thermal transport, it is important to 
experimentally measure the radial/transversal and axial thermal conductivities, 
since the assumption of isotropic thermal transport properties in lithium-ion 
cells design will either underpredict or overpredict the temperature field, both 
of which are undesirable. 
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(a) 

 
(b) 

Figure 2.5. Cutout views of typical (a) cylindrical and (b) pouch type lithium-ion cells. 

Specific heat capacity 

Saito et al. [2.57] estimated the apparent specific heat capacity of the battery 
by the scanning method. First, the cell was held at 30 oC for 24 h before 
temperature scanning was started. The scanning range of temperature was 
between 30 and 70 oC and the scanning rate was controlled at 0.1 oC·min-1. 
After the scanning, the sample was cooled down and held at 30 oC again for 4 h 
to obtain isothermal baselines. A similar method was also used by Onda et al. 
[2.48]. 

In [2.58], two different methods of measuring the specific heat capacity 
were used: (i) transient temperature measurement, and (ii) adiabatic 
calorimetry. In the former, the external heat transfer coefficient, determining 
heat loss from the assembly, was first measured using a reference sample 
shaped to the geometry of the lithium-ion cell. The cell was then heated. After 
cutting off the power to the heater, both cell temperature and ambient 
temperature were monitored until the temperature difference 
(sample/ambient) was less than 1 K. Convection cooling was prevented by 
making the cavity fit the reference sample or cell closely. 

An energy balance, Equation (2.14), was used to calculate the specific 
heat capacity of the cell: 

= 1 − 푒  where 휏 =  and 푇 = 푇 + 푄̇/ℎ퐴 (2.14) 
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푄̇ refers to the heat supplied by the heater. The other symbols refer to 
the sample. 푡 is the time elapsed since the start of the heating, and 푇  the 
temperature when the steady state is reached. 

This method was also used by Onda et al. [2.16]. To check the result 
obtained with this methodology, Maleki et al. [2.58] also determined the value 
of the specific heat capacity directly using adiabatic calorimetry. In this case, 
the reference sample was first used to determine the calorimeter constant, 
i.e., total heat capacity (퐾, [J·K-1]). To determine the specific heat capacity of 
the lithium-ion cell, the hot bath oil/room-temperature sample procedure was 
adopted. The temperature difference cell/bath oil was monitored from the 
initial difference to thermal equilibrium, Figure 2.6. The specific heat capacity 
was calculated from Equation (2.15):  

퐾(∆푇) = 푚퐶 ∆푇 = 푚퐶 ∆푇     (2.15) 

According to Maleki et al. [2.58], adiabatic calorimetry yielded more 
reliable results than the transient temperature measurement method.  

 

 
Figure 2.6. Typical profile of temperature vs. time obtained by using hot bath/room-
temperature procedure, for calculation of the specific heat capacity of the battery 

[2.58]. 

Schmidt et al. [2.59] proposed the electro-thermal impedance 
spectroscopy (ETIS) for the identification of the passive thermal behavior (heat 
conduction and thermal capacity) of lithium-ion cells with arbitrary geometry 
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and size. With the electro-thermal analogy, the thermal capacity can be 
translated into a capacitance and thermal resistance into an electrical 
resistance. Every thermal system can be described by a thermal impedance 
that consists of combinations of these elements. If the temperature difference 
over a thermal system is known, the heat flow can be calculated using the 
thermal impedance and vice versa.  

In this case, heat generation is stimulated by the current flowing through 
the cell and the temperature increase on the surface of the cell is measured. 
The obtained thermal impedance is approximated by a thermal equivalent 
circuit model in analogy to well-established electrical equivalent circuit 
models. The thermal equivalent circuit model is then parameterized and 
elements like resistance and capacitance can be interpreted in terms of a 
thermal model [2.59]. 

This nondestructive method (cell opening for core temperature 
measurements is not required) was firstly introduced by Barsoukov et al. 
[2.60]. In [2.55, 2.61], the method was extended to a three dimensional system 
and by using a discretized three dimensional thermal model, the specific heat 
capacity and heat conductivity in three dimensions of a cylindrical and a 
prismatic lithium-ion cell were obtained, respectively. 

Forgez et al. [2.15] used a similar approach, but without using a thermal 
impedance to determine both the thermal capacity and the thermal resistance 
of a lithium-ion cell. The battery temperature was raised using symmetrical 
and periodic current pulses as the heat source during one hour, after which the 
current was turned off to allow for temperature relaxation. A thermal steady 
state was reached after around an hour under current pulses. 

The internal temperature of the center of the cell was monitored by 
means of a thermocouple inserted into the cell. The surface temperature was 
monitored, too. The thermal resistance was determined from the thermal 
steady state part while the transient part allowed for the determination of 퐶  
as in the transient temperature measurement method explained previously. As 
in the ETIS method, the energy balance was represented using an equivalent 
electric circuit, Figure 2.7, where capacitors and resistors were used for 
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accumulation terms and heat transfer phenomena, respectively, and a current 
source was used for the heat source term, 푄̇.  

 

 
Figure 2.7. Simple lumped model [2.15]. 

The main drawback of this last method was the need for measuring the 
internal temperature of the cell. In the case of the ETIS method, depending on 
how it is performed, in time-domain or in frequency-domain measurements, a 
complex mathematical transformation to calculate the thermal impedance 
may be required or the time for the test may be too long. Therefore, the heat 
capacity of lithium-ion cells was measured by means of an adiabatic 
calorimeter in the present work. 

Thermal conductivity 

As it has just been explained thermal impedance spectroscopy is one of the 
most novel methods for the determination of the thermal conductivity in 
lithium-ion cells. However, in the literature, thermal conductivities are 
measured by different approaches. 

The most common method is a heat flux measurement. In both works by 
Maleki [2.58] and Brooman [2.62] this approach was discussed. The method 
mainly consists of using a heat flux perpendicular to the measured samples. In 
[2.62], the comparison technique was used to determine the thermal 
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conductivity of lithium-ion cells; if the heat flow through the cell in question 
and a reference material is maintained constant, then the temperature drop 
across each is inversely proportional to the thermal conductivity of each and 
directly proportional to the distance the heat flux traverses in each as shown in 
Equation (2.16): 

푘
푘

=
∆푇
∆푇

·
푑
푑

 (2.16) 

where 푘  is the thermal conductivity of the cell with cross-sectional area 
퐴 and thickness 푑 , 푘  is the thermal conductivity of the reference material, 
also having a cross-sectional area 퐴, but a thickness 푑 , 훥푇  is the measured 
temperature drop across the cell, and 훥푇  that across the reference material. 

The value of the radial thermal conductivity in a cylindrical lithium-ion 
cell was identified by cell heat flux measurements with internal thermocouples 
in [2.55], too. Herein, heat was inserted via a resistive heater on the surface of 
a deep discharged and extracted jelly roll. The inner core of the cell was 
replaced by a cooling element. The applied test setup can schematically be 
seen in Figure 2.8. The objective was to reduce the thermal heat transfer 
system to a one-dimensionally describable heat transfer problem minimizing 
the axial heat dissipation. For this to be possible, they enlarged the 
experimental setup to three cells connected in series. All three cells were 
expected to produce a similar amount of dissipation heat and to possess a 
similar radial heat transfer coefficient on the can surface. Thus, the cells got 
heated up during operation to a similar temperature range. In consequence, a 
falsifying heat flow between the cells was minimized by similar terminal and 
jelly roll temperatures. Considering the geometrical conditions of the 
experiment, the radial thermal conductivity was calculated via the 
temperature difference from the outer to inner jelly roll surface. 

Based on the same philosophy of the heat flux measurement method, a 
novel technique to measure both the anisotropic thermal conductivity and the 
heat capacity of Li-ion cylindrical cells by using adiabatic unsteady heating was 
proposed in a recent work by Drake et al. [2.56]. The method utilizes the 
thermal response of the cell to axial or radial heating in an adiabatic 
configuration. An analytical heat transfer model was developed for modeling 
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temperature distribution during such adiabatic heating which allowed the 
simultaneous determination of the heat capacity and the radial thermal 
conductivity of the cell under test. 

 

 
Figure 2.8. Experimental setup used in [2.55]. 

Further methods of the thermal conductivity determination can be 
found in the literature, such as the Xenon-Flash method by Maleki et al. [2.58] 
and Nagpure et al [2.63]. The front face of the sample is subjected to a short 
pulse of a xenon flash lamp, and the temperature rise at the rear face of the 
sample is measured as a function of time. From these measurements the 
thermal diffusivity is first calculated. The thermal conductivity of a stack of 
components is then calculated from the product of the thermal diffusivity, , 
with the effective density, , and the effective heat capacity, 퐶 . 

Maleki et al. [2.58] conducted two sets of  measurements and both 
cross-plane and in-plane conductivities were measured. 

Another approach which is often applied is to consider the individually 
measured thermal resistances of the different layers within a lithium-ion cell as 
if they were connected in series. The heat contact resistance between the 
different layers of the electrode stack is often neglected [2.64]. Because the 
thickness of each layer is very small, significant computational time is 
consumed when attempting to resolve heat flowing in each layer. Instead, the 
battery unit cell is typically modeled as a uniform layer with anisotropic 
thermal conductivity (and uniform heat generation) as follows [2.44]: 

푘 =
∑푘 푡
∑ 푡

 (2.17) 
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푘 =
∑푡

∑ 푡
푘

 
(2.18) 

However, values of thermal resistances of the different layers in a 
lithium-ion cell are rarely provided by cell manufacturers. Thus, cells would 
need to be disassembled in order to measure those values. 

From this brief review of the most common methods of thermal 
conductivity characterization, it can be concluded that most of them are 
generally extensive, cost-intensive, and cell destructive [2.55]. High 
measurement and preparation efforts are required to gain authoritative 
results. Therefore, for this research project, none of the aforementioned 
methods was used, but the thermal conductivity was determined according to 
the ISO Standard (ISO/DIS 22007-2.2) as it will be later described in Section 
2.2.6. 

To sum up, in this section the work done by several authors in order to 
quantitatively evaluate the total heat generation has been presented. Different 
procedures found in the literature to determine thermo-physical and thermo-
chemical properties of lithium-ion cells have been analyzed and the methods 
selected for this work have been introduced. In the following section, the 
methods used in this work for the determination of the heat generation model 
parameters will be thoroughly described. The obtained results will be 
presented in Section 2.3. 

2.2 EXPERIMENTAL DETERMINATION OF THERMAL 
PARAMETERS 

The first main objective of this chapter is to calculate the heat generation 
during the charge and discharge processes of lithium-ion cells, and 
subsequently develop a method for obtaining the thermo-chemical and 
thermo-physical parameters which characterize their thermal behavior.  

The thermal behavior of lithium batteries depends essentially on their 
chemistry and technology, i.e., positive electrode materials and cell design 
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(prismatic, cylindrical or pouch type). Indeed, thermal stability is strongly 
related to the electrolyte characteristics: conductivity, viscosity, and 
electrochemical stability, which, in turn, depend on its composition, such as 
the lithium salt used [2.54]. 

The developed heat generation model and the different types of 
thermally characterized lithium-ion cells will be first presented in this section. 
Then, the methodology and the experimental devices used for the 
determination of the parameters which characterize the thermal behavior of 
lithium-ion cells will be described. 

2.2.1 HEAT GENERATION MODEL 

As it has been stated in Section 2.1.1, the heat generation model adopted in 
the present thesis is based on the general energy balance equation presented 
by Bernardi et al. [2.7], with the simplifying assumptions that subsequent 
researchers have demonstrated to be valid for batteries designed for high 
power applications: uniformity of the temperature in the core region of the 
cell; use of averaged thermo-physical properties; insignificant side 
electrochemical reactions; no phase change effects and negligible heat of 
mixing. 

All the above simplifications lead to the heat generation model 
presented by Forgez et al. [2.15]. This heat generation model, Equation (2.7), 
was adopted in the present work because of three main characteristics: 

 It is valid for any cell chemistry. 
 It is relatively simple and thus can be integrated in a battery thermal 

management system model. 
 Its parameters can be experimentally determined. 

However, in the present work the overpotential heat, 푞̇ , was described 
using the following equation: 

푞̇ = 퐼(푉 − 푈) = 퐼 푅  (2.19) 
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In this way, the overpotential heat could be determined from the 
internal resistance, 푅  [2.48, 2.54]. This yielded the following equation for the 
heat generation model adopted in the present thesis: 

푞̇ = 퐼 푅 + 퐼푇
푑푈
푑푇

 (2.20) 

2.2.2 CELL SELECTION 

The heat generation model presented in the previous subsection should be 
universally valid for different cell chemistries and packages. In this subsection 
the three different lithium-ion cells selected for this study will be presented. 

The first sample, Figure 2.9 (a), was a commercial polymer lithium-ion 
battery (TENERGY, Model 30123). It is a pouch-type cell that is 9.8 mm thick, 
59.5 mm wide and 157 mm long and weighs approximately 210 g. The 
electrochemical system is conformed as follows: graphite is used for the 
negative electrode, lithium cobalt (LiCoO2) for the positive electrode, and the 
electrolyte is a solution of lithium hexafluorophosphate (LiPF6) in a mixture of 
organic solvent (ethylene carbonate, EC, diethyl carbonate, DEC, and 
propylene carbonate, PC). The nominal battery voltage is 3.7 V, the average 
value obtained during discharge at 0.2C and 25 oC, and the nominal electric 
capacity is 10.5 Ah. 

The second sample, Figure 2.9 (b), was also a commercial polymer 
lithium-ion battery (KOKAM, SLPB100216216H). It is a pouch-type cell that is 
10.7 mm thick, 214 mm wide, and 222 mm long and weighs approximately 
1030 g. The electrochemical system is conformed as follows: carbon is used for 
the negative electrode, lithium cobalt manganese nickel oxide (LiMnNiCoO2) 
for the positive electrode, and the electrolyte is a solution of lithium 
hexafluorophosphate (LiPF6) in a mixture of organic solvent (ethylene 
carbonate, EC, and ethylmethyl carbonate, EMC). The nominal battery voltage 
is 3.7 V, and the nominal electric capacity is 40 Ah.  

The third sample, Figure 2.9 (c), used for this study was a cylindrical high 
power lithium-ion cell (A123 SYSTEMS, ANR26650m1-B). It is 65 mm long, it 
has a 26 mm diameter and weighs approximately 72 g. The primary difference 
with polymer lithium-ion batteries is that the lithium-salt electrolyte is not held 



2.2 EXPERIMENTAL DETERMINATION OF THERMAL PARAMETERS 71 

in a solid polymer composite but in an organic solvent. In this case, the 
electrolyte is carbonate-based lithium-salt. In addition, the electrochemical 
system is conformed by a nanophosphate cathode and a graphite anode. 
LiFePO4, LFP, is considered to be thermally stable, which makes it very 
reasonable material for large size applications [2.53]. The nominal battery 
voltage is 3.3 V, and the nominal electric capacity is 2.3 Ah. 

 

   
(a) (b) (c) 

Figure 2.9. Sample cells used for the parameterization of the heat generation model: 
(a) TENERGY, (b) KOKAM, and (c) A123 SYSTEMS. 

Cell properties are summarized in Table 2.1. These cells were selected 
for different reasons. The most common anode material is some form of 
carbon, usually graphite. Therefore, the three cells were selected to have the 
same anode material. However, 3 different cathode materials were 
considered: (i) LiCoO2 (LCO) since it is the most common cathode material 
commercially [2.65] and provides cells with an excellent specific energy, (ii) 
LiMnNiCoO2 (NMC) for being the preferred candidate for electric vehicles 
[2.66], and (iii) LiFePO4 (LFP) because it possesses superior thermal and 
chemical stability, which provides better safety characteristics than those of 
other lithium-ion technologies [2.65]. 

Regarding cell geometry, two different packaging types were selected: 
(i) the cylindrical design, one of the most widely used packaging types, and (ii) 
the pouch type packaging, which makes the most effective use of space and 
achieves a 90 to 95% packaging efficiency, the highest among battery packs. 

In order to calculate heat generated within the three samples by means 
of Equation (2.20), two parameters needed to be determined: the internal 
resistance, 푅 , and the entropic heat coefficient, 푑푈/푑푇. 
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Table 2.1.Main properties of the sample cells used in this study. 

 TENERGY KOKAM A123 SYSTEMS 
Cathode LCO NMC LFP 
Anode Graphite Carbon Graphite 

Electrolyte 
LiPF6 in organic 

solvent 
LiPF6 in organic 

solvent 
Carbonate-based, 

Li salt (LiPF6) 

Dimensions 
9.8 mm x 

59.5 mm x 
157 mm 

9 mm x 
215 mm x 
220 mm 

26 mm  x 
65 mm height 

Nominal 
Capacity, Ah 

10.5 40 2.3 

Nominal 
Voltage, V 

3.7 3.7 3.3 

Charge 
Current 

Standard 0.2C, Max. 
1C 

Max. Continuously: 
3C 

Max. to 80% SOC: 
4C 

Discharge 
Current 

Continuously 5C, 
Max. 10C 

Max. Continuously: 
8C 

Max. 
Continuously: 28C 

Operation 
Temperature 

Charge: 045 oC 
Discharge: 060 oC 

Charge: 1045 oC 
Discharge: 4060 oC 

-3055 oC 

Storage 
Temperature 

1 month: -2045 oC 
3 month: 030 oC 
6 month: 205 oC 

1 week: 4060 oC 
3 month: 2540 oC 
1 year: -2025 oC 

-4060 oC 

2.2.3 INTERNAL RESISTANCE 

Precise knowledge of the internal resistance of a lithium-ion battery is a key 
factor for designing to specific applications [2.47]. The lower internal 
resistance the battery cell has, the lower the heat generation in the cell will be. 
The internal resistance depends on the thermal and chemical equilibriums, 
therefore meaning it is a function of cell temperature and SOC. 

As it has been presented in Section 2.1.2, the internal resistance 
depends strongly on the method used for its determination. In this study the 
most widely used methodology for the determination of the internal resistance 
was used, which consisted of constant current discharge pulses [2.47, 2.50, 
2.52]. The consistency of this method was demonstrated by additionally 
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determining the internal resistance by means of Joule´s heating measurements 
in an adiabatic calorimeter. 

Experimental equipment 

Although the performance of a Li-ion cell is known to be strongly dependent 
on temperature, battery suppliers and manufacturers seldom provide the 
temperature dependent characteristics of a cell. In response to this need, 
various methods to control and monitor thermal conditions have been 
investigated. In this work a climatic chamber (CTS, Clima Temperatur Systeme) 
was used for experiments which required constant temperature, Figure 2.10 
(a). The climatic chamber maintained the desired cell temperature within 0.3 
K and had a test space capacity of 200 liters.  

 

  

 
 
 
 

 

(a) (b) (c) 
Figure 2.10. Experimental equipment used for internal resistance measurements by 
means of constant current discharge pulses: (a) climatic chamber, (b) cycler, and (c) 

voltmeter. 

An accelerating rate calorimeter, ARC, (THT, EV Standard Calorimeter) 
was used for experiments which required an adiabatic environment (Figure 
2.11). An ARC is an adiabatic calorimeter, instead of the isothermal calorimeter 
described in the literature as typically used for battery measurements [2.67]. 
Heat transfer is zero for an adiabatic calorimeter. This is ensured by heaters 
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inside the wall of the calorimeter. It has 8 heaters. The size of the sample 
holder of this instrument is 25 cm in diameter and 50 cm in depth, large 
enough to insert the test battery. It has a precision of 0.2% and an accuracy of 
0.7%. Accuracy of the energy measurements by the calorimeter of about 1% 
was determined by error calculation between the energy provided to an 
aluminum block with known heat capacity and the energy calculated from the 
temperature increase measured in the calorimeter for that aluminum block.  

The operation mode of the accelerating rate calorimeter is as follows: A 
thermocouple is tied to the sealed sample inside the calorimeter. The 
controller is programmed to increase the calorimeter´s temperature to an 
initial temperature, T0. The temperature of the sample increases due to 
convection and radiation heat exchanges. Once the temperature of the 
samples equals T0, the walls of the calorimeter are maintained at a 
temperature, T-ε, where ε is very small. The heat flux from the sample to the 
walls of the calorimeter is proportional to ε. Thus, it can be considered 
negligible and the calorimeter is assumed to operate in adiabatic conditions. 

 

 
Figure 2.11. Accelerating rate calorimeter for internal resistance measurements by 

Joule´s heating. 

If the sample undergoes chemical reactions that generate heat, the 
sample temperature will rise. Any temperature increase in the sample will be 
matched by a temperature increase in the environment. If the self-heating rate 
is greater than the lower threshold of 0.02 oC/min, then the ARC proceeds into 
exotherm mode and the self-heating is followed until the rate falls below the 
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detection limit or until the endpoint temperature is reached. Thus, the 
adiabatic self-heating rate of the sample can be measured as a function of time 
and temperature. 

During the experiments the battery was connected to a programmable 
cycler (IBT, Industrial Battery Tester, which runs with Digatron/Firing Circuits 
well-known BTS-600 software for data evaluation) for charge and discharge of 
the battery, Figure 2.10 (b). The accuracy of the current and voltage 
measurements is 0.1% (full scale) in the range of 0.01-100 A and 0-6 V, 
respectively.  

The battery was also connected to a voltmeter (Agilent 34970A) to 
measure the battery voltage and temperature, Figure 2.10 (c). The voltmeter 
accuracy specifications are (0.0035% of reading + 0.0005% of range) for 
voltage and 1 oC for temperature. These specifications include measurement 
error, switching error and transducer conversion error. In the case of 
temperature measurements, in addition to considering the accuracy of the 
measurement hardware, the inherent accuracy of the thermocouple has to be 
considered, too. Thermocouples used were of type J. The maximum error 
permitted for this type of thermocouples in accordance with IEC584-2 (1982) is 
1.5 oC between 0 and 200 oC. They have a sensitivity of ~52 µV·oC-1. 

During calorimetric tests, the temperatures were recorded in a data 
logger Omega TC-08. Thermocouples used with the data logger were of type K 
(from Omega). The maximum error permitted for this type of thermocouples in 
accordance with IEC584-2 (1982) is 1.5 oC between 0 and 200 oC. They have a 
sensitivity of ~41 µV·oC-1. 

Methodology for experimental tests 

Constant current discharge pulses with duration of 18 seconds and a current 
rate of 1C were performed while the voltage response was monitored in order 
to determine the overpotential resistance as a function of the state of charge 
and the temperature. The 18 second and 1C pulse length and amplitude, 
respectively, were selected from an analysis of variance (ANOVA) of a full 
factorial experiment in which the effects of the pulse length and amplitude on 
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the internal resistance value were studied. The analysis will be later detailed in 
the results section (Section 2.3.1). 

The schematic in Figure 2.12 depicts the methodology for the 
experimental tests. For the determination of the internal resistance at a fixed 
SOC, the SOC of the cell was first changed using a 0.2C current at constant 
temperature and the battery was subsequently allowed to relax at the same 
temperature. 5 hours was thought to be enough for the cells to relax. Once the 
OCP was relaxed, a discharge pulse (1C, 18 s) was applied to the cells. As a 
result of the pulse, cell voltage deviated from the OCP, so another relaxation 
period was required before the next SOC change. After determining the 
internal resistance at different SOCs and a certain temperature, the same 
procedure was repeated for different temperatures. A SOC range from 20% to 
80% was studied as this is the range in which cells operate in most real 
applications, while the temperature range recommended by the cells 
manufacturers was considered. 

 

 
Figure 2.12. Schematic of the methodology for internal resistance measurements as a 

function of both temperature and SOC. 
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Experiments were performed with both fully discharged and fully 
charged cells. In the first case the SOC of the cell was changed by a charge 
process (Figure 2.13) while, in the second case, the SOC was changed by a 
discharge process. In addition, experiments were repeated for various cells of 
each type in order to check whether the dispersion between them was 
negligible.  

 

 
(a) 

 
(b) 

Figure 2.13. Example of a test for internal resistance measurement at a constant 
temperature for various SOCs (a) voltage response (b) current profile. 

During the experiments which required constant temperature, the cell 
was placed between two aluminum cooling profiles (Figure 2.14) to favor the 
thermal stability due to the high thermal mass of the aluminum compared to 
the battery. In addition, cell temperature gradients caused by current profiles 
were within deviations caused by the temperature chamber. 

A zoom of the voltage response to a current pulse is shown in Figure 
2.15. The instantaneous voltage drop is mainly due to the ohmic resistance of 
the cell and partially due to the concentration polarization. The voltage drop 
due to ohmic resistance is a very fast process, characteristic of electron flows 
that take place in picoseconds. The relaxation voltage drop corresponds mainly 
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to concentration polarization in the liquid electrolyte and in the solid electrode 
materials. Especially the latter is a very slow process, characteristic of solid 
state ionic diffusion [2.49].  

 
 
 

 
(a) 

 
(b) 

Figure 2.14. Aluminum cooling profiles used to keep cell temperature 
at the desired one: (a) pouch cells and (b) cylindrical cells. 

Both the OCP and the resistance are assumed to be constant over the 
pulse period. The final equilibrium voltage of the battery is correlated to SOC, 
and the internal resistance of the battery is determined according to the 
following equation: 

푅 =
푂퐶푃 − 푉

퐼
=
푉 − 푉

퐼
 (2.21) 

where 푉  and 푉  are shown in Figure 2.15.  

 

 
Figure 2.15. Schematic representation of battery voltage response under a current 

pulse. 
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Internal reactance of a battery can be also determined by Joule´s 
heating with an adiabatic calorimeter if the battery is cycled symmetrically 
(equal amounts of charge and discharge) in order to check the values obtained 
with the selected method previously described. For most of lithium-ion 
batteries the reversible heat effect during charging is initially endothermic, and 
then turns to slightly exothermic during most of the charging cycle. During 
discharge, the reaction is reverse [2.47]. Therefore, symmetrical and periodic 
current pulses were applied to the battery in order to raise its temperature 
and to hold it at an average state of charge over time. In this way, the 
reversible heat effect was cancelled out, and only Joule´s law governed heat 
dissipated by the battery. With knowledge of the heat capacity of the battery, 
heat generated by the cell could be calculated by the temperature increase 
measured inside the calorimeter during the test in adiabatic conditions. The 
same test was reproduced at different SOCs in order to get the SOC 
dependence of internal resistance by means of Equation (2.22). 

푀퐶
푑푇
푑푡

= 퐼 · 푅 →  푅 (푇) =
푀퐶 푑푇

푑푡
퐼

 (2.22) 

According to Forgez et. al [2.15], who also made measurements under 
current pulses, whatever the magnitude of the current pulses, the 
temperature dynamics seem to be similar. Therefore, current pulses with 
duration of 18 seconds and a current rate of 1C were performed, that is, the 
same pulses as the ones carried out for determining the internal resistance by 
constant current discharge pulses. As the pulses needed to be symmetrical, 
this method could only be used until SOCs where the charge process is made 
by constant current. 

Figure 2.16 shows an example of the temperature increase measured for 
a cell at a fixed SOC during the symmetrical and periodic pulses. It can be seen 
that a thermal steady state is reached after around 17 hours under current 
pulses. A similar temperature dynamics could also be seen for the 
LiFePO4/graphite lithium-ion battery tested by Forgez et. al [2.15]. 
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Figure 2.16. Example of the test performed to measure the internal reactance of the 
battery with the calorimeter. Variation of voltage, current, capacity and temperature 

with time. 

2.2.4 ENTROPIC HEAT COEFFICIENT 

The entropic heat coefficient must be also determined in order to calculate the 
heat generation within the cell. As it is gathered in Section 2.1.2, several 
methods are used to estimate the entropic heat coefficient; however, 
potentiometry is the most common method, as it is the most straightforward 
and easiest method to implement [2.44]. 

Experimental equipment 

Exactly the same equipment as for the internal resistance measurements by 
means of constant current discharge pulses was used for the potentiometric 
determination of the entropic heat coefficient, too (Figure 2.10). A very exact 
voltage measurement (1 mV) was required for these measurements, 
especially for cells with high capacity, due to the fact that small voltage 
differences result in a relatively high entropic heat [2.68]. 
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Moreover, exactly the same equipment as for the calorimetric internal 
resistance measurements was used for the calorimetric determination of the 
entropic heat coefficient, too (Figure 2.11). 

Methodology for experimental tests 

Open Circuit Potential (OCP) experiments were performed in order to 
potentiometrically determine the entropic heat coefficient as a function of 
SOC. The schematic in Figure 2.17 depicts the methodology for the 
experimental tests. The cell was charged or discharged to a particular SOC and 
then allowed to relax (5 h). The cell temperature was varied in the climatic 
chamber (3 h at 25 oC, 3 h at 5 oC, 3 h at 15 oC, 3 h at 40 oC, 3 h at 55 oC, and 3 h 
at 25 oC) for a given SOC. The time required for cells to equilibrate after 
charging/discharging was expected to be considerably longer than that 
required for temperature equilibration, because the characteristic time for the 
thermal inertia is shorter than that of diffusion of lithium through the solid 
electrode phase. 

This methodology was used because Thomas et al. [2.13] emphasized 
that it was more convenient to vary the cell temperature for a given SOC 
rather than the reverse, for reducing the error from self-discharge when 
measuring the entropy of reaction potentiometrically.  

The temperature range in the thermal cycle was defined based on the 
temperature range in which cells operate safely according to cell specification 
sheets (Table 2.1). The other temperatures were chosen randomly in order to 
have both temperature increases and decreases in the thermal cycle. The time 
of each temperature step was given by the time needed for the OCP to 
stabilize after each temperature change. However, in order to confirm the 
independence of the results with the thermal cycle, experiments were 
repeated applying a different thermal cycle (3 h at 26 oC, 3 h at 16 oC, 3 h at 6 
oC, 3 h at 21 oC, 3 h at 36 oC, and 3 h at 26 oC).  

In addition, the effect of the process previous to the thermal cycle on 
the results was also studied, performing experiments with both a fully 
discharged and a fully charged cell. In the first case, the SOC of the cell was 
changed by a charge process and then the thermal cycle was carried out. This 
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procedure was repeated until the cell was fully charged. In the second case, 
the SOC of the cell was changed by a discharge process, performing a thermal 
cycle after each SOC change until the cell was fully discharged. 

 

 
Figure 2.17. Schematic of the methodology for entropic heat coefficient measurements 

as a function of SOC. 

Experiments were repeated for various cells to check that the dispersion 
between them was small enough and that the results obtained for a cell were 
capable of describing the behavior of any cell of the same type. 

Figure 2.18 provides an example of the voltage variation observed 
during one of the experiments while the thermal cycle was applied. In order to 
extract the entropic heat coefficient from this data, the voltage was fit to a 
function 푉(푡,푇) =  퐴 +  퐵 · 푇 +  퐶 · 푡 where 퐴, 퐵 and 퐶 are constants and 퐵 
corresponds to the entropic heat coefficient, 푑푈/푑푇 [2.15]. The constants 퐴, 퐵 
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and 퐶 were determined by the function “fminsearch” of Matlab which used 
the Nelder-Mead method [2.69] to minimize the deviation from the 
experimental OCP and the OCP calculated by the fitting function.  

According to the fitting function, the voltage trace is linear in time (with 
a slope equal to constant 퐶) when the temperature in the climatic chamber is 
constant, that is, for every quasi-horizontal stretch of the experimental 
measurements in Figure 2.18. The voltage trace is also linear in temperature, 
as highlighted in the inset in the same figure, where the average values of the 
voltages measured during each step of the thermal cycle where the 
temperature was constant are represented over temperature, respectively. 
The slope of these points corresponds to the entropic heat coefficient which 
coincides with the 퐵 coefficient of the fitting bilinear function. 

 

 
Figure 2.18. Example of the voltage variation for a TENERGY cell during thermal cycle 

for SOC 50%. The auxiliary window shows the linear dependency of the voltage on 
temperature. 

A calorimetric determination of the entropic heat coefficient was also 
carried out for validation of the selected methodology. Irreversible heat 
generation was assumed to be the same during charge and discharge 
processes, so the entropic heat coefficient was calculated by means of 
Equation (2.23): 
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푑푈
푑푇

=
푞 − 푞

푇 · 퐼 · (푡 + 푡 ) (2.23) 

Therefore, the entropic heat coefficient was measured calorimetrically 
by charging and discharging the cell at 1C inside the accelerating rate 
calorimeter (adiabatic environment). In this conditions heat generated during 
charge and discharge processes could be easily calculated from the 
temperature increase that occurred in each process, respectively. 

In order to determine the entropic heat coefficient corresponding to a 
fixed SOC, a fully charged cell was first discharged a 10% more than the fixed 
SOC. Some relaxation time was then required for the temperatures of the cell 
and the calorimeter to stabilize. Once they were stabilized, the cell was 
charged and discharged a 20%, respectively. It should be taken into account 
that the entropy of reaction determined with this method was an average over 
the SOC values at which each experiment started and finished respectively, 
and that 푞 was the total heat produced during a half cycle. 

Although not for the parameterization of the heat generation model, 
other properties of the cells were also determined for their thermal 
characterization, since it is also critical to measure and understand 
fundamental thermal transport properties of a Li-ion cell for accurate system-
level modeling and design [2.56]. These properties included the heat capacity 
and the thermal conductivity of the cells which are also important in 
evaluating the thermal design of batteries. 

2.2.5 HEAT CAPACITY 

A lithium-ion battery is a composite construction containing aluminum, copper 
and many other materials. As such, it does not have a “specific” heat capacity, 
but an average heat capacity influenced by the specific heats of each material 
that makes up the cell. 

Several methods [2.57, 2.58] have been used to quantify the average 
heat capacity. However, adiabatic calorimetry is the most standard method 
used to quantify heat capacity in battery systems. Therefore, this method was 
used in this study. 
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Experimental equipment 

An accelerating rate calorimeter, ARC, (THT, EV Standard Calorimeter) was also 
used to establish the baseline condition necessary for measuring the heat 
capacity of the cells (Figure 2.11).  

In addition, for the determination of the average heat capacity, heating 
was provided by a variable voltage GPR-3510HD Power Supply, Figure 2.19. It 
has a high resolution of 0.01% and an accuracy of (0.5% of reading + 2 digits). 

 

 
Figure 2.19. Power supply used for heat capacity measurements. 

Methodology for experimental tests 

Adiabatic calorimetry consists of heating two cells with a known amount of 
power supplied by a planar resistance placed between them (Figure 2.20) in an 
adiabatic environment provided by the accelerating rate calorimeter. The tests 
were carried out over the temperature range recommended by the 
manufacturer (20-60 oC) to obtain a reliable value. Figure 2.21 shows one 
example of the results of the tests. Time was needed for the cell temperature 
to homogenize so that the heat capacity value could be calculated at any 
temperature or over any temperature range. 

With knowledge of the mass of the cell and the voltage and current 
supplied to the resistance, the heat capacity value for each cell was calculated 
as 퐶 = 푞/푀 · 푇. 
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(a)  

(c) (b) 
Figure 2.20. Planar resistance placed between cells for heating the (a) TENERGY, (b) 

KOKAM, and (c) A123 SYSTEMS cells. 

 

 
Figure 2.21. Temperature variation during one average heat capacity test. 
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2.2.6 THERMAL CONDUCTIVITY 

A non-destructive technique which required two lithium-ion cells per 
measurement was used for the determination of both the in-plane and cross-
plane thermal conductivities.  

Experimental equipment 

The equipment used for thermal conductivity measurements was a hot disk 
TPS 2500 with anisotropic module (Figure 2.22) which has a measurement 
range from 0.005 to 500 W·m-1·K-1. The repeatability of the measurement is 1 
to 2% and the equipment has a measurement precision of 2-5%. 

 

 
Figure 2.22. Hot disk TPS 2500. 

The sensor reference was Kapton 4921 (radius of 9.719 mm) for thermal 
conductivity measurements of both pouch type cells, whereas a sensor with 
reference Kapton 7577 (radius of 2.001 mm) was used for thermal conductivity 
measurements of the cylindrical cell. 

Methodology for experimental tests 

The hot disk transient plane source (TPS) technique was used, which met ISO 
Standard (ISO/DIS 22007-2.2 [2.70]). This method is limited to materials in 
which the thermal properties along two of the orthogonal and principal axes 
are the same, but are different from those along the third axis. This was 
assumed to be the case of the lithium-ion cells tested. 

The hot disk probe comprised a flat sensor with continuous double-
spiral of electrically-conducting nickel metal etched out of thin foil and 
sandwiched between two layers of an insulating material. During the 
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experiment, the sensor was placed between the surfaces of two pieces of the 
sample measured in a sandwich configuration (Figure 2.23).  

 

 
Figure 2.23. Schematic description of hot disk transient plane source technique for 

thermal conductivity measurements [2.71]. 

During measurement, a current passed through the Nickel spiral and 
created an increase in temperature. The heat generated is dissipated through 
the sample on either side at a rate dependent on the thermal transport 
characteristics of the material. By recording the temperature versus time 
response in the sensor, these characteristics could accurately be calculated 
[2.70]: 

∆푇 (휏 ) = 푃 휋 / 푟(푘 푘 ) / 퐷(휏 ) (2.24) 

where 훥푇  is the increase in the temperature of the specimen surface, 
푃  is the power output of the probe, 푟 is the radius of the outermost ring 
source, 푘  and 푘  are the thermal conductivities along the a/b-axis and c-axis, 
respectively.   is defined as 휏 = (푡/휃 ) /  where 휃 = 푟 /훼 .   is the 
thermal diffusivity along the a-axis. 퐷( ) is the dimensionless specific time 
function, defined as: 

퐷(휏 ) =
= [푚(푚

+ 1)] 훽 푙 푘푒푥푝
−(푙 + 푗 )

4푚 훽
퐼

푙푗
2푚 훽

푑훽 (2.25) 

in which 푚 is the number of concentric ring sources, 훽 is the integration 
variable and 퐼  is the modified Bessel function of first class and order 0. 
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An iteration will give the thermal diffusivity,  , along the a-axis. If the 
specific heat capacity per unit volume, 퐶 , is known, then 

푘 = 퐶 · 훼  (2.26) 

From the slope of the line corresponding to Equation (2.24), 푘  can be 
obtained since 푘  is known from Equation (2.26). 

Tests were carried out in a constant-temperature environment 
controlled to 0.1 K. The total temperature increase in the specimen is 
normally less than 2 K. Thus, the thermodynamic state of the material under 
test hardly changes during the measurement process and the thermal 
properties can therefore be ascribed to the equilibrium temperature attained 
prior to the test [2.70].  

2.3 RESULTS AND DISCUSSION 

After describing the methodology and the experimental devices used for the 
determination of the parameters which characterize the thermal behavior of 
lithium-ion cells, the obtained results will be shown and discussed in this 
section. 

2.3.1 INTERNAL RESISTANCE 

As it was introduced in Section 2.2.3, the 18 second and 1C pulse length and 
amplitude respectively, were based on an analysis of variance (ANOVA) of a full 
factorial experiment in which the effects of the pulse length and amplitude on 
the internal resistance value was studied. This study was only performed with 
TENERGY cells and the effects of the pulse length and amplitude on the 
internal resistance of KOKAM and A123 SYSTEMS were assumed to be the 
same. 

Each factor, i.e., pulse length and amplitude, took 3 levels, so the full 
factorial experiment had nine treatment combinations in total (32) which were 
performed randomly (Table 2.2). To determine the levels of the pulse 
amplitude, the higher level was first defined, using the maximum value 
recommended by the manufacturer for discharge processes. Then two smaller 
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values were chosen for the middle and the low levels. Amplitudes smaller than 
1C were not used because the accuracy of the measurement is related to the 
measurement current; if the amplitude of the pulse is reduced, the voltage 
response is also reduced and since the internal resistance is calculated by the 
difference of two voltages, a strong increase of measurement uncertainty will 
result [2.47]. This can be clearly seen in the 4th column from Table 2.2 in which 
the internal resistance is depicted together with the experimental uncertainty1. 
The experimental uncertainty increased with decreasing pulse amplitude. 
However, for the current values chosen in this work the maximum error 
measured was less than a 9.5% even for the smaller pulse amplitude.  

 
Table 2.2.Results of internal resistance as a function of pulse amplitude 

and pulse length for cell TENERGY. 
 Pulse Amplitude, A Pulse Length, s 푹풊풏, mOhm 

1 - (10.5) - (10) 5.58040.5185 
2 0 (52.5) - (10) 5.47440.1039 
3 + (94.5) - (10) 5.49860.0577 
4 - (10.5) 0 (18) 6.07690.5137 
5 0 (52.5) 0 (18) 5.93160.1030 
6 + (94.5) 0 (18) 6.13350.0570 
7 - (10.5) + (26) 6.50500.5096 
8 0 (52.5) + (26) 6.24580.1024 
9 + (94.5) + (26) 6.89430.0562 

For the pulse length, the middle level was first defined based on the 
PNGV Battery Test Manual which suggests an 18 second pulse for resistance 
characterization [2.51]. The lower and higher levels were determined in such a 
way that first, there was enough time for most of the transient behavior of the 
cells to die away and second, the resistance values calculated by these pulses 
were not falsified because of the battery´s changing state of charge, 
respectively.  

                                                             
 
1 The method used for experimental uncertainty determination is described in 
Appendix A. 
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As the change in the battery´s state of charge was different for each 
pulse in Table 2.2, care was taken in order to guarantee that the same V2 (see 
Figure 2.15), i.e. OCP, was reached after each pulse in the full factorial 
experiment so that the values of the internal resistances could be compared 
with each other (Figure 2.24). 

 

 
Figure 2.24. Variation of voltage with time during the nine tests carried out to 

determine the internal resistance of cell TENERGY. 

The analysis of variance (ANOVA) corresponding to the full factorial 
experiment is shown in Table 2.3. ANOVA showed with a confidence level of 
95% that only the effect of the pulse length was significant (p-value < 0.005), 
that is, the differences between the values calculated for the internal 
resistance using any of the levels for the pulse amplitude could not be 
considered significant. Therefore, the lower level, 1C, was chosen for the pulse 
amplitude, because it resulted in a minor change in the state of charge of the 
cell and the experimental uncertainty was considered acceptable. In addition, 
the pulse amplitude was also restricted by the calorimetric method in which 
symmetrical current pulses had to be performed as explained in the previous 
section; according to the manufacturer of the batteries, the current rate for 
charge processes was limited to 1C (Table 2.1).  

Although different internal resistance values were measured for that 
pulse amplitude when changing the pulse length, the variance of the results, 흈, 
was smaller than 0.5 mOhm. The 18 second pulse length was finally selected as 
it was enough time for most of the transient behavior of the cells to die away 
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and because it was the pulse length suggested by the PNGV Battery Test 
Manual [2.51] for resistance characterization. 

 
Table 2.3.Analysis of Variance for the full factorial experiment2. 

Source 푫푭 푺풆풒 푺푺 푨풅풋 푺푺 푨풅풋 푴푺 푭 푷 − 푽풂풍풖풆 
Pulse Amplitude 2 0.12850 0.12850 0.06425 2.3 0.217 
Pulse Length 2 1.59382 1.59382 0.79691 28.48 0.004 
Error 4 0.11193 0.11193 0.02798   
Total 8 1.83425     
푆 = 0.167282          푅 − 푆푞 = 93.90%          푅 − 푆푞(퐴푑푗) = 87.80% 

In conclusion, in order to determine the overpotential resistance as a 
function of the state of charge and the temperature, constant current 
discharge pulses defined from the ANOVA were performed for the three types 
of lithium-ion cells while the voltage response was monitored.  

The methodology depicted in Figure 2.12 for the determination of the 
internal resistance, which was carried out with TENERGY cells at 3 different 
temperatures, took approximately 12.5 days. Therefore, efforts were made in 
order to reduce the required time for internal resistance measurements with 
KOKAM and A123 SYSTEMS cells.  

Table 2.4 shows the open circuit potential measured after each SOC 
change during the tests for the measurement of the internal resistance of 
TENERGY cells. Three different relaxation times, i.e, 1 hour, 3 hours and 5 
hours, are considered. The difference in the open circuit voltage when 
considering a relaxation time of 1 or 3 hours with respect to a relaxation time 
of 5 hours is shown in Table 2.5. The change of the open circuit voltage from 
the first hour after the SOC change to the 5th hour was no higher than a 
0.048%. Thus, for the internal resistance measurement tests with both KOKAM 
and A123 SYSTEMS cells the relaxation time after each SOC change was 
reduced to 1 hour. 

 

                                                             
2 The meaning of the parameters in Table 2.3 is explained in Appendix B. 
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Table 2.4. OCV (in V) measured after each SOC change during the 
internal resistance measurements for TENERGY cells. 

Temp. 30 oC 40 oC 50 oC 
Time CHA DCH CHA DCH CHA DCH 

20% SOC 
1 h 3.7445 3.7118 3.7382 3.7070 3.7304 3.7001 
3 h 3.7439 3.7128 3.7370 3.7078 3.7294 3.7009 
5 h 3.7435 7.7132 3.7364 3.7080 3.7290 3.7011 

40% SOC 
1 h 3.7992 3.7897 3.7964 3.7889 3.7945 3.7877 
3 h 3.7986 3.7901 3.7959 3.7891 3.7941 3.7879 
5 h 3.7984 3.7901 3.7955 3.7893 3.7939 3.7879 

60% SOC 
1 h 3.8724 3.8656 3.8712 3.8664 3.8698 3.8658 
3 h 3.8716 3.8662 3.8704 3.8668 3.8686 3.8658 
5 h 3.8712 3.8660 3.8696 3.8666 3.8680 3.8656 

80% SOC 
1 h 4.0032 4.0123 3.9983 4.0141 3.9973 4.0155 
3 h 4.0026 4.0127 3.9977 4.0143 3.9969 4.0155 
5 h 4.0022 4.0127 3.9975 4.0143 3.9967 4.0153 

 
Table 2.5. Difference in % with respect to OCV measured after 5 hours after 
each SOC change during the internal resistance measurements for TENERGY 

cells. 
Temp. 30 oC 40 oC 50 oC 
Time CHA DCH CHA DCH CHA DCH 

20% SOC 
1 h 0.027 0.038 0.048 0.027 0.038 0.027 
3 h 0.011 0.011 0.016 0.005 0.011 0.005 

40% SOC 
1 h 0.021 0.011 0.024 0.011 0.016 0.005 
3 h 0.005 0.000 0.005 0.005 0.005 0.000 

60% SOC 
1 h 0.031 0.010 0.041 0.005 0.047 0.005 
3 h 0.010 0.005 0.021 0.000 0.016 0.005 

80% SOC 
1 h 0.025 0.010 0.020 0.005 0.015 0.005 
3 h 0.010 0.000 0.005 0.000 0.005 0.005 
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The same analysis was also performed with the open circuit potential 
measured after each constant current discharge pulse during the tests for the 
measurement of the internal resistance of TENERGY cells. Again three different 
relaxation times, i.e., 1 hour, 3 hours and 5 hours were considered, Table 2.6. 
In this case, the change of the open circuit voltage from the first hour after the 
constant current discharge pulse to the 5th hour was no higher than a 0.016%, 
Table 2.7, which could be considered negligible. 

 
Table 2.6. OCV (in V) measured after each discharge pulse during 

the internal resistance measurements for TENERGY cells. 
Temp. 30 oC 40 oC 50 oC 
Time CHA DCH CHA DCH CHA DCH 

20% SOC 
1 h 3.7380 3.7094 3.7308 3.7045 3.7231 3.6975 
3 h 3.7978 3.7096 3.7306 3.7045 3.7229 3.6977 
5 h 3.7376 3.7098 3.7302 3.7047 3.7225 3.6977 

40% SOC 
1 h 3.7951 3.7885 3.7919 3.7875 3.7903 3.7863 
3 h 3.7951 3.7887 3.7917 3.7877 3.7901 3.7865 
5 h 3.7949 3.7889 3.7915 3.7877 3.7899 3.7865 

60% SOC 
1 h 3.8650 3.8609 3.8629 3.8615 3.8615 3.8609 
3 h 3.8648 3.8609 3.8625 3.8613 6.8613 3.8609 
5 h 3.8646 3.8607 3.8923 3.8613 3.8609 3.8607 

80% SOC 
1 h 3.9975 4.0084 3.9939 4.0098 3.9927 4.0109 
3 h 3.9975 4.0086 3.9937 4.0098 3.9925 4.0109 
5 h 3.9975 4.0084 3.9935 4.0098 3.9923 4.0107 

This open circuit voltage value, 푉  in Figure 2.15, had to be used for the 
determination of the internal resistance according to Equation (2.21). 
Therefore, the effect of considering a different relaxation time after the 
constant current discharge pulses on the internal resistance value was also 
studied. The bars in Figure 2.25 show the different internal resistance values 
(left axis) determined when using the open circuit voltages measured after 1 
hour, 3 hours or 5 hours during the test carried out at 40 oC. There are 2 bars 
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for each SOC value, corresponding to the tests in which the SOC of the cells 
was set with a charge process and a discharge process, respectively. 

 
Table 2.7. Difference in % with respect to OCV measured after 5 hours after each 
discharge pulse during the internal resistance measurements for TENERGY cells. 

Temp. 30 oC 40 oC 50 oC 
Time CHA DCH CHA DCH CHA DCH 

20% SOC 
1 h 0.011 0.011 0.016 0.005 0.016 0.005 
3 h 0.005 0.005 0.011 0.005 0.011 0.000 

40% SOC 
1 h 0.005 0.011 0.011 0.005 0.011 0.005 
3 h 0.005 0.005 0.005 0.000 0.005 0.000 

60% SOC 
1 h 0.010 0.005 0.016 0.005 0.016 0.005 
3 h 0.005 0.005 0.005 0.000 0.010 0.005 

80% SOC 
1 h 0.000 0.000 0.010 0.000 0.010 0.005 
3 h 0.000 0.0005 0.005 0.000 0.005 0.005 

 

 
Figure 2.25. Effect of the relaxation time after each constant current discharge pulse 

on the 푅  value (results obtained from the test at 40 oC). The bars show the different 
푅  values (left axis) determined when using the OCVs measured after 1 hour, 3 hours 
or 5 hours. The squares depict the difference (right axis) in the 푅  values with respect 

to those determined with the OCVs measured after 5 hours. 
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The squares in Figure 2.25 depict the difference in the internal 
resistance values (right axis) determined when using the open circuit voltages 
measured after 1 hour and 3 hours with respect to those determined with the 
open circuit voltages measured after 5 hours. The colored and empty squares 
correspond to the part of the test in which the SOC of the cells was changed 
with a charge process and a discharge process, respectively. The difference 
between the internal resistance values was smaller than a 1.5% in all cases. 
Thus, for the internal resistance measurement tests with both KOKAM and 
A123 SYSTEMS cells the relaxation time after each constant current discharge 
pulse was reduced to 1 hour. 

This reduction, together with that of the relaxation time after each SOC 
change, allowed the internal resistance to be measured in approximately 3.5 
days, 9 fewer days than those required when using relaxation periods of 5 
hours. 

Figure 2.26 presents the obtained results for the variation of Rin with 
both the SOC and the temperature for the three different cell samples. The 
widest analysis was carried out with TENERGY cells and results were 
considered to be applicable for KOKAM and A123 SYSTEMS cells, too.  

Results from TENERGY cells, Figure 2.26 (a), showed that the SOC change 
in the cell due to a charge or a discharge process did not affect the results 
(empty vs. colored markers from the legend in Figure 2.26 (a) with the same 
shape and color have to be compared). The maximum difference measured for 
the internal resistance, depending on the process prior to the constant current 
pulse, was smaller than 12%. Therefore, SOC was changed using both charge 
and discharge processes during internal resistance measurements of KOKAM 
cells, Figure 2.26 (b), while the internal resistance values for A123 SYSTEMS 
cells, Figure 2.26 (c), were obtained only starting with a completely charged 
cell and changing the SOC by means of discharge processes.  

The maximum standard deviation of the data obtained for different 
TENERGY cells (comparison between markers with the same color but different 
shape in Figure 2.26 (a)) was 흈 = 0.28 mOhm, so the dispersion between 
different cells was neglected and measurements for KOKAM and A123 
SYSTEMS cells were conducted in a unique sample. 
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(a) 

 
(b) 

 
(c) 

Figure 2.26. Variation of 푅  with both the SOC and the temperature for (a) TENERGY, 
(b) KOKAM, and (c) A123 SYSTEMS cells. 
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Asterisks in Figure 2.26 (a) depict the average values of the internal 
resistance calculated for each temperature and SOC using the data measured 
in each temperature for every cell. 

The overpotential resistance was more influenced by the temperature 
than by the SOC in the three types of lithium-ion cells and especially in 
TENERGY cells. As shown in Figure 2.26, the internal resistance was inversely 
proportional to temperature, as expected due to reduced concentration 
overpotential at higher temperature [2.17]. The temperature dependence of 
the internal resistance was analyzed and the analysis concluded that the 
dependence followed the Arrhenius law for the three samples: 

푅 = 퐴 · 푒푥푝
−퐸
푇

→ 푙푛(푅 ) = 푙푛(퐴) −
퐸
푇

 (2.27) 

where 퐴 is the pre-exponential factor and 퐸  the activation energy. 

Figure 2.27 shows the Arrhenius plots for the three cells. The activation 
energies, 퐸 , and the determination coefficient, 푅 , for each SOC value and 
cell type, respectively, are depicted in Table 2.8. Troxler et al. [2.72] also 
verified that the series resistance of the cells their tested, attributed to the 
electronic and ionic resistances of the battery materials, current-collector-
electrode interfaces, and contacts, had a strong temperature dependence 
following the Arrhenius law which indicated the ionic conductivity of the 
electrolyte as the major contribution to the charge transfer resistance. 

 
Table 2.8. Activation energies (K) and determination coefficients for the Arrhenius type 

dependence of 푅  on 푇. 

SOC, % 
TENERGY KOKAM A123 SYSTEMS 

푬풂 푹ퟐ 푬풂 푹ퟐ 푬풂 푹ퟐ 
20 -1928.940 0.985 -3007.351 0.996 -2776.030 0.974 
40 -1844.191 0.982 -2805.112 0.992 -2359.382 0.978 
60 -1846.723 0.987 -2906.683 0.991 -2257.362 0.982 
80 -1921.471 0.996 -2609.594 0.982 -2111.003 0.985 
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(a) 

 
(b) 

 
(c) 

Figure 2.27. Temperature dependence of 푅  following Arrhenius law for (a) TENERGY, 
(b) KOKAM, and (c) A123 SYSTEMS cells. 
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Both KOKAM and A123 SYSTEMS cells tended to increase their 
resistance when the SOC decreased. This behavior of the resistance with SOC 
and temperature was also reported in [2.16]. According to Al Hallaj et al. 
[2.49], the increase of the internal resistance at the end of discharge could be 
due to a build-up of concentration polarization, which usually increases 
significantly with depth of discharge. 

In addition, a slight increase of internal resistance was also seen at the 
end of charge for high SOC values in Figure 2.26 (a) and (b), being this increase 
more evident at higher temperatures. The increase of the resistance at the end 
of charge was less than at the end of discharge. This effect was also observed 
by Hong et al. [2.17] and was correlated with the relatively flat cell voltage 
curve during charge compared to discharge. However, Bandhauer et al. [2.29] 
noted a large overpotential increase and decrease near the end of discharge 
and charge, respectively. According to them, this was because the 
electrochemical reactions could no longer be sustained due to the depletion of 
lithium in the negative and positive electrodes, respectively. The effect was 
more pronounced, primarily as the rate increased, and secondarily as the 
temperature increased. 

As has been explained in Section 2.2.3, in order to validate the results of 
the internal resistance obtained from the constant current discharge pulses, 
the internal reactance of the TENERGY cell was also determined by Joule´s 
heating in an accelerating rate calorimeter. As shown in Figure 2.26 (a), the 
internal resistance of these cells was almost constant in the range of SOC 
studied and changed only with temperature. Therefore, a constant average 
value for each temperature and the whole range of SOC was determined. 
These results are included in Figure 2.28 together with the results obtained by 
calorimetric measurements. The calorimetric method yielded similar values to 
the ones obtained from the constant current discharge pulses. 

However, it is important to emphasize that calorimetric measurement of 
the internal resistance was limited to low to moderate temperatures. This 
limitation can be better understood if the heat generation equation, Equation 
(2.20), is further analyzed; as temperature increases the first term of the 
equation, the polarization heat, becomes smaller because it has been 
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demonstrated that the internal resistance is inversely proportional to 
temperature. On the other hand, the second term of the equation, the 
reversible entropic heat increases as temperature increases at a fixed SOC. This 
results in a decrease of temperature during the charge pulse, i.e., the charge 
pulses become endothermic at higher temperatures. Therefore, the error of 
determining the internal resistance from the measured temperature increase 
is bigger at high temperatures. That is why calorimetric tests were only carried 
out in a temperature range from 30 oC to 40 oC. 

 

 
Figure 2.28. Variation of 푅  with temperature measured by both constant current 

discharge pulses and calorimetric measurements for TENERGY cells. 

This method was also limited by the requirement that the pulses had to 
be symmetrical, which made it feasible only until SOCs where the charge 
process was made by constant current. Due to these constraints the method 
was discarded and no calorimetric measurements were done for KOKAM and 
A123 SYSTEMS cells. 

2.3.2 ENTROPIC HEAT COEFFICIENT 

As explained earlier in Section 2.2.4, OCP experiments were performed at 
various temperatures in order to potentiometrically determine the entropic 
heat coefficient as a function of SOC, because due to changes in cell chemistry 
the entropy of the cell is not constant throughout the SOC range [2.17]. 
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For each SOC, voltage curves as the one shown in Figure 2.18 and Figure 
2.29 were obtained. From this experimental data the dependence of the Open 
Circuit Potential with temperature was confirmed as previous works reported 
with other battery technologies [2.13, 2.15, 2.17].  

 

(a) (b) 
Figure 2.29. Example of the voltage variation for a (a) KOKAM and (b) a A123 SYSTEMS 

cell during thermal cycle for SOC 50%. 

There was almost no shift in the OCV value before and after the 
temperature scanning. The maximum difference measured between the OCV 
at 25 oC before and after the temperature scanning was 0.004 V. This meant 
that there was no self-discharge in the full cell. The relaxation of lithium 
distribution inside the electrode materials was sufficient, which was seen as a 
stable OCV value before the temperature scanning. In this case, the long 
duration of the tests (approximately 12.5 days were required to perform the 
test methodology depicted in Figure 2.17) was due to the thermal cycle rather 
than the relaxation time after each SOC change. Thus, a relaxation time of 5 
hours was used for the three samples. 

At SOC 50%, voltage was inversely proportional to temperature for 
TENERGY cells (Figure 2.18), i.e., when temperature increased the voltage 
decreased. Thus, the entropic heat coefficient was negative, Figure 2.30 (a). 
These results agreed well with the results found in [2.15]. However, for both 
KOKAM and A123 SYSTEMS cells, Figure 2.29 (a) and (b), respectively, voltage 
was proportional to temperature at SOC 50%, so the entropic heat coefficient 
was positive at this point, Figure 2.30 (b) and (c).  
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(a) 

 
(b) 

 
(c) 

Figure 2.30. Entropic heat coefficient as a function of SOC for (a) TENERGY, (b) KOKAM, 
and (c) A123 SYSTEMS cells. 
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Negative (positive) values of the entropic heat coefficient indicate that 
the effect of entropic heat is exothermic during Li deintercalation 
(intercalation) in the graphite layers, i.e. during discharge (charge) processes 
and endothermic during charge (discharge) processes for all discharge and 
charge currents respectively [2.14]. 

For TENERGY cells the entropic heat coefficient was negative in the 
whole SOC range, while for KOKAM and A123 SYSTEMS cells there was a sign 
change of the entropic heat coefficient within the SOC range. For the former, 
the entropic heat coefficient was positive between SOC 35 and 80% 
approximately and negative from 0 to 35% and from 80 to 100%. For the latter, 
the entropic heat coefficient changed from negative to positive at SOC 30% 
approximately. A change in the cell chemistry at these states of charge could 
be the cause, but there were not enough resources to check this assumption. 
According to Bandhauer et al. [2.44], for the positive electrode materials (i.e., 
the metal oxides), the switch from negative to positive can coincide with 
crystalline phase changes or different lithium insertion/deinsertion staging. 

Eddahech et al. [2.54] also tested a high power lithium cell based on 
NMC chemistry and commercialized by KOKAM (12 Ah). They also measured an 
entropic heat coefficient which was SOC dependent, becoming positive in the 
30-70% range but otherwise remaining negative (Figure 2.31). 

 

 
Figure 2.31. Entropy variation vs. SOC measured in [2.54] for a NMC cell from KOKAM. 
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In [2.15] a similar behavior to that of A123 SYSTEMS cells was found for 
a LiFePO4/graphite cylindrical cell, in which the entropic heat coefficient 
changed its sign from negative to positive at SOC 35% (Figure 2.32). Like 
Bandhauer et al. [2.44], the authors reported that the reason could be a phase 
change in the cathode or a structural change in the anode. 

 

 
Figure 2.32. Temperature coefficient as a function of SOC measured in [2.15] for a 

LiFePO4/graphite cell (26650 cylindrical cell). 

As for A123 SYSTEMS cells, the increase of the entropic heat coefficient 
with SOC measured in [2.15] was not monotonic. In most of the composition 
ranges they explored, the positive electrode LiFePO4 underwent a two-phase 
process and therefore no variation of the entropic heat coefficient was 
expected. In [2.72] it was also stated that in the case of LiFePO4 cathodes, the 
푑푈/푑푇 curve is flat over a wide range of SOCs, between 10% and 90%. 
According to the authors in [2.15], the fairly abrupt variation between SOC 
70% and SOC 80% probably corresponded to the transition between the first 
and second stages of the graphite. This would indicate an excess of graphite 
over the positive electrode material, as it is frequently observed in commercial 
lithium-ion batteries. 

As for the internal resistance, the widest analysis of the entropic heat 
coefficient measurements was carried out with TENERGY cells and results were 
considered to be applicable for KOKAM and A123 SYSTEMS cells too. First, the 
independence of the results with the thermal cycle was checked. As shown in 
Figure 2.30 (a), line with +, similar results were obtained with both thermal 
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cycles and thus, the independence of the results with the thermal cycle was 
confirmed. It is important to highlight that this independence has not been 
reported in previous works. These results demonstrated that the data obtained 
for the entropic heat coefficient were sound within the temperature range 
studied. 

Results from TENERGY cells also showed that the SOC change in the cell 
due to a charge or a discharge process did not affect the results, line with ♦ vs. 
line with * in Figure 2.30 (a). The maximum difference measured for the 
entropic heat coefficient, depending on the process prior to the thermal cycle, 
was 0.089 mV·K-1. However, this difference also included the fact that the 
entropic heat coefficient was not measured exactly at the same SOC when 
starting the tests with a fully charged or a fully discharged cell. The absolute 
values of the entropy change being almost the same for both charging and 
discharging at a given SOC, suggested that the cell reaction on the whole 
proceeded reversibly [2.73]. 

As a result from this conclusion, SOC was changed using both charge and 
discharge processes during entropic heat coefficient measurements of KOKAM, 
Figure 2.30 (b), and A123 SYSTEMS cells, Figure 2.30 (c). 

The maximum standard deviation of the data obtained for different 
TENERGY cells was 흈 = 0.007 mV·K-1, so the dispersion between different cells 
was neglected. Measurements for A123 SYSTEMS cells were also conducted on 
two different samples and a maximum deviation of the data of                             
흈 = 0.014 mV·K-1 was determined. Measurements for KOKAM cells were 
carried out with a unique sample. 

A qualitative calorimetric measurement for TENERGY cells was also done 
to confirm the results and conclusions obtained from the potentiometric 
method. Calorimetric measurements were done for SOCs in which the charge 
process could be done with constant current without entering in the constant 
voltage charging phase. The results obtained by calorimetric measurements 
are included in Figure 2.30 (a). The calorimetric method yielded similar values 
to the potentiometric method. However, according to the calorimetric method 
results, the entropic heat coefficient changed its sign from negative to positive 
at SOC 70%. The discrepancy with the entropy values obtained 
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potentiometrically may be due to a significant non-faradic heat effect from 
chemical reactions, changes in the lattice structure and phase transformation. 
Also, having less than 100% current efficiency contributes to discrepancies 
[2.17].  

However, in [2.14] a similar behavior for a LiCoO2/graphite cylindrical 
cell was also found, in which the entropic heat coefficient changed its sign 
from negative to positive at SOC 77% (Figure 2.33). The authors suggested that 
the change in the sign of the entropic heat coefficient was due in part to the 
endothermic heat effect of Li deintercalation from the graphite anode, in 
conjunction with the endothermic heat effect of the simultaneous 
order/disorder phase transition (from hexagonal to monoclinic) that takes 
place in the cathode during that period. In [2.74], some particular SOC areas 
(70%, 85% and 90% SOC) were associated with crystal structure changes in LCO 
cathode too including, (i) reversible phase transition from hexagonal to 
monoclinic symmetry, and (ii) irreversible conversion from hexagonal to cubic 
(spinel) symmetry. 

 

 
Figure 2.33. Measured entropy coefficients for the Panasonic cell (Type CGR 18650 H) 

[2.14]. 

Although calorimetric measurements required less time than 
potentiometric measurements to calculate the entropic heat coefficient, they 
had some limitations. The measurements needed to be done in adiabatic 
conditions to calculate the total heat generated during charge and discharge 
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processes. As previous work reported [2.75], charge processes were performed 
using the CC-CV (Constant Current – Constant Voltage) method. This charging 
method was also recommended in the battery specification sheet. When 
charge current started to decrease in the constant voltage zone, cell 
temperature also decreased. The accelerating rate calorimeter was not able to 
maintain adiabatic conditions when the sample temperature decreased, so it 
was impossible to calculate the heat generation corresponding to that part of 
the charge process. Therefore, this method was only used for validation of the 
entropic heat coefficient data obtained potentiometrically until SOCs where 
the charge process could be made by constant current and was not further 
used for KOKAM neither A123 SYSTEMS cells. 

In addition, according to [2.17], the entropic heat calculated by 
calorimetric measurements is strongly dependent on discharge rate, which 
ideally should not be the case. They suggested a few explanations for this 
paradoxical result. They assumed that the cell returns to complete thermal and 
chemical equilibrium at the end of relaxation after a discharge or charge half-
cycle. First, during discharge, a concentration gradient of Li develops in the 
separator and electrodes due to kinetic and diffusional resistances. Applying 
faster discharge rates causes higher gradients in the cell, and consequently 
higher heat effects. During relaxation periods following discharge/charge half-
cycles, diffusion and conduction processes take place at zero net current. 
These generate additional heat (relaxation heat). In this study, the contribution 
to heat generation due to formation and relaxation of concentration gradients 
were not distinguished separately. Second, a higher discharge rate may cause a 
more ordered lithium distribution locally in the host electrode by filling 
available Li intercalation sites within a short time. This implies an entropic heat 
coefficient due to nonuniformity of configuration in the electrodes, which 
depends on the discharge rate.  

To sum up, the characterization of the heat generation model in 
Equation (2.20) consisted on the determination of the internal resistance as a 
function of SOC and temperature by means of constant current discharge 
pulses, on the one hand, and the determination of the entropic heat 
coefficient as a function of SOC by means of the potentiometric method, on 
the other hand. After minimizing the time required for internal resistance 
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measurements, the complete characterization of the heat generation model 
took 2 weeks for each cell sample, which could already be considered 
affordable. However, a novel approach was proposed for a further 
optimization of both the time and the equipment required for testing.  

The potentiometric method for the determination of the entropic heat 
coefficient at a certain SOC basically consisted of measuring the value of the 
open circuit potential at different temperatures and then determining the 
variation of the open circuit potential with temperature. Therefore, the 
possibility of obtaining the dependence of the entropic heat coefficient on SOC 
from the experimental tests for the determination of the internal resistance 
was studied. Data from TENERGY cells will be used as an example to explain 
the procedure. 

An attempt was done to obtain the entropic heat coefficient of TENERGY 
cells from open circuit voltage data shown in Table 2.4. Voltage data measured 
after a relaxation period of 1 hour were plotted against temperature. As shown 
in Figure 2.34 (a) for every SOC value, the open circuit voltage showed a linear 
dependency with temperature whose slope corresponded to the entropic heat 
coefficient. Results of the entropic heat coefficient as a function of SOC are 
shown in Figure 2.34 (b) together with the data obtained potentiometrically. 
Similarly, results for KOKAM and A123 SYSTEMS cells are shown in Figure 2.35 
(a) and (b), respectively. For both TENERGY and A123 SYSTEMS cells results 
could be considered acceptable, although further points would need to be 
obtained if this method were to be finally used for the determination of the 
entropic heat coefficient.  

However, the results obtained for KOKAM cells were completely 
different from those obtained potentiometrically. As aforementioned, results 
of the internal resistance measurements for TENERGY cells, Figure 2.26 (a), 
showed that the SOC change in the cell due to a charge or a discharge process 
did not affect the results. Therefore, the SOC change during the experimental 
tests with KOKAM cells was randomly performed with both charge and 
discharge processes. This led to the internal resistance not being determined 
at exactly the same SOC for the different temperatures, Figure 2.26 (b). As a 
result, when plotting the equivalent figure to Figure 2.34 (a) for KOKAM cells, 
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the linear dependency of the open circuit voltage with temperature was 
difficult to adjust, because the effect of temperature on the open circuit 
voltage was mixed in this case with the effect of SOC as well. 

 

 
                                                                            (a) 

 

 

 
(b) 

Figure 2.34. (a) Open Circuit Voltage measured after a relaxation period of 1 hour 
versus temperature for TENERGY cells. (b) Results of the entropic heat coefficient for 

TENERGY cells obtained from the experimental test initially proposed for the 
determination of the internal resistance. 

This issue is more probable to occur in lithium-ion cells in which the 
open circuit voltage varies significantly with the SOC as it was the case of 
KOKAM cells, Figure 2.36. A slight difference in SOC resulted in a higher change 
on the open circuit voltage in comparison to A123 SYSTEMS cells which 
showed a voltage plateau in a large part of the SOC range. Therefore, when 
trying to fit the linear dependency of the open circuit voltage, measured at 
slightly different SOC values, with temperature, the error committed due to 
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the mixed effect of the temperature and SOC on the data points to be fitted 
was also higher. 

 

 
(a) 

 
(b) 

Figure 2.35. Results of the entropic heat coefficient for (a) KOKAM and (b) A123 
SYSTEMS cells obtained from the experimental test initially proposed for the 

determination of the internal resistance. 

 

 
Figure 2.36. Open Circuit Voltage versus SOC for the three cell samples. 

Nevertheless, in view of the results obtained with TENERGY and A123 
SYSTEM cells, it was concluded that it was possible to determine the entropic 
heat coefficient from the test procedure described in Section 2.2.3 for the 
determination of the internal resistance, provided that the measurements are 
done at SOCs as similar as possible for the different temperatures. This novel 
methodology for the simultaneous determination of the entropic heat 
coefficient and the internal resistance of the cells would significantly reduce 
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the time required for the complete characterization of the heat generation 
model. If both the internal resistance and the entropic heat coefficient were to 
be measured within the whole SOC range at intervals of 10%, i.e. 
10%:10%:90%, and assuming that the process used for setting the SOC of the 
cells at a fixed value, no matter whether it is a charge or a discharge process, 
does not affect to the results, the time required for the complete 
characterization of the heat generation model would be of 3 days.  

2.3.3 HEAT GENERATION MODEL 

In order to use the experimentally measured internal resistance and entropic 
heat coefficient values to determine the heat generated within lithium-ion 
cells by means of Equation (2.20), the procedure depicted in Figure 2.37 was 
followed. 

 

 
Figure 2.37. Procedure to determine the heat generated within lithium-ion cells from 

experimental internal resistance and entropic heat coefficient data. 
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Experimental internal resistance and entropic heat coefficient data were 
fitted as shown in Figure 2.38 for TENERGY, KOKAM, and A123 SYSTEMS cells. 
Results obtained from potentiometric measurements for the entropic heat 
coefficient were linearly interpolated to obtain the value of the entropic heat 
coefficient for any SOC value. Similarly, the experimental values of the internal 
resistance were linearly interpolated too in order to obtain the value of the 
internal resistance for any SOC and temperature value. Those values, together 
with the current and the temperature profiles, were the input for the heat 
generation model. 

Model predictions for different charge and discharge processes will be 
shown in the next chapter which deals with the validation of the heat 
generation model. 

2.3.4 HEAT CAPACITY 

The importance of using accurate values for thermal capacity in any thermal 
calculation is well documented [2.76]. Therefore, first of all, a test to 
determine the accuracy of the specific heat measurement was conducted using 
two aluminum blocks with a known weight that had a theoretical 퐶  value of 
0.91 J·g-1·K-1. The experimental 퐶  value obtained for this object was             
0.90 J·g-1·K-1. Thus, the error was lower than 1% and the measurement method 
was considered accurate enough. 

The power, 푃, supplied by the resistances for each of the three cell 
samples are depicted in Table 2.9 together with the heat capacity values 
calculated at different temperature ranges. For the three cells tested, the 
value of the average heat capacity increased when temperature increased. 
However, the variation was lower than a 6% in the whole thermal range for the 
three cells. Thus, in this work a constant average 퐶  value over the entire 
temperature range of the experiments was determined, 1.015  0.011 J·g-1·K-1, 
1.072  0.011 J·g-1·K-1, and 1.091  0.012 J·g-1·K-1 for TENERGY, KOKAM and 
A123 SYSTEMS cells, respectively. These values are of the order of the heat 
capacity values reported in [2.30] for common lithium-ion batteries (Table 
2.10). 
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(a1) (b1) 

(a2) (b2) 

(a3) (b3) 
Figure 2.38. Modeling of the heat generation model parameters for (1) TENERGY, (2) 

KOKAM, and (3) A123 SYSTEMS cells: (a) entropic heat coefficient, and (b) internal 
resistance. 
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Table 2.9. Heat capacity values as a function of temperature range. 

Cell TENERGY KOKAM A123 SYSTEMS 
푷, W 1.5 11.1 2.3 

 
푻풂풗품,  

oC 
푪풑,풂풗품,  
J·g-1·K-1 

푻풂풗품, 
oC 

푪풑,풂풗품,  
J·g-1·K-1 

푻풂풗품, 
oC 

푪풑,풂풗품,  
J·g-1·K-1 

 34.2 0.9870.010 31.7 1.0540.011 33.1 1.0630.011 
 39.2 0.9970.010 36.8 1.0550.011 37.3 1.0770.011 
 44.2 1.0160.011 41.8 1.0720.011 41.6 1.0860.011 
 49.2 1.0280.011 46.8 1.0860.011 46.0 1.1110.012 
 54.9 1.0390.011 52.1 1.0910.011 49.6 1.1260.012 

Avg 1.0150.011 1.0720.011 1.0910.012 

 
Table 2.10. Heat capacity of common Li-ion batteries [2.30]. 

Chemistry 푪풑, J·g-1·K-1 Remark 
NCA 0.90 Prismatic 5 Ah 
NCA 0.975 Prismatic 2.1 Ah 

LiCoO2 0.83 Cylindrical 18650 
LiCoO2 1.0118 Mean 

Figure 2.39 shows the surface temperature increase measured during 
the tests for the three cells. Different power values were supplied in each case 
and the mass of the cells was also different. Therefore, the time required to 
provide the same amount of specific energy (15.5 J/g) had to be first calculated 
in order to compare the temperature increase corresponding to each cell for 
the same amount of specific energy provided. 

For the same heat generation within the cells and same cooling 
conditions, TENERGY cells would suffer the highest increase of the internal 
temperature, while A123 SYSTEMS cells would show the lowest increase of the 
internal temperature. In fact, one of the reasons for selecting A123 SYSTEMS 
cells (LFP cathode), was its expected superior thermal stability as compared to 
other lithium-ion technologies. 
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Figure 2.39. Temperature increase during average heat capacity measurement tests for 

3 different cells. 

2.3.5 THERMAL CONDUCTIVITY 

Results from the hot disk transient plane source technique are presented in 
Table 2.11-Table 2.13. The axial conductivity measured for A123 SYSTEMS cells 
was higher than expected (close to the thermal conductivity of aluminum). In 
fact, Drake et al. [2.56] reported lower values for a cylindrical 18650 LiFePO4 
cell. They measured radial and axial conductivities of 0.200.01 and 30.41.5 
W·m-1·K-1, respectively, although no information about the battery 
manufacturer was given. 

 
Table 2.11. Thermal conductivity values for TENERGY cells. 

Conditions of experiment 풌풊풏 풑풍풂풏풆,  
W·m-1·K-1 

풌풕풓풂풏풔풗, 
W·m-1·K-1 푻, oC Power, W Time, s Sensor radius, mm 

24.5 1.25 10 9.719 24.52 0.9948 
24.5 1.25 10 9.719 24.52 0.9975 
24.5 1.25 10 9.719 24.76 0.9837 

Average 24.6 0.992 
Standard deviation 0.55% 0.73% 

 

 



2.4 CONCLUSIONS 117 

 
Table 2.12. Thermal conductivity values for KOKAM cells. 

Conditions of experiment 풌풊풏 풑풍풂풏풆,  
W·m-1·K-1 

풌풕풓풂풏풔풗, 
W·m-1·K-1 푻, oC Power, W Time, s Sensor radius, mm 

22.0 1.3 5 9.719 43.52 0.9942 
22.0 1.3 5 9.719 43.38 0.9965 
22.0 1.3 5 9.719 43.77 0.9906 

Average 43.6 0.994 
Standard deviation 0.45% 0.30% 

 
Table 2.13. Thermal conductivity values for A123 SYSTEMS cells. 

Conditions of experiment 풌풂풙풊풂풍,  
W·m-1·K-1 

풌풓풂풅풊풂풍, 
W·m-1·K-1 T, oC Power, W Time, s Sensor radius, mm 

24.0 0.25 20 2.001 258.34 0.4492 
24.0 0.25 20 2.001 256.19 0.3971 
24.0 0.25 20 2.001 265.74 0.4572 

Average 260.1 0.434 
Standard deviation 1.93% 7.51% 

2.4 CONCLUSIONS 

The main conclusions from chapter 2 are summarized in the following: 

 Internal Resistance: 

The overpotential resistance was more influenced by the temperature 
than by the SOC in the three types of lithium-ion cells and especially in 
TENERGY cells. The internal resistance was inversely proportional to 
temperature and the temperature dependence of the internal resistance 
followed the Arrhenius law for the three samples.  

Both KOKAM and A123 SYSTEMS cells tended to increase their 
resistance when the SOC decreased, which could be due to a build-up of 
concentration polarization. In addition, a slight increase of internal resistance 
was also seen at the end of charge, being this increase more evident at higher 
temperatures. However, the increase of the resistance at the end of charge 
was less than at the end of discharge. 
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Although LFP were expected to be thermally superior, cells from A123 
SYSTEMS resulted to be the weakest regarding the internal resistance, as 
internal resistance values 10 times bigger than those measured for TENERGY or 
KOKAM cells were determined. The higher the internal resistance the battery 
cell has, the higher the heat generation in the cell will be. 

 Entropic heat coefficient 

For KOKAM and A123 SYSTEMS cells there was a clear sign change of the 
entropic heat coefficient within the SOC range. For the former, the entropic 
heat coefficient was positive between SOC 35 and 80% approximately and 
negative from 0 to 35% and from 80 to 100%. For the latter, the entropic heat 
coefficient changed from negative to positive at SOC 30%, approximately. The 
reason for such changes in the entropic heat coefficient could be a phase 
change in the cathode or a structural change in the anode. 

For TENERGY cells, the entropic heat coefficient was negative in the 
whole SOC range, although when calorimetrically determined, a positive value 
was measured at SOC 70%. However, it was not clear whether it was due to an 
experimental error or not, because other authors also reported a similar 
behavior for a LiCoO2/graphite cylindrical cell. 

The values of the entropic heat coefficient measured for the three cells 
were of the same order of magnitude. Nevertheless, the more favorable SOC 
ranges in terms of smaller absolute value of entropy change and thus less heat 
generation during cell reactions were different. As the batteries are often used 
only within narrow SOC range (micro cycling) instead of full cycles, this is 
valuable information for determining the preferable cycling range. 

 Heat capacity 

According to the results of the heat capacity, TENERGY cells would suffer 
the highest increase of the internal temperature for the same amount of heat 
generated within the cells, while A123 SYSTEMS cells would show the lowest 
increase of the internal temperature. 
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 General 

The in-depth thermal characterization of three different lithium-ion cells 
allowed for the definition of some selection criteria of cells from a thermal 
point of view: 

(i) The lower the internal resistance of the cell, the lower the cooling 
requirements will be for a certain application´s current profile, 
because less heat will be generated within the cell. 

(ii) The entropic heat coefficient versus SOC curve could be used as a 
criterion to select the most appropriate cell for a certain application 
as well. However, in this case there is not a rule of thumb as for the 
internal resistance, but depends on the application. The entropic 
heat coefficient versus SOC curve needs to be such that it minimizes 
the contribution of the entropic heat effect to the overall heat 
generation for the current profile and SOC range corresponding to 
the application.  

(iii) With regard to the type of packaging, the pouch type is preferred 
since it makes the most effective use of space when connecting 
various cells to form a battery module. 

To sum up, although the thermal behavior of the lithium batteries tested 
depended essentially on their chemistry and technology, i.e., positive 
electrode materials and cell design (cylindrical or pouch type), a novel and 
optimized methodology was developed for the determination of thermal 
parameters in lithium-ion cells which is universally valid for the different cell 
chemistries and packages; although the same methods as those found in the 
literature were used for the determination of the thermal parameters, 
improved procedures were established for the experimental tests which could 
be used as standards henceforth in order to avoid the large discrepancies 
actually found from study to study when defining the experimental tests 
(relaxation time after SOC change, charge/discharge current for setting the 
cells in a fixed SOC, etc.) even if the same method is used. 
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chapter 3  

VALIDATION OF THE HEAT 
GENERATION MODEL 

Considerable research has been undertaken to understand the thermal 
behavior of lithium-ion cells. This understanding has been forged using 
experimental observations, where data on heat generation is collected during 
charge/discharge processes or by studying the self-heating of the cells using 
calorimeter-type experiments. Some investigators have attempted to measure 
battery heat generation rates using both commercially available and custom-
built calorimeters. The use of experimental data is critical to understand the 
order of magnitude and pattern of the variety of mechanisms that cause 
batteries to generate heat. 

In this chapter, the methodology followed in order to measure the heat 
generation of the selected Li-ion batteries and the experimental data collected 
in order to validate the model developed and adjusted in the previous chapter 
are presented. Previously, in the following section, the various techniques used 
in the literature in order to measure the heat generation rate in lithium-based 
batteries will be described and the chosen method will be justified.  
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3.1 STATE OF THE ART 

Several methods have been described in the literature to quantify the amount 
of heat that is released in a single Li-ion cell during its operation. The purposes 
of this section are to evaluate the methods and to assess the ranges of 
temperature and discharge/charge rates addressed by previous researchers. 

3.1.1 POTENTIAL MEASUREMENTS 

Experimental discharge (or charge) curves can be used to determine the heat 
generated within a lithium-ion cell, based on the potential measurement for a 
fixed current together with the equilibrium cell voltage versus SOC and 
entropy versus SOC curves. Tests are carried out in a thermally controlled 
environment (isothermal) and results are then used to predict the heat 
generated within a cell in any other environmental condition [3.1, 3.2]. 

This particular approach was discarded because it assumes that the heat 
generation determined in a fixed thermal environment can be used to predict 
heat generation in any other environment accurately, which may not always 
be the case as voltage curves measured under controlled environment may 
differ from those measured in real conditions. At high discharge rates for 
example, cells heat up substantially, which allows for a significant cell voltage 
increase due to the improved electrochemical performance [3.3]. 

Further assumptions that have to be done for this approach to 
accurately predict the thermal behavior of the cells are two: 

 The cell´s temperature profile is uniform. 
 The current distribution in the porous electrode´s reaction is uniform. 

In addition, the effect of temperature should be considered in both the 
potential and the equilibrium cell voltage versus SOC measurements in order 
to have a look-up table as extensive as possible, which would increase 
considerably the number of tests required. This fact was not taken into 
account by most of the investigations that calculated heat generation using 
experimental polarization data. 
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A direct alternative to using voltage experimental data is to measure the 
heat generation directly by means of a calorimeter. In this way, the third 
assumption is not required any more. However, this approach also depends on 
the validity of the first assumption if the heat generation measurements are 
going to be used directly to predict the heat generation within a cell in any 
other environmental condition. 

Calorimetry of lithium-ion cells can provide valuable information about 
how heat is generated in the main reaction and in the undesirable secondary 
reactions, if accurate models are available to explain the results. Therefore, 
calorimetry combined with electrochemical cycling has been widely used in 
order to characterize various lithium cells such as LiXMo6Se8/Li metal, 
LiCoO2/carbon and LiMn2O4/carbon. In addition, thermal behaviors of half-cells 
and coin cells have also been studied, in order to clarify the heat contributions 
from the anode and cathode to the overall cell heat generation [3.4-3.13]. This 
analysis is out of the scope of the present work. Thus, the review of the state 
of the art will focus on works carried out with full lithium-ion cells. 

The primary experimental calorimetric methods are accelerated-rate 
calorimetry (ARC) and isothermal heat conduction calorimetry (IHC), although 
different experimental approaches, such as the radiative calorimetry can also 
be found in the literature. 

3.1.2 ACCELERATED-RATE CALORIMETRY 

The ARC method consists of measuring the heat rejected from the battery 
surface through air or most frequently through an insulating material such as 
Styrofoam to a constant temperature sink, the walls of the calorimeter. In this 
method, the temperature of the battery is allowed to rise during operation, 
and the heat generation rate is estimated using an energy balance on the 
battery in a thermally controlled stable environment as shown in Equations 
(3.1) and (3.2). The former corresponds to the case in which the heat is 
rejected from the battery surface through air, i.e. convective heat transfer, 
while the latter corresponds to the case in which heat is rejected through an 
insulating material, i.e. conductive heat transfer. 
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푞̇ = 푀퐶
푑푇
푑푡

+ ℎ푎(푇 − 푇 ) (3.1) 

푞̇ = 푀퐶
푑푇
푑푡

+ 푘푎
(푇 − 푇 )
푒

 
(3.2) 

In both equations the first term in the right-hand side is the amount of 
thermal energy stored inside the battery. The second term in the right-hand 
side is the heat transferred from the surface of the battery to the constant 
temperature wall. The calorimeter constant (ℎ푎) or 푘푎 푒⁄  and the 
effective heat capacity 퐶  are determined experimentally. 

Hong et al. [3.14] used an accelerated rate calorimeter in combination 
with a battery cycler and a precision multimeter to measure the heat 
dissipation from, and heat accumulated in commercially available lithium-ion 
cells (SONY Type US188650, LiCoO2/carbon) during cycling over a range of 
operating parameters within the limits recommended by the manufacturer 
(discharge at C/1, C/2, and C/3 rates at various temperatures). Later, Hong and 
Selman [3.15] repeated the same study with a different commercial Li-ion 
rechargeable cell (Panasonic CGR 18650, LiCoO2/graphite). 

A schematic diagram of the experimental set up is shown in Figure 3.1 
(a). The test cell was placed inside a closely fitted cylindrical sheath of 
Styrofoam in the center of the calorimeter cavity to eliminate convective heat 
transfer from the cell. This insured that the heat generated by the cell was 
dissipated by conduction only, through the insulation material. Thus, heat 
generation, accumulation, and dissipation resulted in a temperature difference 
between cell surface and calorimeter cavity wall. The cavity was maintained at 
30 oC during all experiments. 

The heat transfer rate characteristics of the two Li-ion cells containing 
different carbon materials are shown in Figure 3.1 (b). Both cells showed 
exothermic heat behavior during discharge and endothermic heat behavior 
during charge.  

In his first study, Hong worked, among others, with S. Al Hallaj and J.R. 
Selman who later published another work [3.16] together with R. 
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Venkatachalapathy and J. Prakash in which electrochemical-calorimetric 
measurements were presented for a number of commercial Li-ion cells (Table 
3.1). The same experimental set-up as in [3.14] was used. The cells were 
discharged at different cycling rates (C/1, C/2, C/3, and C/6) and operating 
temperatures (25 oC, 35 oC, 55 oC, and 70 oC).  

 
 

 
(a) (b) 

Figure 3.1. (a) Schematic diagram of the experimental setup used in [3.14]; (b) Heat 
dissipation rates of Sony and Panasonic type 18650 Li-ion cells (C/6, 35 oC) [3.15]. 

In another work by Al Hallaj et al. [3.17], electrochemical-calorimetric 
measurements were also presented using a number of commercial Li-ion cells 
with different chemistries and designs, for different cycling rates at 35 oC 
operating temperature. 18650 cells from three different manufacturers and 
two prismatic cells were tested in order to study the effect of capacity and 
geometry on the thermal behavior (Table 3.1). The operating temperature was 
limited to 35 oC, because it was already found in the previous work [3.16] that 
the operating temperature had relatively little effect on the heat generation 
rate. 

The same experimental set-up as in [3.14] was used, but no insulation 
was used around the cell and heat generated inside the cell was convected to 
the surrounding air inside the ARC cavity. However, the cell top and bottom 
were insulated using thick layers of Teflon on both planar surfaces, which 
limited the heat dissipation via these surfaces so only the curved side surface 
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was involved. Figure 3.2 shows the temperature rise and heat dissipation rates 
for one of the cells tested (Sony) during discharge at different rates. The 
instantaneous heat generation rates and the temperature rise were found to 
be strongly dependent on the rate of discharge, which was consistent with the 
significant increase in area-specific impedance at the end of discharge. 

 

 
Figure 3.2. Temperature and heat dissipation rate for Sony (Type US18650) cell at 

different discharge rates [3.17]. 

In a more recent research by Eddahech et al. [3.18], a calorimetric 
method was applied to measure the heat produced by a 12 Ah high-power 
lithium cell (based on NMC chemistry and commercialized by KOKAM) during 
the charge and discharge processes, using an accelerating rate calorimeter 
ideal for adiabatic experiments. The cell, placed in the ARC calorimeter, was 
discharged and then charged using three C-rates, 0.5C, 1C, and 1.5C. A detailed 
investigation of the lithium battery´s thermal behavior, including the 
difference between charge and discharge and the impact of SOC and C-rate on 
battery heat generation was carried out (Figure 3.3). More heat was generated 
during the discharge than the charge phase.  

3.1.3 ISOTHERMAL HEAT CONDUCTION CALORIMETRY 

As mentioned above, isothermal heat conduction calorimetry (IHC) is also one 
of the most widely used experimental methods to measure the heat 
generation rate in lithium-based batteries. For IHC, the battery remains at one 
temperature throughout operation using an isothermal well in close contact 
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with the surface of the battery (e.g., liquid or metal heat sink). High accuracy 
thermopiles either embedded inside the heat sink or placed near the surface of 
the battery are used to measure the heat rate. 

 

 
Figure 3.3. Battery heat loss during charge and discharge at several C-rates [3.18]. 

In the literature, different types of calorimeters based in the same 
operating principle, i.e., to keep the cell temperature constant during 
operation, have been used for heat generation rate measurements in lithium-
ion cells. 

Twin-type heat conduction calorimeter 

Saito et al. [3.19] carried out calorimetry of a lithium-ion secondary battery 
(Sony Energytec US14500, LiCoO2/hard carbon) during discharge at various 
constant temperatures by means of a twin-type heat conduction calorimeter 
and discussed the dependence of the heat generated during discharge on 
temperature. 

The temperature inside the calorimeter was controlled to some 
specified values between 282 and 333 K. The battery was discharged at a 
constant current rate of C/10. The temperature dependence of the heat 
generated by discharging the lithium-ion battery is shown in Figure 3.4. The 
heat generated by the discharge process had a minimum in the range of 283 to 
333 K.  
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The heat dissipated during discharge was reported to be mainly caused 
by two factors: (i) the battery reaction, especially entropy change of the 
reaction, and (ii) the electric resistance, including the polarizations at the 
surface of the electrodes. The temperature dependence of each factor justified 
the minimum in the heat generation: if the same reaction is progressing at the 
same discharged state at all temperatures, the reaction heat is larger at higher 
temperatures because it is described as 푇Δ푆, where Δ푆 is the entropy change 
of the battery reaction. In addition, side reactions such as a decomposition of 
the electrolyte are also activated at higher temperatures. On the other hand, 
the electric resistance is larger at lower temperatures. 

 

 
Figure 3.4. Temperature dependence of energies given off by discharging the lithium-

ion battery [3.19]. 

In a later study, Saito et al. [3.20] utilized again a twin-type heat 
conduction calorimeter for various commercial lithium-ion secondary batteries 
in order to measure the heat of charge and discharge with paying attention to 
the difference between the active electrode materials. Four kinds of 
commercial cells, sample A from A&T Battery, B from Panasonic, C from Sanyo, 
and D from Sony, were used as test samples. All cells were cylindrical with 18 
mm in diameter and 65 mm in length (Table 3.1). 

Figure 3.5 shows an example of the results of calorimetry with the 
voltage profiles during charge and discharge at 313 K for sample A. The cell 
reaction was mostly endothermic in charge while exothermic in discharge. The 
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main factors of heat generation were inner resistance, electrochemical 
polarization, and entropy change of the battery reaction.  

The shape of the heat generation curves was complicated in all samples. 
Peak behaviors were observed in the heat generation curve for all samples 
around the zone named as (b) in Figure 3.5. These peaks were found to be 
caused by the crystal phase transition of the cathode material. The calorimetric 
results indicated that the phase transition from hexagonal to monoclinic was 
exothermic, and the reverse transition was endothermic, which agreed with 
the results of Hong´s calorimetric work [3.14]. 

 

 
Figure 3.5. Heat flow in sample A during constant current charge (dashed line) and 
discharge (solid line) at 313 K. Open and closed circles are heat generation due to 

entropy change of the cell reaction during charge and discharge, respectively [3.20]. 

Onda et al. [3.21] also used a twin-type heat conduction calorimeter at 
constant temperature of 30 oC in order to measure the heat generated within 
two cylindrical batteries having spirally wound lithium-ion cells with the same 
size, a SONY-US18650 with 1350 mAh capacity and a nongraphitizable (hard) 
carbon negative electrode, and a SONY-US18650G3 with 1800 Ah capacity and 
a graphite negative electrode. The batteries were set in a water thermostat 
being electrically insulated by a thin vinyl bag to keep the battery temperature 
constant. Discharge tests at constant current of 0.1, 0.2, 0.5, and 1C were 
carried out, Figure 3.6. 
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Figure 3.6. Experimental heat generation rate (1800 mAh) [3.21]. 

Calvet-type microcalorimeter 

Kobayashi et al. [3.22] conducted a simultaneous electrochemical and 
calorimetric measurement on a spinel lithium manganese oxide (LiMn2O4)-
cathode, carbon-anode prismatic lithium-ion cell. The heat flow during 
charge/discharge was measured using a Calvet-type microcalorimeter. An 
aluminum vessel was touched to the cell surface to maintain smooth heat 
transfer and was used as an anode current collector (Figure 3.7). A cathode 
current collector was electrically isolated from the aluminum vessel. A 
thermomodule (thermoelectric cooler) was placed between the bottom of the 
vessel and an aluminum heat sink. The heat flow output was the differential 
value between a sample and the reference thermomodule.  

 

 
Figure 3.7. Design of the vessel for calorimetric measurement of lithium-ion cell [3.22]. 
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The surrounding temperature was controlled at 25 oC as the room 
temperature, and from 40 oC to 60 oC as elevated temperatures. The 
charge/discharge rate was C/5. According to the authors, by considering the 
heat generated from internal resistance, the observed thermal behavior was 
mainly derived from the reversible chemical reaction during charge/discharge 
at C/5. 

3 years later, Kobayashi et al. [3.4] repeated the same procedure to 
study the thermal behavior of two commercially available lithium-ion cells 
(Panasonic CGR-18650). The applied current during calorimetry was 32 mA, 
which corresponded to a rate of C/50.  

Custom-built calorimeter 

Recently, Xiao et al. [3.23] presented calorimetric measurements on a 15.7 Ah 
LiMn2O4/carbon pouch type power cell using a specially designed calorimeter. 
They used two thermoelectric devices (TEM) for the design of the calorimeter 
that allowed for dynamic characterization of the heat source terms of a high 
power cell. The calorimeter was designed to respond very rapidly and to reject 
a large amount of heat. High power heat pumps were used for this purpose. 

The battery was placed between the two TEMs used as heat pumps, for 
which the maximum cooling power was 160 W. Carbon based thermal sheets 
were used to improve heat conduction between the battery and the TEMs as 
shown in Figure 3.8 (a). The TEMs were connected in series and powered by a 
20 A high frequency bipolar power supply. 

The total heat generation was measured when the battery was charged 
and discharged at different currents in the constant current mode. The 
ambient temperature was set to be 295 K. Measured results are shown in 
Figure 3.8 (b) represented by solid lines. Heat was continuously generated 
even though the current was equal to zero. The time span of the heat, 
presumably the heat of mixing, depended on the C-rates. A high current 
resulted in a long time span. The heat of mixing decayed to zero in 1 min when 
7C rate of discharging current was applied even though it only took 20 s at the 
4.1C charging. 
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In addition, the total amount of heat generation during charging or 
discharging was almost the same as that from the beginning to half of the 
charging and discharging time at the same C-rate. By contrast, the heat 
generation at the end of discharging rose more rapidly than that at the end of 
charging because the open circuit voltage drops drastically at low SOCs. As a 
result, the solid phase concentration gradient at the end of discharging is much 
higher than that at the end of charging. The large concentration gradient led to 
a large amount of enthalpy heating. 

 
 

 
 

 
(a) (b) 

Figure 3.8. (a) Structure of TEM; (b) Heat generation measurements during cycles 
[3.23]. 

3.1.4 RADIATIVE CALORIMETRY 

Vaidyanathan et al. [3.24] used a different calorimetric method from 
accelerated-rate calorimetry and isothermal heat conduction calorimetry to 
experimentally measure the heat rates of a LixC/LiNiO2 cell and a LixC/75% 
LiCoO2, 25% LiNiO2 cell. The experimental approach used a radiative 
calorimeter, and measurements were performed under transient conditions.  

The radiative calorimeter is ideally suited for determining the heat rates 
of fractional watts because of its high sensitivity, which is 0.002 W/oC for the 
radiative term, compared to 1 W/oC for the calorimetric constant for the 
conductive calorimeter. Heat leakage through the leads and sensing wires by 
conduction can be calculated and compensated. Heat stored and heat 
dissipated are calculated separately. 
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In this work, the calorimeter was designed for radiative transfer of heat 
from the cell to its surroundings. It consisted of a 0.5 m3 copper chamber that 
was maintained at -168 oC by circulating liquid nitrogen. The inside of the 
chamber was painted black, and the cell was suspended using a lacing cord. 
The calorimeter chamber was arranged in a bell-jar-type vacuum chamber, and 
a vacuum of 10-5 Torr was maintained. 

In preparing the cell for the calorimetry, great care was taken to see that 
it had a distinct radiating surface. A 2.54 cm-wide thermofoil heater tape was 
wrapped around the cell and bonded to the cell case by means of epoxy. The 
heater taped area constituted the radiating surface. Six thermocouples were 
installed at different areas of the cell, with care being taken not to contact any 
of the thermocouples to the thermofoil heater. Figure 3.9 shows the test 
configuration for the cell.  

Heat was applied to the cell through the thermofoil heaters in order to 
raise the temperature significantly above that of the calorimetric chamber (-
168 oC). Thus, heat was radiated from the cell and followed the relationship 

푄 = 휀휎퐴(푇 − 푇 ) (3.3) 

where 푄  is the heat radiated (W), 휀 the emissivity, 휎 the Stefan-
Boltzman constant (5.667x10-8 W·m-2·K-1), 푇  the temperature of the cell (K) 
and where 푇  is the temperature of the calorimeter (105 K). 

 

 
Figure 3.9. Test schematic [3.24]. 
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The radiative calorimetry determined: (i) the heater power setting 
required to maintain the cell from -5 to 30 oC, (ii) the steady-state 
temperatures for various values of applied heater power, and curve-fitting of 
the data to derive an expression for 푄 , (iii) the thermal capacity, 
퐶 ,determined based on transient cooling and warm-up curves, (iv) the heat 
associated with conduction through the lead and sensing wires, (v) the rate of 
energy stored, and (vi) the rate of heat dissipation from the cell. 

The heat dissipation during discharge at different rates for the 75% 
LiCoO2, 25% LiNiO2 cell and the LiNiO2 cell under test is shown Figure 3.10 (a) 
and (b), respectively. The most striking feature of the heat dissipation was the 
initial maximum, followed by a reduction in the heat rate. The expected 
behavior was a gradual increase in the heat rate as discharge continued, 
followed by a very rapid rise towards the end of discharge. It was suggested 
that the initial increase in the heat rate during discharge was entropy-related. 
The main cell reaction was lithiation of the cathode, which was believed to be 
exothermic. 

 

(a) (b) 
Figure 3.10. Variation of heat rates at various rates of discharge for (a) the 75% LiCoO2, 

25% LiNiO2 cell and (b) the LiNiO2 cell [3.24]. 

In order to provide a quick overview, Table 3.1 shows a summary of 
different calorimetric techniques used to measure heat generation rate in 
lithium-ion battery full cells during charge and discharge. The table includes 
the experimental technique along with a short description of how heat is 
removed and measured from the battery during the test.  
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3.1.5 SELECTED METHOD 

Most of the researchers have used commercial isothermal calorimeters to 
measure the heat generation rate. However, to accommodate the battery 
geometry the calorimeter cavities must be filled with some materials, which 
results in a relatively large thermal time constant, so that the measurement of 
a quick heat generation is not possible. Moreover, most commercially available 
calorimeters are designed for testing thermal stability of materials, so the 
installed power is not large enough to match the high power battery cell. 
Therefore, this method was discarded in the present work. 

The radiative calorimetry was found to be quite a novel method for heat 
generation measurements. Nevertheless, it was not feasible for this study due 
to the complex equipment required; a vacuum chamber had to be used 
together with the calorimeter chamber. In addition, cell preparation for 
calorimetry was too tedious and time consuming. What is more, the radiative 
calorimeter is ideally suited for determining very small heat rates due to its 
high sensitivity. This was not expected to be the case in this work, as high 
power lithium-ion cells were tested at moderate and high current rates. 

The method finally selected for this study was the accelerating rate 
calorimetry which is based on the direct measurement of the temperature 
change in a heat insulated system. Although not working at a constant 
temperature may be a drawback, especially at high current rates in which the 
lithium-ion cells tested may heat considerably, it has a major advantage with 
respect to the rest of the methods. Unlike in the other calorimetric methods, in 
which the heat flow from the system to the surrounding environment is 
measured, adiabatic calorimetry allows the heat generation to be directly 
investigated instead of comparing the surface temperature with tuned 
convection coefficients. Thus, it was thought to be more accurate. The 
versatility offered by the accelerating rate calorimeter for heat generation rate 
measurements with different sample sizes and geometries was another main 
reason for the selection of this method. 

Up to now the different heat generation measurement methods have 
been widely analyzed. However, as stated at the beginning of this section, the 
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purpose of the state of the art is also to assess the ranges of temperature and 
discharge/charge rates addressed by previous researchers. These are included 
in Table 3.1. As a complement to this information, Table 3.2 shows a gap 
analysis that includes the geometry, chemistry, and discharge/charge rates 
tested.  
Table 3.1 

Table 3.2. Gap analysis of battery heat generation test methods [3.3]. 
Method CHA/DCH <C/10 C/10-C/1 >C/1 
ARC Charge    

Discharge    
IHC Charge  

  
 

 

 
 

 

Discharge  
 

 

 
 

 
 

 

 

RAD Charge    
Discharge    

Legend: 
Square=prismatic cell; Circle=cylindrical cell; Triangle=coin cell 
Bottom half=positive electrode; Top half=negative electrode 
Materials: 
Carbon insertion compound (black), lithium metal (white), lithiated metal oxide (gray) 

As shown in the table, the majority of previous studies on insertion 
electrodes for lithium-ion batteries have been conducted on small coin cells for 
low to moderate discharge rates (i.e., C/10 to C/1). There are few studies 
conducted for discharge rates >C/1. This emphasizes the difficulty in measuring 
transient high rate heat generation. In addition, for large batteries, significant 
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thermal gradients inside the cell may develop, thus requiring most careful 
experimental techniques. Moreover, the multiple studies on low rate discharge 
of coin cells are attempts to measure the entropic heat coefficient. This is 
achieved relatively easily because the low heating rates minimize temperature 
rise. In addition, the coin cells are thermally thin, thus substantially reducing 
internal temperature gradients that can influence the results. 

The majority of studies have been conducted at one temperature (near 
nominal ambient: 20-25 oC), and few studies have investigated the impact of 
temperature on heat generation. For those that have investigated temperature 
influences, the range of temperatures is typically small. The studies of Saito et 
al. [3.19], and Kobayashi et al. [3.22] have the largest temperature ranges (20-
60 oC and 25-60 oC, respectively), but they only tested batteries discharged at 
low current (C/10). Thomas and Newman [3.7] and Hong et al. [3.14] tested 
higher rates, but with a more narrow temperature spread (15-30 oC and 35-55 
oC, respectively). In both of these studies, no appreciable difference in heat 
generation was observed for the temperatures tested. However, it is expected 
that as the test temperature range broadens, the heat generation rate will be 
seen as strong function of temperature as the discharge rate increases. 

Finally, cross-comparison of chemistry, rates, and measurement 
techniques is a particularly difficult task for the following reasons. (i) Large 
discrepancies appear from study to study (even using the same batteries); for 
example, Onda et al. [3.21] and Al Hallaj et al. [3.16] gathered data on the 
same commercial cylindrical cell (Sony 18650) using two different techniques: 
IHC and ARC, respectively. Onda and co-workers reported heat generation 
rates ranging from 13.3 to 84.5 W/l for a 0.92C discharge rate, whereas Al 
Hallaj and co-workers reported 0.0 to 15.5 W/l for a C/1 discharge rate. These 
heat rates were estimated by [3.3], because (ii) no investigations actually 
reported the heat rate on a volume base. Nevertheless, a few general 
statements about the previously reported results can be made.  

First, the heat rates are a strong function of the discharge rate. For 
example, in the study of [3.21] the heat rate ranges from -0.45 to 11.0 W/l and 
from 13.3 to 84.5 W/l for the C/10 and 0.92C discharge rates, respectively 
(Figure 3.6). The negative value reflects the effect of the entropic heating. 
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Second, there is an extremely wide range of reported peak values at the same 
discharge rate. For example, peak rates ranging from 0.31 to 84.5 W/l were 
reported for the C/1 discharge. Without knowledge of the geometric details or 
the uncertainty in the reported values, it cannot be known if these differences 
are real or artifacts of testing method or data reduction choices. Third, the 
heat rate increases as the battery is discharged further for moderately high 
discharge rates, but the profile differs between the studies. For example, the 
studies by Al Hallaj and co-workers [3.16, 3.17] showed that the heat rate 
increased monotonically as the battery was discharged (Figure 3.2). However, 
the studies of Bang et al. [3.10], Kim et al. [3.6] (Figure 3.11), and Onda et al. 
[3.21] (Figure 3.6) showed that the heat rate followed an S-shaped curve as the 
battery was discharged. The profiles appeared to be dependent on the relative 
magnitude of the entropic and overpotential heats. 

 

 
Figure 3.11. Thermal profile of Li/LixMn2O4 cell with various current levels during 

charge. Time was normalized with respect to total experiment time for each different 
current level [3.6]. 

Considering the entropy dependence on the state of charge is therefore 
essential to accurately predict the heat generation in lithium-ion batteries 
[3.25]. However, in previous works, entropic heat was applied inconsistently to 
the thermal models. Entropic heat was ignored in some of the studies [3.26-
3.29], assumed constant [3.1, 3.2, 3.5, 3.30-3.32], assumed linear between two 
SOC measurements [3.33], or not reported [3.34-3.36].  
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In this work the entropy dependence on the state of charge was 
considered as already reported in chapter 2. Moreover, as it will be shown in 
the following, higher energy, power per cell and faster discharge/charge rates 
than those already published were considered for heat generation rate 
measurements. The range of temperatures studied was also broader than in 
previous works. 

3.2 METHODOLOGY FOR HEAT GENERATION 
MEASUREMENTS 

As already introduced in Section 3.1.5, accelerated rate calorimetry (Section 
3.1.2) was the method selected in the present work for heat generation 
measurements. Thus, validation of the heat generation model was based on 
direct heat generation measurements carried out in the accelerating rate 
calorimeter described previously in chapter 2 (Section 2.2.3). The ES ARC 
calorimeter used is ideal for adiabatic experiments, as no heat is lost to the 
surroundings and all the reaction energy released only concerns the battery 
self-heating. It allows for dynamic characterization of the heat source terms of 
high power lithium-ion cells. 

The cells and calorimeter were assumed to satisfy the following 
conditions: 

(i) Low resistance to internal heat conduction, compared to external 
heat dissipation. 

(ii) Uniformity of heat generation in the test cell, since each of the 
multiple electrode-electrolyte layers including metallic current collector 
foils contributed to the total heat generation. 

(iii) Uniform temperature distribution. Pouch cells tested were thermally 
thin and the size of the cylindrical cell tested was relatively small, thus 
substantially reducing internal temperature gradients that could 
influence the results.  

A Biot number close to 0, which is the ratio of internal resistance to 
external surface resistance, Equation (3.4), supported the assumptions (i)-(iii). 
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퐵푖 =
푅
푅

= ℎ퐿/푘 (3.4) 

3.2.1 TEST CONDITIONS AND TEST SET-UP 

A comprehensive investigation of the thermal behavior of lithium-ion batteries 
was conducted by generating temperature profiles at various C-rates. HEV 
applications require moderate to high rates of charge and discharge over a 
wide range of environmental conditions. Thus, in the current investigation the 
cells, placed in the ARC calorimeter, were discharged and then charged using 
high C-rates, 1C, 3C, and 5C for discharge and 1C, 2C, and 3C for charge.  

Cells were suspended within the calorimeter using woven glass sleeving 
ensuring that they were not in contact with the sides or floor of the chamber. 
The test-cells were concentrically positioned within the calorimeter. Figure 
3.12 shows the cells suspended from the lid. The lid was then secured. The 
control thermocouple was taped to the surface of the cells using a glass tape. 
The safety enclosure was closed enabling the test to proceed. The current and 
voltage wires from the programmable cycler and the thermocouple cable 
exited the calorimeter. Heating in the cables connecting the cell to the 
programmable cycler was assumed to be negligible due to the size of the 
conductors. The cross-sectional area of the conductors was selected 
depending on the maximum current which had to circulate through it (52.5 A, 
200 A and 11.5 A for TENERGY, KOKAM and A123 SYSTEMS cells, respectively) 
according to the AWG (American Wire Gauge) electrical current load limits, 
Table 3.3. 

 
Table 3.3. AWG electrical current load limits. 

AWG Diameter, mm Max. current, A 
0 8.2513 211.06 
1 7.348 167.38 
6 4.1153 52.501 

12 2.0525 13.06 
13 1.8278 10.357 
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Due to the fragility of the cell terminals, especial care was taken when 
connecting the current and voltage wires from the programmable cycler to the 
cells. A specific mounting bracket was designed for each cell sample so that an 
optimum connection with minimum resistance, as well as non additional 
heating, was achieved. Moreover, the connection bench had to allow 
connections to be easily, quickly and reliably done, reducing any risks for short-
circuiting the cells. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 3.12. Cells placed in the accelerating rate calorimeter for heat generation 
measurements: (a) TENERGY, (b) KOKAM, and (c) A123 SYSTEMS cells. 



152 Chapter 3: Validation of the Heat Generation Model 

For both pouch cells, terminals were placed between two copper plates 
with holes, which allowed screwing up the connection wires directly to the cell 
terminals, Figure 3.12 (a) and (b). The contact between terminals and copper 
plates had to be perfect. For this to be possible, a dynamometric key was used 
so that the applied torque could be controlled. In order to avoid the cell body 
to balance and the terminals to release from it, a piece of methacrylate was 
used to keep the joint straight in the case of TENERGY cells. This was not 
enough for KOKAM cells because of the higher weight of both the cell and the 
current wires and thus a more robust holder had to be used, Figure 3.13 (a).  

For A123 SYSTEMS cells, the wires from the battery test station were 
modified by substituting the default washers with the yellow outlet connectors 
shown in Figure 3.12 (c) which could be easily connected to a socket coming 
from the cell terminals. No additional holder was required in this case. 

 

(a) (b) 
Figure 3.13. Test set-up for calibration of the holder used for heat generation 

measurements with KOKAN cells at (a) low and, (b) high current rates. 
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3.2.2 TESTING PROCEDURE 

For each test a start and end temperature were specified as well as a 
temperature rate sensitivity. Thermal stability was obtained inside the 
calorimeter prior to launching the tests waiting until the difference between 
top, bottom, side, and cell temperature reached a minimum. For this to be 
possible, the system heated the sample to the test start temperature and 
allowed any system temperature transients to settle. Then, the system looked 
for exothermic activity by comparing the temperature rate with the sensitivity. 
When such exothermic activity was observed, the instrument switched to 
adiabatic tracking mode and the sample temperature and temperature-rate 
were stored until the sample temperature was raised to the end temperature 
(maximum temperature recommended by cell manufacturers). After each 
discharge-charge at a defined C-rate, the temperature was allowed to decrease 
to the initial temperature before continuing the test at the next C-rate. The 
accelerating rate calorimeter had an automatic cooling procedure whereby 
compressed air cooled the calorimeter to a chosen “cool temperature”. 

From temperature profiles measured on the surface of the sample cells 
during the calorimetric tests, transient heat generation rates were calculated 
by means of the accumulation of enthalpy term, 푀 · 퐶 · 푑푇 푑푡⁄ .  

At very high current rates, cells reached the end temperature before the 
charge/discharge process was fully completed. This issue was solved by placing 
the cells between two aluminum profiles. In this case, the control 
thermocouple was not taped to the surface of the cells, but to the surface of 
the aluminum cooling profiles in order to ensure the adiabatic conditions 
required for heat generation measurements. However, the surface 
temperature of the cells was also stored during the tests by means of extra 
thermocouples. Due to the high thermal conductivity of the aluminum and it´s 
higher mass compared to the battery, it was reasonable to assume negligible 
temperature gradients within the aluminum cooling profiles. The heat 
generated within the cells was almost immediately transferred into the cooling 
profiles and thus, transient heat generation rates were calculated as: 

푞̇ = 푀퐶
휕푇
휕푡

+ 푀퐶
휕푇
휕푡

 (3.5) 
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According to the technical information supplied by the accelerating rate 
calorimeter manufacturer, recalibration of the calorimeter was needed if a 
specific sample holder of unusual dimension or shape was used, especially if 
this disrupted the radial position of the control thermocouple. Therefore, 
calibration tests were performed prior to heat generation measurements. 

The calibration was required because in use the accelerating rate 
calorimeter compares the temperature of the control thermocouple with that 
of the side zone thermocouple. Though at an isothermal state both 
thermocouples should read the same temperature and should give the same 
output in mV, this is very unlikely to be true. Therefore, the calibration 
determined the difference in mV between the two thermocouples at various 
temperatures. An offset was determined which was then applied such that in 
use when the temperatures are identical so would the voltage output that was 
assessed by the instrument. 

The calibration test used a specific method to measure the isothermal 
stability and minimize the temperature drift. The calibration was performed by 
an iterative process and required offsets that gave a drift reproducible to 
below the chosen sensitivity before proceeding to measure at the following 
temperature.  

Figure 3.13 (a) and (b) show, as an example, the test set-up used for 
calibration of the holder used for heat generation measurements with KOKAM 
cells at low and very high current rates, respectively. Every part of the test set-
up used for heat generation measurements tests but the cells themselves were 
included for the calibration tests. 

Figure 3.14 (a) and (b) show the calibration test against time and the 
calibration offsets plotted against temperature, respectively, corresponding to 
the test set-up in Figure 3.13 (b). For a calibration to be considered good, small 
offset values had to be obtained, a smooth curve through the origin had to be 
produced when offset was plotted against temperatures, and the length of 
calibration step had to be consistent (the time at each temperature should be 
roughly equal). These conditions were verified with all the calibration tests 
performed. 
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(a) (b) 

Figure 3.14. (a) Calibration test against time and (b) calibration offsets plotted against 
temperature corresponding to the test set-up in Figure 3.13 (b). 

3.3 RESULTS AND DISCUSSION 

Results from the heat generation measurements carried out for the three 
types of lithium-ion cells described in chapter 2 during charge/discharge at 
various current rates will be shown in the following together with the heat 
generation model predictions for the same conditions. 

First, results for each type of cell will be discussed and then a 
comparison of the heat generated within the three sample cells will be 
presented. 

3.3.1 TENERGY CELLS 

Figure 3.15 (a) shows the temperature increase measured on the cell surface 
for complete discharge processes at 1C, 3C and 5C. Charge tests were not 
performed with TENERGY cells because the cells cooled down during charge 
processes and the accelerating rate calorimeter was not able to maintain an 
adiabatic environment when the sample temperature decreased. A decrease in 
the cell surface temperature during charge was also observed by other authors 
[3.14, 3.15, 3.17] who also tested lithium-ion cells from different 
manufacturers with LiCoO2 as positive electrode active material. This was due 
to the endothermic effect of the deintercalation of lithium ions from the 
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positive electrode accompanied by intercalation in the negative electrode 
(carbon or graphite) [3.17].  

 

(a) (b) 

Figure 3.15. (a) Temperatures measured during discharge of TENERGY cells in adiabatic 
conditions. (b) Effect of the discharge rate on the thermal behavior of the Panasonic 

cell (Type CGR 18650H) [3.16]. 

Cells tested were thermally thin, thus substantially reducing internal 
temperature gradients that could influence the results. The figure shows that 
the temperature increased rapidly especially at higher current rates. It can also 
be seen that the battery surface temperature rose faster at the beginning of 
the discharge process. This was due to a relatively lower temperature at the 
beginning of the process which resulted in a relatively larger polarization of the 
battery and therefore more heat was generated during this period [3.37].  

The increase of the cell surface temperature slowed down at a depth of 
discharge (DOD) of approximately 20%. Al Hallaj et al. [3.16] also reported a 
change in the temperature profile at DOD = 23% (Figure 3.15 (b)). In fact, a 
significant temperature drop was observed for all discharge rates except C/1. 
According to the authors, the effect was masked by the exothermic effect at 
C/1 rate. They concluded that an appreciable entropy decrease occurred in the 
cathode due to hexagonal to monoclinic phase change of LiCoO2 during 
discharge of the cell, followed within a few percent of DOD by an increase due 
to the reverse phase change. Simultaneously, cell discharge caused structural 
transformation in the graphite anode of the cell, due to deintercalation of 
graphite. These transformations, characterized by an entropy increase and an 
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endothermic reversible heat effect, reinforced the endothermic spike due to 
the monoclinic to hexagonal phase change following the initial exothermic 
spike due to the opposite phase change during discharge, as the DOD 
approached 23%. 

Figure 3.16 compares the heat generation rate profiles calculated by 
using the heat generation model presented in chapter 2 with the experimental 
profiles calculated from the temperature profiles measured during calorimetric 
tests. A SOC range from 20% to 80% has been studied as this is the range in 
which cells operate in most real applications. The dashed blue lines represent 
the experimental uncertainty. The accuracy of the thermocouples used in the 
calorimetric tests contributed to the uncertainty in heat generation 
measurements. Other measurements such as cell mass or heat capacity also 
contributed to measurement uncertainty. When accounting for all sources of 
uncertainty listed above, the total measurement uncertainty3 in the heat 
generation rate was estimated to be around 1.1%. 

A net exothermic effect was observed during discharge for all the 
current rates. Although the thermal profiles at various C-rates were similar in 
shape, the magnitude of heat generation was different for the different 
current levels. As expected, the heat generation rate increased as the battery 
was discharged further for moderately high discharge rates. This is clearly seen 
in Figure 3.17 in which the thermal energy accumulated through each of the 
discharge processes is shown. However, Bandhauer et al. [3.3] reported that 
the measured overall heat generation of lithium-ion batteries was not large in 
comparison to the electrical energy delivered. For this polymer lithium-ion 
battery an overall thermal energy generation of 1.6, 2.6 and 2.8 Wh was 
measured in comparison to 36.2, 35.2 and 33.6 Wh of electrical energy 
delivered for 1C, 3C and 5C discharge rates, respectively, which yielded 
efficiencies of 96%, 93% and 92%. These are remarkable results and agreed 
with the fact that heat rejection from lithium-ion batteries is not primarily an 
issue of big amounts of heat generated, but a high thermal mass 푀 · 퐶  
problem [3.3], compared to the external resistance for heat dissipation 
(1 ℎ · 푎⁄ ), which results in a high thermal time constant 휏 = 푀 · 퐶 /ℎ · 푎 . 

                                                             
3 The method used for experimental uncertainty determination is described in Appendix A. 
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Consequently, it takes longer for the cells to dissipate the heat generated and 
to settle out to their final temperature. 

The experimental heat generation rates are shown in Figure 3.16 
together with the profiles predicted by the heat generation model for 
discharge processes carried out at various rates. Both the calorimetric 
measurements and the predictions of the heat generation model were 
analyzed to determine the proportion of reversible heat in the overall heat 
generated during battery charge and discharge. The individual contribution of 
both irreversible and reversible terms predicted by the model (first and second 
terms on the right-hand side of Equation (2.20)) are included in Figure 3.16. 
The shape of the total heat rate was similar to the shape of the reversible heat 
rate. The irreversible heat effect was the main heating effect at high discharge 
rates; however, when current rates were relatively low (1C), the reversible 
heat effect was of the same order of magnitude as the irreversible term. The 
maximum contribution of the reversible heat observed for the complete 
discharge at 1C was a 57% of the total heat generated. The contribution was 
lowered for the discharge processes at 3C and 5C, but was still a 33% and a 
25% of the total heat generated, respectively. Measurements reported earlier 
[3.14], also showed that the entropic heat effect was significant, being highly 
exothermic during discharge and endothermic during charge. 

The absolute value of the entropic heat coefficient for TENERGY cells 
was significantly higher at low SOC (Figure 2.30 (a)). As a result, the exothermic 
effect due to entropy of reaction was more dominant at the end of discharge. 
These results demonstrated that the entropic heat should not be ignored even 
at high C-rates. On the other hand, at the beginning of discharge, ohmic and 
polarization impedance increased significantly due to a lower cell temperature, 
and surpassed the entropic heat effect.  
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(a) 

 
(b) 

 
(c) 

Figure 3.16. Comparison between the heat generation rates measured experimentally 
and predicted by the heat generation model for discharge processes carried out at 

various rates (a) 1C, (b) 3C, and (c) 5C. 
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Figure 3.17. Accumulated thermal energy through each of the discharge processes. 
Both the experimental and the profiles predicted by the heat generation model are 

shown in the figure. 

Table 3.4 summarizes the results aforementioned for TENERGY cells: 
temperature rise, overall heat generated, efficiency, and reversible/irreversible 
heat effects during discharge at the three C-rates. Once again, it is clearly seen 
that a significant proportion of the total heat generated was found to be 
reversible. Even at a discharge rate of 5C, a 25% of the total heat generated 
was due to the reversible heat effect. 

 
Table 3.4. Analysis of temperature and heat results for TENERGY cells. 

Process Discharge 
C-Rate 1C 3C 5C 

EXPERIMENTAL RESULTS 
Temperature rise, K 4 11 15 

Total thermal energy generated, kJ 3.0 5.0 6.2 
Efficiency, % 96 93 92 

HEAT GENERATION MODEL PREDICTIONS 
Total thermal energy generated, kJ 2.8 4.9 6.4 

Irreversible heat effect, kJ 1.2 3.2 4.8 
Reversible heat effect, kJ 1.6 1.6 1.6 

The heat generation model predicted almost the same total thermal 
energy values than those measured experimentally, with a maximum error of 
6.7%. Figure 3.17 further demonstrates the accuracy of the model when 
predicting the thermal energy accumulated during a discharge process. A 
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minimum determination coefficient of 푅  = 0.991 was obtained for a discharge 
process at 1C. However, from a practical point of view focused on the 
application of the heat generation model during the design process of a 
thermal management system, it is more convenient to analyze the error 
corresponding to the heat generation rate predictions. From Figure 3.18, a 
maximum prediction error of 22% could be calculated for the model when the 
discharge process was carried out at 1C. The error decreased for higher 
discharge rates; 14% and 18% for 3C and 5C, respectively. While the heat 
generation profiles measured for discharge rates of 3C and 5C were of the 
same order, the heat generated within the cell during a discharge process at 
1C was much lower and hence, the relative error was higher. However, the 
average error was 11%. 

 

 
Figure 3.18. Errors between the heat generation rates measured experimentally and 

predicted by the heat generation model for discharge processes carried out at various 
rates. The dashed lines represent the average error for each discharge rate. 

Although results from the heat generation model validation were 
satisfactory for TENERGY cells, it was decided not to continue working with 
these cells due to their thermal behavior. According to the thermal design 
criteria established in the previous chapter, the quality of the cells was not 
considered high enough for their use in a real application; TENERGY cells were 
thermally unbalanced and tended to heat up too much during discharge. 
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3.3.2 KOKAM CELLS 

Figure 3.19 shows the cell surface temperature when the cell was charged and 
discharged at three C-rates. Temperature measurements confirmed the overall 
exothermic behavior of the KOKAM lithium cells and revealed that the 
temperature increased during both charging and discharging, although the rise 
was more marked in the discharge phase. These results revealed a 
temperature peak at the end of the discharge phase and a slight temperature 
slowdown at the end of the charging phase. Furthermore, the 
charge/discharge C-rate influenced the cell temperature increase, which was 
greater at higher current rates.  

The discharge operations were not smooth, as shown by the inflexion 
points on the temperature slope. These points reflected a change in the sign of 
the acceleration of the phenomena inside the electrode, inside the cell, when 
battery SOC reached specific values. This confirmed the influence of the 
current rate and SOC on the temperature increase. A similar behavior was 
reported by Eddahech et al. [3.18] who also tested a high power lithium cell 
based on NMC. 

 

(a) (b) 
Figure 3.19. Temperatures measured during (a) charge and (b) discharge of KOKAM 

cells in adiabatic conditions.  

Figure 3.20 and Figure 3.21 compare the experimental and the predicted 
heat generation rate profiles during adiabatic calorimetric tests. The dashed 
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blue lines represent the experimental uncertainty. The total measurement 
uncertainty in the heat generation rate was estimated to be around 1.2%. 

A net exothermic effect was observed during charge and discharge for 
all the current rates. As it was observed for TENERGY cells, the thermal profiles 
at various C-rates were similar in shape, but the magnitude of net heat 
generation was different for various current levels. As expected, the heat 
generation rate increased as the battery was charged/discharged further for 
moderately high charge/discharge rates. This is clearly seen in Figure 3.22 (a) 
and (b) in which the thermal energy accumulated through each of the charge 
and discharge processes are shown, respectively.  

For this polymer lithium-ion battery an overall thermal energy 
generation of 2.3, 3.4 and 4.9 Wh was measured in comparison to 146.7, 146.9 
and 147.1 Wh of electrical energy delivered for 1C, 2C and 3C charge rates, 
respectively, which yielded efficiencies of 98%, 98% and 97%. For 1C, 3C and 
5C discharge rates, overall thermal energy generations of 1.8, 4.5 and 6.0 Wh 
were measured in comparison to 136.3, 124.7 and 121.0 Wh of electrical 
energy delivered, which yielded efficiencies of 99%, 96% and 95%, 
respectively. These results were even better than the ones obtained for 
TENERGY cells.  

The individual contribution of both irreversible and reversible terms 
predicted by the model was also analyzed for KOKAM cells. As shown in Figure 
3.20 and Figure 3.21, the shape of the total heat rate was similar to the shape 
of the reversible heat rate. However, the irreversible heat effect was the main 
heating effect especially at high charge/discharge rates, but also when current 
rates were relatively low (1C). The maximum contribution of the reversible 
heat was observed for the complete charge at 1C, but only a 14% of the total 
heat generated was due to the reversible heat effect. The contribution was 
much lower for the charge processes at 2C and 3C, 7% and 5%, respectively.  
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(a) (a) 

(b) (b) 

(c) (c) 
Figure 3.20. Comparison between the 

heat generation rates measured 
experimentally and predicted by the heat 

generation model for charge processes 
carried out at various rates (a) 1C, (b) 2C, 

and (c) 3C. 

Figure 3.21. Comparison between the 
heat generation rates measured 

experimentally and predicted by the heat 
generation model for discharge processes 
carried out at various rates (a) 1C, (b) 3C, 

and (c) 5C. 
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Unlike in TENERGY cells, in which the reversible heat effect was 
exothermic during the discharge processes due to the negative value of the 
entropic heat coefficient over the whole SOC range, the reversible heat effect 
was partly endothermic for KOKAM cells during both charge and discharge 
processes. The change from an endothermic to an exothermic heat effect 
(during charge) or vice versa (during discharge) coincided with the change in 
sign of the entropic heat coefficient over the whole SOC range, SOC 35% as 
shown in Figure 2.30 (b). As a result, the reversible heat effect was 
endothermic during the first part of the charge process, until SOC 35% when 
the effect became exothermic. On the contrary, during discharge the 
irreversible heat effect was only exothermic from DOD 65% to 80% and thus, 
the overall contribution of the reversible heat during discharge was 
endothermic. 

 

 
(a) 

 
(b) 

Figure 3.22. Accumulated thermal energy through each of the (a) charge and (b) 
discharge processes. Both the experimental and the profiles predicted by the heat 

generation model are shown in the figure. 

On the other hand, at the beginning of charge, ohmic and polarization 
impedance increased significantly. At the end of discharge this increase was no 
so evident due to the higher temperatures reached. 

The KOKAM heat generation profile illustrated almost symmetrical 
curves for the charge and discharge processes obtained at 1C and 3C current 
rates. In order to make better comparison, the heat rates of KOKAM cells at 1C 
and 3C are also plotted in Figure 3.23 (a) and (b), respectively. The reason for 
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this behavior was that the reversible heat generation rate had the same value 
but an opposite sign during the charge and discharge processes, while the 
irreversible heat generation rates were nearly constant in both processes. 
Symmetrical heat generation profiles during the charge/discharge processes 
were also reported in [3.8, 3.9, 3.11]. 

 

(a) (b) 
Figure 3.23. Comparison between heat generated during charge and discharge 

processes at the same C-rate: (a) 1C, and (b) 3C. 

Figure 3.24 presents a comparison of the thermal energy generated by 
the battery during charge and discharge at several C-rates. Being great 
candidate for EV and HEV applications, less heat was expected to be generated 
within the KOKAM cells during the charge pahse in comparison to the 
discharge phase for the same current magnitude [3.18]. However, it needs to 
be taken into account that only the heat generated between SOC 20% and 80% 
was considered for the study and thus, the constant voltage phase of the 
charge process was not accounted. The current decreased in this phase and so 
would do the heat generation too. Moreover, a significant increase of the heat 
generation rate could be expected at the end of discharge due to a notable rise 
of the ohmic and polarization impedance. This can also be foreseen from 
Figure 3.19. While the cell temperature started to increase faster after 
discharging to SOC 20%, the temperature dropped during the charge process 
from 80 to 100%. 
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Xiao et al. [3.23] also reported a similar trend: they observed that the 
heat generation at the end of discharge rose more rapidly than that at the end 
of charging because the open circuit voltage dropped dramatically at low SOCs. 

 

 
Figure 3.24. KOKAM battery thermal energy generated during charge and discharge at 

several C-rates. 

Table 3.5 summarizes the results aforementioned for KOKAM cells in the 
same way as it is done for TENERGY cells in Table 3.4. The maximum difference 
between the total thermal energy generation predicted by the model and that 
measured experimentally is less than 9.7%. 

 
Table 3.5. Analysis of temperature and heat results for KOKAM cells. 

Process Charge Discharge 
C-Rate 1C 2C 3C 1C 3C 5C 

EXPERIMENTAL RESULTS 
Temperature rise, K 4.4 6.4 10.2 6.2 13.3 21.4 

Total thermal energy generated, kJ 8.1 12.3 17.7 6.5 16.3 21.6 
Efficiency, % 98 98 97 99 96 95 

HEAT GENERATION MODEL PREDICTIONS 
Total thermal energy generated, kJ 7.6 13.1 18.3 6.4 17.0 23.7 

Irreversible heat effect, kJ 6.7 12.2 17.4 7.3 17.9 24.6 
Reversible heat effect, kJ 0.9 0.9 0.9 -0.9 -0.9 -0,9 
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Finally, the accuracy of the model is depicted in both Figure 3.22 and 
Figure 3.25. The former demonstrates the accuracy of the model when 
predicting the heat accumulated during a charge or a discharge process. A 
minimum determination coefficient of 푅  = 0.975 was obtained for a discharge 
process at 5C. However, from a practical point of view focused on the 
application of the heat generation model during the design process of a 
thermal management system, it is more convenient to analyze the error 
corresponding to the heat generation rate predictions. From Figure 3.25, a 
maximum prediction error of 35% could be calculated for the model when the 
charge process was carried out at 2C. However, the average errors were lower 
than a 15% for all charge and discharge current rates. 

 

(a) (b) 
Figure 3.25. Errors between the heat generation rates measured experimentally and 
predicted by the heat generation model for (a) charge and (b) discharge processes 
carried out at various rates. The dashed lines represent the average error for each 

discharge rate. 

A possible application for a battery pack with high power cells connected 
in series or parallel, such as KOKAM cells, whose quality was considered 
acceptable from not only a thermal, but also an electrical, a mechanical, and a 
safety point of view, could be within the transport sector. Particularly, they 
could be used for the railway sector in order to allow trams to run without a 
catenary between stops, and also to save energy due to the complete recovery 
of the braking energy. When the vehicle accelerates, energy would be used in 
priority from the energy storage system to propel the vehicle. The cycle 
corresponding to the normal operating mode of a tram is shown in Figure 3.26 
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(a). Whilst it travels from one stop to another, the energy storage system (ESS) 
powers the traction system. During the braking process, the kinetic energy 
produced is partially recycled to the ESS, which starts its recharging process. 
When the vehicle has stopped, the ESS recharging process is completed. 

 

(a) (b) 
Figure 3.26. (a) Simplified cycle corresponding to the normal operating mode in the 

application (real data are confidential). (b) Heat generation rate and cell surface 
temperature measured during the normal operating mode cycle in adiabatic 

conditions. 

The accuracy of the heat generation model for analyzing the real time 
behavior of the lithium-ion cells in vehicle operating conditions was also 
checked. Calorimetry of the KOKAM cell during the cycle corresponding to the 
normal operating mode shown in Figure 3.26 (a) was carried out. The cycle was 
repeated 3 times. The measured heat generation rate and the one predicted 
by the model as well as the surface temperature are shown in Figure 3.26 (b). 
The heat generation model did not only predict with enough accuracy the heat 
generated within KOKAM cells during constant current charge and discharge 
processes, but was also able to follow the dynamic thermal behavior of the 
cells. 
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3.3.3 A123 SYSTEMS CELLS 

Figure 3.27 shows the cell surface temperature when the cell was charged and 
discharged at three C-rates. Temperature measurements confirmed the overall 
exothermic behavior of the A123 SYSTEMS lithium cells and the influence of 
the charge/discharge C-rate on the cell temperature increase, which was 
greater at higher current rates. Although the temperature increased during 
both charging and discharging, the temperature development started with a 
slight temperature drop in both cases before it started to increase. The drop 
was more evident during the beginning of the charge processes.  

 

(a) (b) 
Figure 3.27. Temperatures measured during (a) charge and (b) discharge of A123 

SYSTEMS cells in adiabatic conditions.  

At the end of charge and discharge the temperature rose sharply. 
However, neither the charge or discharge operations were smooth, as shown 
by the inflexion points on the temperature slope. In this case, the slight 
temperature slowdown at the end of the charging process corresponding to 
the constant voltage phase was almost negligible in comparison to that 
observed for KOKAM cells. The constant voltage charge phase was shorter in 
A123 SYSTEMS cells than in KOKAM cells. 

Figure 3.28 and Figure 3.29 compare the experimental and the predicted 
heat generation rate profiles during adiabatic calorimetric tests. The dashed 
blue lines represent the experimental uncertainty. The total measurement 
uncertainty in the heat generation rate was estimated to be around 1.3%. 
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(a) 
(a) 

(b) (b) 

(c) (c) 
Figure 3.28. Comparison between the 

heat generation rates measured 
experimentally and predicted by the heat 

generation model for charge processes 
carried out at various rates (a) 1C, (b) 2C, 

and (c) 3C. 

Figure 3.29. Comparison between the 
heat generation rates measured 

experimentally and predicted by the heat 
generation model for discharge processes 
carried out at various rates (a) 1C, (b) 3C, 

and (c) 5C. 
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A net exothermic effect was observed during charge and discharge for 
all the current rates. Once again, the thermal profiles at various C-rates were 
similar in shape. However, as expected, the heat generation rate increased as 
the battery was charged/discharged further for moderately high discharge 
rates. This is clearly seen in Figure 3.30 (a) and (b) in which the thermal energy 
accumulated through each of the charge and discharge processes are shown, 
respectively.  

 

(a) (b) 
Figure 3.30. Accumulated thermal energy through each of the (a) charge and (b) 

discharge processes. Both the experimental and the profiles predicted by the heat 
generation model are shown in the figure. 

For this lithium-ion battery an overall thermal energy generation of 0.09, 
0.13 and 0.17 Wh was measured in comparison to 8.2, 8.3 and 8.4 Wh of 
electrical energy delivered for 1C, 2C and 3C charge rates, respectively, which 
yielded efficiencies of 99%, 98% and 98%. For 1C, 3C and 5C discharge rates, 
overall thermal energy generations of 0.04, 0.14 and 0.21 Wh were measured 
in comparison to 7.7, 7.5 and 7.3 Wh of electrical energy delivered, which 
yielded efficiencies of 99%, 98% and 97%, respectively.  

The experimental heat generation rates are shown in Figure 3.28 and 
Figure 3.29 together with the profiles predicted by the heat generation model 
for discharge processes carried out at various rates. The individual contribution 
of both irreversible and reversible terms predicted by the model is also 
included in the figures. The shape of the total heat rate was similar to the 
shape of the reversible heat rate, because the irreversible heat was almost 
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constant during the charge/discharge process. The irreversible heat effect was 
the main heating effect at high charge/discharge rates; however, when current 
rates were relatively low (1C), the reversible heat effect was of the same order 
of magnitude as the irreversible term, in both processes. For the rest of 
current rates, the exothermic effect due to entropy of reaction was of the 
same order of the irreversible heat effect only at the end of the 
charge/discharge process. The maximum contribution of the reversible heat 
was observed for the complete charge at 1C; a 33% of the total heat generated 
was due to the reversible heat effect. The contribution of the reversible heat 
effect was lower but still significant for the charge processes at 2C and 3C, 20% 
and 14%, respectively.  

A similar behavior to that observed with KOKAM cells was observed with 
A123 SYSTEMS cells, too. The reversible heat effect was partly endothermic 
during both charge and discharge processes due to the change in sign of the 
entropic heat coefficient over the whole SOC range, as shown in Figure 2.30 
(c). The reversible heat effect was endothermic during the first part of the 
charge process, until SOC 30% when the effect became exothermic. On the 
contrary, during discharge the irreversible heat effect was only exothermic 
from DOD 70% to 80% and thus, the overall contribution of the reversible heat 
during discharge was endothermic. 

Moreover, the heat generation profiles in A123 SYSTEMS cells also 
illustrated almost symmetrical curves for the charge and discharge processes 
obtained at 1C and 3C current rates, Figure 3.31 (a) and (b), respectively. The 
intersection points of the heat rate curves during cycling increased with 
current, which was caused by the irreversible heat contribution (cell 
polarization effect). 

Figure 3.32 presents a comparison of the heat generated by the battery 
during charge and discharge at several C-rates. The same behavior as that seen 
for KOKAM cells was observed for A123 SYSTEMS cells, i.e., less thermal energy 
was generated during the discharge than the charge phase for the same 
current magnitude. Again, only the heat generated between SOCs 20% and 
80% was considered for the study. 
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(a) (b) 
Figure 3.31. Comparison between heat generated during charge and discharge 

processes at the same C-rate: (a) 1C, and (b) 3C. 

 

 
Figure 3.32. A123 SYSTEMS battery heat loss during charge and discharge at several C-

rates. 

Results for A123 SYSTEMS cells are summarized in Table 3.6. The model 
has a maximum error of 33% when predicting the total thermal energy 
generated during the discharge process at 1C. The reason for such a high error 
is that the energy generated within the cells was very small in this case and 
thus was difficult to measure. However, the error decreases for 
charge/discharge processes at higher current rates.  
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Table 3.6. Analysis of temperature and heat results for A123 SYSTEMS cells. 
Process Charge Discharge 
C-Rate 1C 2C 3C 1C 3C 5C 

EXPERIMENTAL RESULTS 
Temperature rise, K 5.6 9.4 12.7 5.3 12.7 17.1 

Total thermal energy, kJ 0.31 0.48 0.62 0.15 0.49 0.76 
Efficiency, % 99 98 98 99 98 97 

HEAT GENERATION MODEL RESULTS 
Total thermal energy, kJ 0.35 0.57 0.78 0.10 0.49 0.84 

Irreversible heat effect, kJ 0.22 0.44 0.65 0.23 0.62 0.97 
Reversible heat effect, kJ 0.13 0.13 0.13 -0.13 -0.13 -0.13 

Finally, the accuracy of the model is depicted in both Figure 3.33 and 
Figure 3.30. The latter demonstrates the accuracy of the model when 
predicting the heat accumulated during a charge or a discharge process. A 
minimum determination coefficient of 푅  = 0.884 was determined for a 
discharge process at 1C. However, from a practical point of view focused on 
the application of the heat generation model during the design process of a 
thermal management system, it is more convenient to analyze the error 
corresponding to the heat generation rate predictions. From Figure 3.33 (b), a 
maximum prediction error of 255% could be calculated for the model when 
the discharge process was carried out at 1C. The relative error was calculated 
as the difference between the experimental heat generation rate and the one 
predicted by the model divided by the experimental value. Because of the 
small amount of heat generated within A123 SYSTEMS cells, higher error 
values were obtained. The error decreased considerably for higher discharge 
rates but was still quite higher than the errors obtained for TENERGY and 
KOKAM cells, even the average errors, due to the difficulty of measuring such 
small heat generation values with the accelerating rate calorimeter.  

Nevertheless, the heat generation model was considered to be valid to 
be used during the thermal management design process of a battery system 
made up with A123 SYSTEMS cells. Despite their high internal resistance, these 
cells demonstrated to have an adequate thermal, electrical and ageing 
behavior which made them a good candidate for a few real applications. A 
possible application for A123 SYSTEMS cells could be within the elevation 
industry as emergency and standby power systems. Elevators operate using 
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the emergency power source during power failure in order to prevent 
passengers from being trapped inside the cars. The cycle corresponding to 
operation of the battery module in an elevator is shown in Figure 3.34 (a). The 
zone in which the grid power (blue line) is equal to zero corresponds to a 
power failure. Thus, batteries need to provide power in this zone. 

 

(a) (b) 
Figure 3.33. Errors between the heat generation rates measured experimentally and 
predicted by the heat generation model for (a) charge and (b) discharge processes 
carried out at various rates. The dashed lines represent the average error for each 

discharge rate. 

 

(a) (b) 

Figure 3.34. (a) Cycle corresponding to the normal operating model in the application 
(real data are confidential). (b) Heat generation rate and cell surface temperature 

measured during the normal operating mode cycle in adiabatic conditions. 
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The accuracy of the heat generation model for analyzing the real time 
behavior of the lithium-ion cells in such an application was also checked. 
Calorimetry of the A123 SYSTEMS cell during the cycle corresponding to the 
operating mode shown in Figure 3.34 (a) was carried out. The cycle was 
repeated few times. The heat generation rate measured and the one predicted 
by the model as well as the surface temperature are shown in Figure 3.34 (b). 
Although the accelerating rate calorimeter was not able to capture sudden 
heat generation rate variations, it could be concluded that the heat generation 
model accurately followed the dynamic thermal behavior of the cell. 

3.3.4 COMPARISON OF LITHIUM-ION BATTERY TECHNOLOGIES 

Although similar experimental tests were carried out with the three types of 
lithium-ion cells selected for this work, very different results were obtained. 
This section aims to compare the thermal behavior of the three cells tested. 

The instantaneous heat generation rates and the temperature rise were 
found to be strongly dependent on the rate of charge/discharge for the three 
types of cell tested. The temperature increase measured during both charge 
and discharge processes at different current rates for the three cells are 
compared in Figure 3.35. The aim of the figure is not to quantitatively compare 
the temperature profiles measured for the different cells, but to perform a 
qualitative comparison. In fact, a quantitative comparison would not be 
possible since the temperature increase of the cells is affected by other 
variables different from the current rate, such as the thermal mass, which was 
not the same in the three cell samples. 

The temperature of TENERGY cells decreased during charge and thus 
only temperature data measured for KOKAM and A123 SYSTEMS cells are 
depicted in Figure 3.35 (a). However, these two cells showed a completely 
different behavior. The surface temperature of KOKAM cells increased 
monotonically during the constant current charge phase. Once the maximum 
voltage was reached and subsequently the constant voltage charge phase 
started, a decrease in the surface temperature was measured. The constant 
voltage phase started when cells were charged to approximately 85-90% SOC. 
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The charge phase started with a temperature decrease for A123 
SYSTEMS cells and then started to increase near 20% SOC. The rate of the 
temperature increase was not constant, considering that some changes in the 
slope of the temperature profile could be seen especially for lower current 
rates. A slight temperature decrease was also measured when the constant 
voltage charge phase started, but was almost negligible compared to that 
measured for KOKAM cells. 

 

(a) (b) 
Figure 3.35. Comparison of the temperature increases measured for the different cells 

during (a) charge and (b) discharge in adiabatic conditions.  

During the discharge processes an increase of the surface temperature 
was measured for the three cells tested, Figure 3.35 (b). The temperature 
increased rapidly especially at higher current rates. TENERGY and KOKAM cells 
showed a similar behavior. The battery surface temperature rose faster at the 
beginning of the discharge process. The increase of the cell surface 
temperature slowed down at a certain DOD different for each cell, but a 
temperature peak was then observed at the end of the discharge phase. For 
A123 SYSTEMS cells, the temperature increase did not start at the beginning of 
the discharge process but at a SOC of approximately 20%. 

A similar trend as for the temperature profiles was observed with the 
heat generation profiles too (Figure 3.16, Figure 3.21, and Figure 3.29). The 
heat generated first decreased as overpotentials, primarily ohmic drop, were 
diminished. Near the end of the discharge, the heat generation rate increased 
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again. The enthalpy heating was responsible for the peak at the end of 
discharge. 

According to [3.38], the observed potential behavior at the ends of the 
SOC range in lithium-ion cells with LFP cathode such as the A123 SYSTEMS 
cells, is due to the difficulties to insert or extract the last lithium-ions into or 
from the LFP electrode caused by a low electrical conductivity of the material 
and also by a slow lithium-ion diffusion in its lattice. 

Figure 3.36 compares the total thermal energy generated within each 
type of lithium-ion cell at every different current rate used for the charging and 
the discharging processes between SOCs of 20% and 80%. As it will be 
explained in the following, a direct quantitative comparison of this value is not 
possible either, as the samples tested had a different size, mass, geometry, 
energy content, etc. Therefore, unlike in most of the previous works found in 
literature, data are also reported in a volume and a capacity base in order to 
ease the comparison between the different lithium-ion technologies. The 
trends are clearly different when considering only the absolute value of the 
total thermal energy generated within the cells or when giving the same 
information in a volume/capacity base. 

According to Figure 3.36 (a1) and (b1), KOKAM cells would be the ones 
which heat up the most. However, although KOKAM cells were bigger in both 
size and energy content, in proportion, more heat was generated within 
TENERGY cells as shown in the figures in which the total thermal energy 
generated is given in a volume, Figure 3.36 (b2), or in a capacity base, Figure 
3.37 (b3). As aforementioned, when individually analyzing the results from 
TENERGY cells, because of the high amount of heat generated within these 
cells during discharge, they were discarded for further use. 

Finally, the thermal properties which are directly related to the heat 
generated within the cells, i.e., the entropic heat coefficient and the internal 
resistance, are compared in Figure 3.37. As already mentioned in the previous 
chapter, TENERGY cells were the only ones for which a negative value of the 
entropic heat coefficient was measured throughout the whole SOC range. 
Thus, the reversible heat effect was endothermic during charge and 
exothermic during discharge. This could explain the net endothermic behavior 
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of the cells during charge. In fact, the absolute values of the entropic heat 
coefficient measured for TENERGY cells were bigger than those measured for 
KOKAM and A123 SYSTEMS cells. Therefore, the contribution of the reversible 
heat effect to the total heat generation rate was higher in TENERGY cells. 

Figure 3.37 (b) compares the internal resistance measured at 25 oC for 
the three cells. For TENERGY cells the internal resistance was not measured at 
25 oC, but at 30 oC. Thus, the values shown in the figure were obtained by 
means of linear interpolation of the experimental data. It was observed that 
cylindrical A123 SYSTEMS cells had a higher internal resistance than both 
pouch type lithium-ion cells among which KOKAM cells had the lowest internal 
resistance.  

Coming back to the first thermal selection criteria defined in the 
conclusions section from chapter 2 (the lower the internal resistance, the 
lower the cooling requirements for a certain application’s current profile), one 
may find the results in Figure 3.36 contradictory as lower thermal energy 
seems to be generated within A123 SYSTEMS cells than within KOKAM cells, 
even if the internal resistance of the former is almost 10 times higher than that 
for the latter. However, the difference in the capacity of both types of cells 
needs to be taken into account (for the same C-rate the current value is much 
higher in the case of KOKAM cells).  

In fact, if the value of the total thermal energy generated within the cells 
were to be used as a cell selection criterion, the specific application would 
have to be analyzed first in order to know its power and energy requirements 
and consequently design the most adequate battery pack configuration for 
each type of cell. The current profile to be applied to each cell in the battery 
pack could be then determined for each case and the quantitative comparison 
of the total thermal energy generated would be feasible for that specific 
application. 

However, this was out of the scope of this section which just aimed at 
assessing the behavior of the different lithium-ion technologies in terms of 
heat generation from a more general point of view, and thus in a qualitative 
way. 
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(a1) (b1) 

(a2) (b2) 

(a3) (b3) 
Figure 3.36. Comparison between (1) the total thermal energy generated, (2) the total 
thermal energy generated per volume unit, and (3) the total thermal energy generated 
per capacity within TENERGY, KOKAM and A123 SYSTEMS cells during (a) charge, and 

(b) discharge.  
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(a) (b) 
Figure 3.37. Comparison of (a) the entropic heat coefficient and (b) the internal 

resistance at 25 oC for the different cells.  

3.4 CONCLUSIONS 

After an in-depth analysis carried out of the different methods used in the 
literature for heat generation rate measurements of lithium-ion cells, adiabatic 
calorimetry was selected for the present work, because it allowed the heat 
generation to be directly investigated and was more flexible when dealing with 
lithium-ion cells of different sizes and geometries. 

In regard to the heat generation rate measurements, this research 
contributes to the gaps found in the literature (Table 3.2) by providing 
experimental heat generation rate data for lithium-ion cells with different 
chemistries than those widely characterized in the literature. Little information 
has been published on the heat generation effects observed in the 
LiFePO4/graphite and LiMnNiCoO2/graphite lithium-ion battery systems, which 
are currently being targeted for the HEV and EV markets. Therefore, in this 
study heat generation rates of three different batteries including those 
chemistries (A123 SYSTEMS and KOKAM cells, respectively) and an additional, 
LiCoO2/graphite (TENERGY cells), were measured. Moreover, unlike most of 
the previous works conducted on small coin cells for low to moderate 
discharge rates, faster discharge/charge rates were considered in this work for 
heat generation rate measurements (1C-3C and 1C-5C for charge and 
discharge, respectively) as required by high power applications such as HEVs.  
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Despite the reported difficulty in measuring transient high rate heat 
generation and the need to place the cells tests between aluminum profiles in 
exceptional cases at the highest current rates, the total measurement 
uncertainty in the heat generation rate was estimated to be around 1.3% for 
all cases.  

Although the thermal behavior of the three cells was found to be very 
different during the same experimental tests, some general conclusions from 
the heat generation measurements could be summarized as follows: 

 A net exothermic heat effect was observed during discharge for all the 
cells. 

 The charge/discharge operations were not smooth, as shown by the 
inflexion points on the temperature slope. 

 Although the thermal profiles at various C-rates were similar in shape, 
the magnitude of heat generation increased as the batteries were 
charged/discharged further for moderately high current rates. 

 Except for TENERGY cells, for which the heat effect during charge was 
found to be endothermic and thus was not possible to measure, 
symmetrical thermal profiles were measured for charge and discharge 
processes carried out at the same current rate. 

 Contrary to what might be expected, less heat was generated during 
the discharge than the charge phase within the SOC range studied. 

The objective of the heat generation rate measurements was the 
validation of the heat generation model developed in the previous chapter, 
which was intended to be later used during the thermal management design 
process. Therefore, it had to be first proved that the model was able to 
precisely determine the heat generated within lithium-ion cells with different 
chemistry and geometry.  

The experimental heat generation rates were compared in time with 
those provided by the heat generation model under variable SOC and 
temperature conditions in order to validate the model. Some deviations were 
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observed between the simulation data and the experimental data. Possible 
reasons for these deviations are listed below:  

(i) Calorimetric measurements suffer from inaccuracy if the measured 
system has a large inactive thermal mass. As lithium-ion cells always have 
many inactive parts, including the cylinder or pouch package, current collector 
tabs, etc., which do not participate in the cell reaction, this could be 
problematic. Although the calorimeter was calibrated prior to each test, it is 
possible that some heat leakage occurred through the leads and sensing wires 
by conduction.  

(ii) The time lag of the calorimeter to detect the heat generated within 
the cells. This could explain the deviations observed for the A123 SYSTEMS 
cells since the heat generated within these cells was very small. However 
results from TENERGY and KOKAM cells are not expected to be influenced by 
this fact because large amounts of heat were generated within these cells. 

(iii) Assumptions made for the development of the heat generation 
equation. For example, heat of mixing, the delayed heat evolution produced by 
nonfaradaic phenomena such as chemical reactions, phase transformations, 
and active material (lithium) redistribution which may continue during 
relaxation of polarization, was not considered because it was expected to be 
important only at very high current levels. But it was observed in few discharge 
tests that the cell surface temperature continued to increase after turning off 
the current. By the heat generation equation used in this work, generation of 
heat ceased at the instant the current was set to zero, although some amount 
of heat continued to be released in practice.  

However, despite the deviations observed, the results from the 
validation can already be considered encouraging. Unlike, in some of the 
previous studies conducted on small coins for low to moderate discharge rates, 
in which overpredictions of the discharge and charge heat generation by as 
much as 50% for the C/8 and C/3 discharge and charge rates were observed, in 
this work the average errors corresponding to the heat generation rate 
predictions for the highest discharge rates were 6% for TENERGY cells, 10% for 
KOKAM cells, and 11% for A123 SYSTEMS cell. For the highest charge rates, the 
average errors corresponding to the heat generation rate predictions were 8% 
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and 29% for KOKAM and A123 SYSTEMS cells, respectively. Therefore, the heat 
generation models for the three lithium-ion cells were considered to be 
accurate enough at charge and discharge rates above the nominal C/1 rate. 
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chapter 4  

THERMAL MANAGEMENT 
SYSTEM DESIGN FOR A POWER 

LITHIUM-ION BATTERY SYSTEM 

Once the thermal characterization phase at the cell level is finished, thermal 
modeling of lithium-ion batteries is possible. The heat generation model 
previously developed and validated must be integrated in a complete thermal 
model which accounts also for heat dissipation in order to understand how the 
cell design and operating variables affect the thermal behavior of batteries and 
to achieve proper temperature control of batteries.  

An effective way of assessing these effects and formulating a thermal 
controlling scheme is to mathematically model the thermal behavior of a 
battery and to perform simulations under various design and operating 
conditions. Numerical modeling not only helps to improve the understanding 
of the battery operating mechanism, but also provides internal information 
that is difficult to obtain through the experiments, such as temperature 
distribution.  

Various mathematical models have been used in the literature to 
investigate the thermal response of a battery. Different types of models will be 
reviewed in the first section of this chapter. The objective of such models is 
usually the design of the thermal management system of lithium-ion battery 
packs. Various types of thermal management systems such as air cooling, 
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liquid cooling and phase change material technologies have been proposed to 
maintain the batteries at the optimum operating temperature at both the cell 
and the pack level. A review of the different cooling concepts will also be 
presented in the first section. 

The thermal management system design methodology which was briefly 
introduced in the first chapter (Section 1.6) will be presented in detail in the 
second section of this chapter. The third section will deal with the 
implementation of the presented methodology for the design of a lithium-ion 
battery module intended for a traction application. The numerical models used 
for the design will be thoroughly described. The most important assumptions 
and simplifications considered for modeling will be finally summarized in the 
conclusions section. 

4.1 STATE OF THE ART 

4.1.1 NUMERICAL MODELING OF LITHIUM-ION BATTERIES 

The mathematical models used to investigate the thermal response of a 
battery can be classified as empirical [4.1-4.5], electrochemical [4.6-4.10], and 
lumped parameter models [4.11, 4.12].  

Empirical Models 

Numerical models used to understand the thermal behavior of lithium-ion 
battery systems require lots of system properties as well as operational 
parameters as input data. Some of these properties, such as transport 
properties, thermodynamic properties or heat effects are difficult to 
determine quantitatively. Exhaustive experimental measurements need to be 
performed for the evaluation of these quantities and to understand the role of 
each cell component (electrode, electrolyte, and separator) in heat generation 
and cell behavior. However, for the design of the thermal management 
system, a relatively simple model based in a limited number of experimental 
measurements could be enough. 

Models considered within this group are those in which empirical 
equations are used in order to investigate the thermal response of lithium-ion 
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batteries. They could be also classified within the group of lumped models, 
because in most of them the cells were treated as thermally homogeneous 
bodies with effective thermo-physical properties.  

This is the case of Al Hallaj et al. [4.1], who used a simplified transient 
one-dimensional thermal model with lumped parameters to simulate the 
temperature profile of cylindrical cells during discharge. The cell voltage and 
current were measured experimentally at different depths of discharge for 
C/1, C/2, C/3, and C/6 discharge rates at 35 oC operating temperature. 

Chen and Evans [4.2-4.5] presented three thermal models of 
lithium/polymer batteries. Their models focused on heat transport inside the 
cell stack. Heat generation was also calculated using experimental discharge 
curves. In their work, the electrochemistry of the cell was decoupled from the 
thermal model, thus, the effect of temperature changes on the performance of 
the cell could not be assessed. 

In their first work [4.2], heat generation rate within a stack was assumed 
to be uniform and of the average value of all local heat sources. This quantity 
was estimated from experimental data corresponding to an isothermal 
discharge instead of determining the heat generation rate by means of an 
electrochemical model. 

In a later work [4.3], a three-dimensional model was developed in which 
again empirical equations were used in order to investigate the thermal 
response of a lithium polymer electrolyte battery stack under galvanostatic 
discharges and a dynamic power profile. The current-voltage characteristics 
under the dynamic power profile were predicted from the experimentally 
determined galvanostatic discharge/charge curves. It was assumed that within 
the operational temperature range, battery discharge/charge performance will 
not be significantly affected by temperature. The galvanostatic 
discharge/charge data at various rates were fitted by the Shepherd equation 
so as to obtain instantaneous current-voltage quantities needed in 
determining heat generation. 

For the above thermal models, the battery was thermally and 
electrochemically decoupled and empirical equations describing experimental 
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battery charge/discharge curves of different rates at constant temperature 
were employed. Decoupled models are much simpler, but accurate only when 
battery performance is insensitive to temperature. Therefore, some studies 
about thermal management of lithium-ion batteries consider the 
electrochemical details of the cells. 

Thermal-Electrochemical Coupled Models 

During battery operation, the heat generation rate depends not only on the 
cell temperature and on charge and discharge regimes, but also on processes 
which are considered electrochemical (electrode reactions, mass transfer in 
the electrolyte, etc.). Therefore, if the highly coupled nature of the 
electrochemical and thermal aspects of batteries is considered, a realistic 
model should take into account both the heat and the electrochemistry.  

A fully coupled model uses newly produced current and potential 
information from the model to calculate the heat generation rate and hence 
temperature distribution, which in turn determines the current and potential. 
The different works found in the literature differ in the type of electrochemical 
and thermal models used to explore the thermal behavior of lithium-ion 
batteries. 

Smith and Wang [4.6] used a 1D electrochemical, lumped thermal 
model. Physic-chemical property values were made temperature dependent, 
coupling the 1D electrochemical model to the lumped thermal model. An 
Arrhenius equation defined the temperature sensitivity of a general physic-
chemical property, 휓, as shown in Equation (4.1): 

휓 = 휓 푒푥푝
퐸
푅

1
푇

−
1
푇

 (4.1) 

where 휓  is the property value defined at reference temperature 
푇 = 25 C. Activation energy, 퐸 , thus controlled the temperature 
sensitivity of each individual property, 휓. 



4.1 STATE OF THE ART 193 

In adapting the single cell model to characterize a battery pack 
consisting of 72 serially connected cells, they assumed cell construction, SOC, 
and temperature to be uniform throughout the pack. 

Pals and Newman [4.7] reduced significantly the complexity of the 
coupled electrochemical-thermal model by the partially coupled approach, 
that is, estimating the heat generation rate during non-isothermal discharge 
from that obtained at constant temperatures from an isothermal cell model. In 
other words, heat generation rates were approximated to be independent of 
discharge history. 

They presented a one-dimensional model for predicting the thermal 
behavior of lithium/polymer cells and considered the effect of temperature 
changes on the performance of the cell, too. The one-cell model was then used 
to predict temperature profiles in cell stacks using a one-dimensional cell-stack 
model that used variable heat generation rates calculated by the one-cell 
model [4.9]. 

Evans and Li Song [4.13] also treated the electrochemical and thermal 
phenomena simultaneously. The heat generation rate in each cell in the 
thermal model was determined, at any given time, by a set of electrochemical 
parameters, which were calculated for each cell in the stack. The 
electrochemical parameters of each cell were calculated based on the 
temperature of the cell at that time and the model did not assume isothermal 
conditions. When coupled in this way, the electrochemical-thermal model 
yielded electrochemical variables, such as the voltage, current distribution, 
concentration distribution, surface overpotential, concentration overpotential, 
and heat generation rate of each cell at any time during the discharge. The 
structure of the model is outlined in Figure 4.1.  

In most of the electrochemical-thermal models mentioned above, the 
thermal phenomenon was treated by means of a one-dimensional or two-
dimensional model. This treatment may not be immediately applicable to all-
solid-state, lithium/polymer-electrolyte batteries in which a thin-film 
configuration is adopted, and the greatly differing thermal properties of 
different layers may have significant influence on heat transfer behavior within 
a battery. Therefore, some authors have developed comprehensive three-
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dimensional models with non-isothermal, temperature-dependent thermo-
physical properties and heat generation rates. 

 

 
Figure 4.1. Coupled electrochemical-thermal model structure [4.13]. 

Relatively simple three-dimensional models are also found in the 
literature. Newman and Tiedemann [4.14] developed a three-dimensional 
battery module in the shape of a block to generate heat uniformly throughout. 
The temperature rise as a function of time was worked out based on equations 
for heat conduction in solids (Equation (4.2)). All the parameters, including the 
heat generation rate, were taken to be uniform and independent of time.  

휌퐶
휕푇
휕푡

= 푘
휕 푇
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 (4.2) 
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Lumped Parameter Thermal Models 

Lumped thermal models have already been mentioned above. In the following, 
further details about such models will be given and the most representative 
works found in the literature that use lumped parameter thermal models will 
be cited. 

In this approach all the components inside the cells, such as active 
material, cathode and anode, current collectors, separator, etc. are assumed 
to be a single homogeneous material with average properties. Thus, these 
models usually predict the average temperature of the battery core. 

Forgez et al. [4.11] developed a lumped-parameter thermal model 
simple enough to be implemented in battery management systems for electric 
vehicles. It was able to estimate the internal temperature of the battery 
(assumed uniform) under operation from surface temperature measurements.  

The energy balance was represented by using an equivalent electric 
circuit, where capacitors and resistors were used for accumulation terms and 
heat transfer phenomena, respectively, and a current source was used for the 
heat source term, Figure 4.2.  

In order to have a more accurate prediction of the thermal behavior of 
the battery cell in any environmental condition, the thermal model shown in 
Figure 4.2 was extended in [4.15-4.17] to become an electrochemical-thermal 
coupled model. The predicted battery temperature was fed back to the 
equivalent electric model through a discrete time delay to avoid algebraic 
loops. Based on this approach, there was continuously an interaction between 
the electrical and the thermal models.  

The previous models considered that all the power generated by the 
battery goes through the normal direction. This assumption is only valid for 
cylindrical battery shape, because in prismatic and pouch cells the dissipated 
power is not just released through the normal front and back directions to the 
ambient, but also along the smaller lateral surfaces to the ambient. Thus, in 
[4.12], the energy balance was represented by an equivalent circuit in each 
directions of the cell, as shown in Figure 4.3. 푃  represents the total heat 
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generation, 퐶  stands for the thermal capacitance, 푅  is the internal thermal 
resistance and 푅  represents the convection and radiation thermal 
resistance. Dissipated power is released through the normal front and back 
directions to the ambient (푇 ,  and 푇 , ) and along the surface 
directions to the ambient (푇 , 푇 , 푇  and 푇 ). 

 

 
Figure 4.2. Simple lumped model [4.11]. 

Solving the Thermal Model 

Once the governing equations have been determined for the dependent 
variables of interest, one should simplify these equations as needed to provide 
a model as simple as possible to answer the questions posed. Once the 
governing equations have been simplified, they have to be solved. The first 
thing to do is to look for an analytical solution. Unfortunately, analytical 
solutions are not available for most of cases of interest. Nevertheless, they are 
the best if available or can be obtained. The reason for this is that analytical 
solutions are continuous in the independent variables, and show explicitly how 
the parameters of the system are involved. Also, analytical solutions give much 
insight into a system, which is one of the primary objectives of modeling. 

Classical analytical techniques are: Laplace transformation, separation of 
variables, conformal mapping, method of images, Green´s function, 
perturbation, etc. However, analytical techniques are specific to the system, 
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geometry and boundary conditions. Often times, analytical solutions involve 
integrals, eigenvalues, etc. which must be evaluated or obtained numerically. 

 

 
Figure 4.3. Cauer thermal model [4.12]. 

Usually complicated models must be solved using numerical techniques. 
Numerical techniques are very general, and valid for most models. The speed 
and accuracy of the technique depends upon the technique itself, system, 
complexity of boundary conditions, etc. The most common numerical 
techniques for modeling electrochemical systems are: the finite difference 
method (FDM), the control volume formulation (CVF), and the finite element 
method (FEM). 

These numerical techniques are implemented in various specific 
multiphysics simulation tools which have been widely used in the literature for 
thermal modeling of lithium-ion batteries such as ComSol [4.18, 4.19], ANSYS 
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FLUENT [4.20-4.22], Phoenics [4.23] and Modelica [4.24]. Additional works 
which use specific multiphysics simulation tools can be found in [4.25-4.28]. 

To sum up, various thermal modeling approaches and numerical 
techniques for modeling have been presented in this subsection. As in most 
cases, there are trade-offs involved in choosing between the different 
approaches. Electrochemical-thermal coupled models are obviously very useful 
for thorough understanding of battery operation, but they are unavoidably 
complex and hardly applicable at a higher system level, i.e. for the thermal 
design of battery packs. In addition to this high complexity, electrochemical 
models are strongly dependent on various physical properties of the cell, e.g. 
electrode dimensions and porosity, precise mass and properties of 
constituents, diffusion of ions, etc., which are normally not provided by battery 
manufacturers. This means that sophisticated measurements are required to 
determine the various materials/battery properties to run thermal simulations.  

Moreover, solving a coupled electrochemical-thermal model is 
computationally a very demanding task. For example, Harb and LaFollete 
[4.29] reported that for simulating a 10C discharge (from 100% to 50% state of 
charge) of their spirally wound battery approximately 70 h of solution time was 
required. Similarly, in simulating a typical discharge of a prismatic Li-ion 
battery using an electrochemical-thermal model, Song and Evans [4.13] 
reported a solution time of several days. Although simulation times may have 
been considerably reduced since those works were published, electrochemical-
thermal models are still not practical nor acceptable in the engineering 
practice (from a product developer point of view) at least without an approach 
of model order reduction. 

On the other hand, the computational simplicity of empirical models 
enables very fast computations, but since these models are based on fitting 
experimental data for a specific set of operating conditions, predictions can be 
very poor for other battery operating conditions. 

In this work, the thermal equations were decoupled from the 
electrochemical equations by using a global energy balance (the reaction 
distribution was assumed to be uniform all over the cell). The aim of the 
present study was therefore to develop a simple, though accurate, approach to 
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thermally simulate the thermal characteristics of lithium-ion batteries based 
on the finite volume method. This method is widely used for mechanical 
problems, but can also be successfully applied to heat transfer problems. This 
applies especially to problems, for which an analytical solution is difficult to 
find due to complex geometries or heat generation inside the object of 
interest. 

The ANSYS/FLUENT 14.5 CFD package was used for modeling purposes. 
It is a computational fluid dynamics software package that allows solving 
momentum, mass and energy balances using the control volume technique. 

Many other researchers have performed studies on the design of the 
BTMS based on thermal modeling too, because temperature excursions and 
non-uniformity of the temperature are the main concern and drawback for 
lithium-ion cells for high power applications. Basically, battery design requires 
a trade-off between the risk of overheating individual cells of relatively large 
sizes, and the cost of insulating or cooling a complex array of small cells. In 
order to yield an optimum cell size, a well-designed thermal management 
system is required to ensure good battery performance, safety and higher 
capacity. In the following, details of various thermal management techniques 
will be discussed.  

4.1.2 TYPES OF THERMAL MANAGEMENT SYSTEM 

Battery thermal energy management includes traditional cooling systems, such 
as an air thermal management system with an electric fan, liquid thermal 
management system with water, glycol, oil, acetone or even refrigerants, heat 
pipe battery thermal management system and PCM (Phase Change Material) 
thermal management system. In addition, the thermal management system 
may be passive (i.e., only the ambient is used) or active (i.e., a built-in source 
provides heating and/or cooling). 

Air for Thermal Management 

Considering the use of air for thermal management may be the simplest 
approach, and air cooling systems are used because of cost and space 
limitations. There are usually two ways for the air to flow over the battery, 
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which can be seen in Figure 4.4. Any type of cell can be cooled using this 
method. From a fluid mechanics perspective, however, the round cell offers 
certain advantages in this context. The cooling system interface is relatively 
basic. However, the space required for the installation of cooling air channels 
between cells, supply and outflow ducts for the battery module, and a possible 
micro air conditioning unit is substantial. 

Furthermore, it is apparent that the air natural convection for battery 
heat dissipation is invalid; heat transfer with air is achieved by 
directing/blowing the air parallel or serial across the battery module/pack. Air 
forced convection cooling could mitigate temperature rise in the battery. 
However, at stressful and abuse conditions, especially at high discharge rates 
and at high operating or ambient temperatures (> 40 oC), air-cooling will not be 
proper, and the non-uniform distribution of temperature on the surface of the 
battery becomes inevitable. 

 

 
Figure 4.4. Air flow over the battery pack [4.30]. 

Nevertheless, passive cabin air cooling systems were used on early EV 
and HEV battery packs such as Honda Insight, Toyota Prius and Nissan Leaf 
mainly because of cost, mass and space considerations.  

Liquid for Thermal Management 

The battery thermal management using liquid could be achieved either 
through discrete tubing around each module; with a jacket around the module; 
submerging modules in a dielectric fluid for direct contact; or placing the 
modules on a liquid heated/cooled plate (heat sink). The heat transfer medium 
could be water, glycol, oil, acetone or even refrigerants. 
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A far more practical alternative in view of packaging space constraints 
and cooling efficiency are cooling methods in which the battery cells are 
positioned in thermal contact with a cooling unit with waste heat channeled to 
a heat sink. This, however, presents challenges of its own in terms of the 
design and configuration of the thermal contact unit, since in many cases, 
electric insulation between the cooling unit and the cell housing is necessary. 
For low-height cells with sufficient wall thickness, thermal contact solely at the 
cell base or head is sufficient (Figure 4.5 (a)). In such cases, cells are simply 
positioned on a cooling plate. The cells can be very densely packed, and the 
required packaging space is therefore minimal. Pouch cells are unsuitable for 
this method of cooling, since waste heat is primarily dissipated via the cell 
housing wall to the cell base from where it is transferred to the cooling plate. 
Pouch cells have a circumferential seam in the outer membrane that prevents 
optimal thermal contact. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.5. Cooling concepts for cells: (a) Base/head cooling; (b) Cooling plates 
between cells; (c) Fluid-ducting cooling plates; (d) Conductor cooling [4.31]. 
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If waste-heat dissipation via the cell housing is insufficient, heat 
conducting elements in the form of heat conduction fins (Figure 4.5 (b)) or 
even fluid-channeling plates (Figure 4.5 (c)) must be installed between the 
battery cells. The latter, however, entails significant assembly requirements in 
series production, since a large number of these plates need to be installed 
within the battery when cells are assembled. 

The Li-ion batteries of the Chevrolet Volt and the Mercedes-Benz s400 
BlueHYBRID are liquid-cooled. The lithium-ion battery module of the former is 
cooled indirectly with refrigerant via a secondary circuit and chiller. In the 
latter, the battery pack is incorporated into the vehicle´s refrigerant circuit as 
an evaporator plate and is cooled directly by the refrigerant.  

Phase Change Materials (PCMs) for Thermal Management 

Thermal management systems such as forced air-cooling and liquid-cooling still 
make the overall system too bulky, complex and expensive in terms of blower, 
fans, pumps, pipes and other accessories. Therefore, other thermal 
management solutions are required. A novel solution using PCM for battery 
thermal energy management was proposed for electric and hybrid electric 
vehicle applications. The PCM concept minimizes the thermal gradient inside 
the battery pack effectively. This is ensured by the heat absorption due to 
phase change, if the melting point range of the PCM is properly chosen. Heat 
absorption takes place both as sensible heat and as latent heat. When the 
temperature of the module reaches the melting range of the PCM, the PCM 
starts to melt and the high latent heat of the PCM prevents the module 
temperature from rising sharply. 

Although it effectively minimizes the thermal gradient inside the battery 
pack, the PCM based passive thermal management system often suffers from 
the following inherent limitations. For example, the PCM increases the volume 
and weight of the overall battery pack. Furthermore, if the PCM completely 
melts, the low thermal conductivity of the PCM creates an additional large 
thermal resistance between the cooling fluid and the batteries, thus causing 
not only the battery temperature to rise further due to the low heat 
dissipation, but also an uneven heat distribution, i.e., resulting in a worse 
situation than direct air cooling. In both solid and liquid states, the specific 
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heat capacity of the PCMs is low, which could lead to a dramatic rise in the 
temperature of the battery pack when the PCM temperature is below the 
melting range. Nevertheless, this could be avoided by selecting a PCM whose 
melting point is lower than the maximum temperature recommended for the 
battery.  

Finally, another disadvantage of the PCM based thermal management 
system is that it can only be used with batteries for which the discharge and 
charge processes are exothermic and endothermic, respectively, or vice versa. 
The PCM would absorb the energy generated within the exothermic process 
and then release it during the endothermic process. If for example, both 
charge and discharge processes would be exothermic, the PCM would always 
absorb the energy generated during battery operation. Consequently, the 
melting point of the PCM could be exceeded and would no longer work 
properly since it would not be able to maintain a constant temperature. In 
such a case, the PCM would only release the accumulated energy when 
stopping the battery system. 

In recent years, various strategies for PCM matrix optimization based on 
the PCM/graphite mixture have been reported [4.32-4.34]. It provides higher 
thermal conductivity, but the specific heat capacity of the PCM matrix is in turn 
significantly reduced when inserted into the graphite. Moreover, the 
preparation of the PCM/graphite matrix is usually a time-consuming and costly 
process. 

Heat Pipes for Thermal Management 

Heat pipe, which also makes use of change-of-phase heat transfer, first 
suggested by R.S. Gaugler in 1942, has been taken more attention in recent 
years because of their numerous advantages such as a high conductive 
coefficient, i.e. a low thermal resistance, and a small volume.  

The operation principle of the heat pipe is shown in Figure 4.6 (a). The 
heat pipe consists of an evaporator, a condenser, and an adiabatic section. The 
heat from the source flows into the evaporator, where the liquid is 
evaporated. The vapor moves to the condenser by natural convection and 
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changes into liquid, which flows back to the evaporator by the wick structure 
that provides capillary pumping for the circulation. 

Murashko et al. [4.35] proposed a passive cooling system with heat 
pipes embedded in aluminum plates as a part of the thermal management 
system for high-power lithium-ion batteries in hybrid machines (Figure 4.6 (b)). 

 

 
(a)  

(b) 
Figure 4.6. (a) Principle of the heat pipe; (b) Structure of the battery module proposed 

in [4.35]. 

Thermoelectric Cooling for Thermal Management 

Thermoelectric cooling is a solid-state method of heat transfer through 
dissimilar semiconductor materials. It is also called the “Peltier effect”. The 
three main working parts in a thermoelectric refrigeration system are a cold 
junction, a heat sink, and a DC power source. Two dissimilar conductors 
replace the need for a refrigerant. The cold sink becomes cold through 
absorption of energy by the electrons as they pass from one semiconductor to 
another, instead of energy absorption by a refrigerant. The DC power source 
pumps the electrons from one semiconductor to another, and the heat sink 
discharges the accumulated heat energy from the system. Therefore, the 
thermoelectric cooling system refrigerates without refrigerant and without the 
use of mechanical devices, except perhaps in the auxiliary sense.  

Figure 4.7 (a) shows an example of localized, individually controlled, 
distributed thermal management of individual lithium-ion cells via direct 
conductor cooling using thermoelectric devices (TEDs). A lithium-ion battery 
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for hybrid electrical systems with TEDs integrated into bus bars is shown in 
Figure 4.7 (b). 

 

 
(a) 

 
 

(b) 
Figure 4.7. (a) Thermal management of individual lithium-ion cells via direct conductor 

cooling using TEDs; (b) 12 V Li-ion battery for hybrid electrical system with 10 Watt 
TEDs integrated into bus bars. 

Conductor Cooling for Thermal Management 

In all the above strategies, the thermal management system is external to the 
batteries. Because of the low thermal conductivity of the battery, heat builds 
up and the battery temperature rises. As an alternative, internal cooling of the 
batteries can be considered. This allows heat to be removed directly from the 
source without having to be rejected through the surface of the battery; the 
cell interior is cooled directly via the conductors and electrodes (Figure 4.5 (d)). 
To do this, the physical metallic route to the sequence of electrodes is used 
directly to establish a channel for good thermal conductivity. Pouch cells are 
particularly suitable for this method of cooling, since their conductors’ flat 
design provides a contact surface of sufficient size. However, internal cooling 
strategies for lithium-ion batteries still need further research.  

Battery Heating 

All of the batteries for the various types of electric-drive vehicles will 
occasionally be exposed to very cold temperatures, which will require special 
heat-up procedure because low temperatures may be also a problem for 
lithium-ion batteries.  
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There are two ways to rapid heating: (i) with electric heaters within the 
battery, (ii) by heating the battery coolant. As it is difficult to heat the battery 
rapidly with air, then liquids such as water can be considered, which have a 
higher conductivity than air, for battery thermal management. For low 
temperature operation, PCM is also an important advantage for EVs operation. 
Because of the heat stored as latent heat, just a smaller part of it is transferred 
to the surroundings. The stored heat will be rejected to the module when the 
battery temperature is dropping below the melting point of the PCM. 

To sum up, a trade-off analysis of all the battery management systems 
mentioned above is shown in Table 4.1. Direct contact fluids have relatively 
high heat transfer rates, especially compared with air, because of their 
boundary layer and thermal conductivity. Furthermore, they have the best 
packaging densities among the aforementioned TMSs. Indirect contact water 
also has significantly higher heat transfer coefficients because of its relatively 
low viscosity and thermal conductivity. Moreover, they do not require fans or 
air ducts or occupy a large space for proper cell arrangement. However, their 
effectiveness can decrease significantly because of the added thermal 
resistance such as a jacket wall or air gaps. As a result, even if the heat removal 
rates from the cells to the coolant are the same in the different TMSs, liquid 
coolants such as water (or water/glycol mix) would not be heated as fast as air 
due to their higher heat capacity. Moreover, the difference between the 
coolant mean temperature and the cell surface temperature would be 
significantly lower in liquid cooling systems because of their larger heat 
transfer coefficient, which reduces both the maximum battery temperature 
and the temperature difference among the cells in the pack. 

As it will be later detailed in Section 4.3.3, liquid cooling was chosen for 
the lithium-ion battery module designed in the present work. But first, a 
general overview of the applied novel thermal management system design 
methodology will be given in the next section. 
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Table 4.1.Trade-off analysis of different battery thermal management systems [4.30]. 

 
Forced 
air 

Direct 
Contact 
Liquid 

Indirect 
Contact 
Liquid 

Heat pipe PCM 
Thermo-
electric 

Ease of use Easy Difficult Moderate Moderate Easy Moderate 
Integration Easy Difficult Moderate Moderate Easy Moderate 
Efficiency Low High Medium High High Low 
Temperature 
drop 

Small Large Medium Large Large Medium 

Temperature 
distribution 

Uneven Even Moderate Moderate Even Moderate 

Maintenance Easy Difficult Moderate Moderate Easy Difficult 

Life 
≥ 20 
years 

3-5 
years 

≥ 20  
years 

≥ 20  
years 

≥ 20  
years 

1-3 years 

First cost Low High High High Moderate High 
Annual Cost Low High Moderate Moderate Low High 

4.2 THERMAL MANAGEMENT SYSTEM DESIGN 
METHODOLOGY 

The thermal management system design methodology was based on the 
sequence of steps shown in Figure 4.8, which finally provides an optimum 
battery system in order to achieve a fixed battery thermal performance and 
other battery pack specifications such as maximum energy efficiency and 
minimum weight to volume ratio.  

According to the methodology: 

(1) First, the electrical behavior expected for the energy storage system 
has to be understood in order to identify its requirements; specifications of the 
desired thermal performance for modules and packs under various climates 
(average temperature, temperature difference in a module and between 
modules) have to be identified as well as safety requirements, such as the 
need for ventilation, based on the cell manufacturer´s requirements. Other 
pack specifications such as geometry, dimensions, number of modules, and 
orientation, also have to be identified based on the vehicle integrator´s 
requirements. Pack lay-out alternatives have to be established based on 
packaging requirement. 
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An answer has to be provided for the following questions before going 
to the next stage in the design methodology: 

 Which are the power, voltage and current requirements for the energy 
storage system in the application for which it is intended? 

 Which is the resulting charging and discharging behavior expected for 
the lithium-ion cells used in the battery system? 

 Which are the requirements of the vehicle (compact, lightweight, 
etc.)? Which is the available space to integrate the battery system in 
the vehicle? 

 Which are the external conditions expected for the battery system 
(vibrations, ambient conditions such as humidity, etc.)? 

 Which is the acceptable operating temperature range for the battery 
system? And the level of acceptable temperature variation for the 
modules and the pack? 

 Which is the priority when designing, battery uniformity and thus, 
extended lifetime, or reducing system complexity as much as possible? 

In this case, most of the answers are usually given by the customer 
needs. 

(2) The most appropriate cell for the application can be then selected in 
order to ensure that the requirements previously identified can be fulfilled. For 
this to be possible a previous cell characterization is required which includes 
tests for analyzing the electrical and thermal properties as well as mechanical 
and safety aspects of the cells. As shown in chapter 2 and chapter 3, this work 
was mainly focused on the thermal characterization of the cells, which finally 
yielded a heat generation model used in later stages (3, 5, and 8 in Figure 4.8) 
of the thermal management system design process. 

Some of the criteria to be considered when selecting the cell type for a 
certain application must include:  
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 From an electrical point of view: cell capacity, maximum charge and 
discharge current rates, peak power capability, energy efficiency, etc. 

 From a mechanical point of view: position of the cell terminals which 
could ease/complicate cell interconnections, flexibility offered by the 
cells geometry and casing for their assembly within a battery module, 
etc. 

 From a thermal point of view: cell geometry from a cooling 
perspective, expected overall heat generation rate, etc. 

 Others: production maturity, availability, safety, life span, cost.  

(3) After selecting the most appropriate cell for the application, different 
design concepts have to be proposed and analyzed by means of coarse or 
conceptual models developed using CFD techniques. The evaluation within the 
preliminary design step can include different heating/cooling fluids (air, liquid), 
different flow paths (direct or indirect, series or parallel), and different flow 
rates. However, apart from the cooling system pre-selection, other design 
aspects which give solution to the requirements already specified in (1) have to 
be decided, too: 

 Cell arrangement: How will be the cells placed within the battery 
module, vaulted or stood-up? Will the mechanical structure used in 
order to hold the cells be rigid or flexible? 

 Cell connections: Will the cells be connected in series or parallel? Will 
the cell terminals be connected by means of mechanical unions or by 
means of welding? 

 Electric insulation: Is the battery system going to be a floating ground 
system or a ground system? Will insulation be provided between every 
lithium-ion cell and the environment or just between each battery 
module and the environment? 

Steady and transient thermal performance of modules has to be 
obtained using computational fluid dynamics. The impact of various designs on 
the battery pack performance has to be evaluated and alternative systems 
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compared with respect to performance, energy need, cost, complexity, and 
maintenance. Outputs from the thermal characterization tests and the heat 
generation model have to be used for an accurate battery pack performance 
evaluation.  

(4) The conceptual models developed in the previous step allow the 
different preliminary design concepts to be compared without the need of 
constructing any prototypes and thus selecting the initial design concept. Once 
the design concept is decided, the different components have to be selected in 
this step based on their technical properties: blowers/cold plates, material for 
electric insulation, external casing material of the battery module, etc. 

(5) Detailed numerical models of the selected design concept which 
include the specific components chosen in the previous stage have to be then 
developed before building the battery module and the refrigeration system in 
order to check the validity of the design with a few preliminary simulations. It 
has to be verified that the thermal design criteria established after stage (1) 
are strictly fulfilled at different operating conditions. For these simulations to 
be representative of the real-time thermal behavior of the battery pack, the 
heat generation model has to be imposed as a volumetric heat generation in 
the cell zones of the detailed numerical models. 

If the simulations showed that the thermal design criteria are not 
fulfilled with the selected design concept, stages (1) to (5) would have to be 
reviewed in order to find the reason and consequently find the solution. The 
specifications initially defined could turn out to be too demanding or even 
inconsistent and thus would have to be redefined. If this were not the case, 
the characteristics of the design concept would have to be slightly modified 
(size of blowers/cold plates, type of material for external casing, coolant flow 
rate, etc.). If it were still not enough, then a completely new design concept 
would have to be proposed in order to find a design solution which satisfies 
the initial design criteria established after the requirements identification in 
stage (1). 

(6) The prototype with this design concept has to be then constructed. 
Experimental tests carried out in this prototype must be used to probe the 
correct thermal behavior of the module, the heat transfer and fluid flow 
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performance have to be evaluated, as well as to validate the detailed models 
of the last design concept.  

After this step two different scenarios are possible: 

Scenario A. If the experimental tests showed that the thermal design 
criteria are satisfied, both the numerical models and the design concept could 
be considered to be validated. 

Scenario B. If the thermal design criteria were not satisfied when 
experimentally testing the battery prototype, it would mean that the detailed 
numerical models developed in stage (5) are not representative of the reality 
which was intended to emulate by means of simulations. Therefore, the 
numerical models would have to be corrected until simulation results obtained 
in stage (7) agree with experimental results obtained in stage (6). This loop is 
represented by the broken arrows in the left of Figure 4.8. 

(8) Once validated, the models would have the potential to be used in 
the optimization of the thermal management system design in order to 
achieve a final design which fulfills all the requirements initially defined. This 
process is represented by the dotted arrows in the right of Figure 4.8. Thus, a 
lithium-ion battery system with the final optimized design proposed based on 
the validated numerical models would finally be constructed. 

The novelty of the design methodology lies in the use of different 
numerical modeling approaches as the basis for the design of the thermal 
management system. Numerical modeling not only helps to improve the 
understanding of the battery operating mechanism, but also provides internal 
information that are difficult to obtain through experiments, such as heat 
generation, temperature distribution, etc. In this work, modeling the thermal 
performance of lithium-ion batteries felt into two main objectives:  

i. Ensuring proper thermal management under normal operating 
conditions.  

ii. Improving the efficiency of the design process as compared to a 
trial-and-error determination of the battery cooling system design 
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parameters and operating conditions, thus reducing product 
development time and leading to better battery design. 

The proposed methodology was implemented in the present work for 
the design of the thermal management system of a lithium-ion battery system 
intended for a traction application. 

 

 
Figure 4.8. Schematic of the novel design methodology. 
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4.3 CASE STUDY 

In the following the main steps prior to the prototype manufacturing for a real 
example will be thoroughly explained, paying particular attention to those with 
a thermal emphasis. Subsequent steps will be presented in chapter 5. 

4.3.1 ANALYSIS OF THE APPLICATION AND IDENTIFICATION OF 
REQUIREMENTS 

More efficient use of energy and better environmental performance are 
becoming important requirements for the transport sector. In this context, the 
transport sector is facing the major challenge of providing transport solutions 
that are environmentally friendlier, yet which also meet the growing global 
demand for modern, comfortable transport networks. The proposed solution is 
to produce clean vehicles such as pure electric vehicles (BEVs), hybrid electric 
vehicles (HEVs) and fuel cell electric vehicles (FCEVs). 

These ground-breaking technologies require large scale energy storage 
modules and packs, conformed by large format lithium-ion cells. The main 
drawback is related to the high safety constraints due to the passengers 
onboard. The safety of this battery packs is critically related to the cells´ 
operating behavior and temperature [4.36]. Particularly, the impact of 
temperature has a significant effect on the battery behavior during 
acceleration and regenerative braking effects. Therefore, battery packs need 
to be managed by TMSs in order to improve battery safety, performance, 
reliability and overall cell life. 

The pack thermal management system has to meet the requirements of 
the vehicle. It must be compact and lightweight, easy to package, reliable, and 
readily accessible to maintenance. It must also have low parasitic power and 
be low in cost. An ideal thermal management system should be able to 
maintain the desired uniform temperature in a pack by rejecting heat in hot 
climates, adding heat in cold climates, and providing ventilation if the battery 
generates potentially hazardous gases [4.37]. The objective of the present 
thesis is to establish a methodology based on numerical modeling to design 
and develop such a battery pack thermal management system in IK4-IKERLAN.  
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Battery packs are configured by connecting a number of battery 
modules in series or parallel. These battery modules in turn are made up of 
cells connected in series with the number of cells being determined by the 
power, voltage and current requirements of the application. However, 
maintaining the performance and long life of an assembled battery is not 
simply a matter of connecting lithium-ion battery cells in series and parallel to 
achieve the required voltage, current and power. Instead, understanding the 
behavior of the load as well as the resulting charging and discharging behavior 
and then designing a battery system specific to those requirements has a 
major influence on the system´s performance and lifetime. 

In this case, the energy storage system was developed for an onboard 
application directed to the transport industry which could be either an electric 
car/bus, a train or a tram (the specific application was not initially known). 
From the electrical point of view, the power and energy requirements for 
these applications depend on their different operating modes.  

Figure 4.9 (a), Figure 4.9 (b) and Figure 4.9 (c) show representative 
speed profiles for cars, buses and trains, respectively. The driving cycles shown 
in Figure 4.9 (a) are commonly used to study the emissions and engine 
performance for vehicles under specific driving conditions. Apart from the 
emissions tests, these drive cycles can also be used to get an idea about the 
charge/discharge characteristics of batteries in EV/PHEV/HEVs in order to 
design efficient battery packs. The drive cycles shown in Figure 4.9 (a) 
correspond to the US EPA Federal Test Procedure (FTP), the INRETS drive cycle 
with data logged around Lyon, France, the New European Driving Cycle (NEDC), 
and the EPA Urban Dynamometer Driving Schedule (UDDS). The first bus drive 
cycle shown in Figure 4.9 (b) corresponds to a 2.65 km bus route with 28 stops. 
The others represent the Central Business District Bus Driving Schedule (CBD), 
a New York bus cycle and a London bus route with varying passenger mass, 
respectively. Finally, Figure 4.9 (c) shows maximum speed profiles per path in 
various Spanish railway lines. 

The power required by the energy storage system, depends not only on 
the speed of the vehicle, but also on the overall efficiencies of the motor, the 
controller and the converter, on the drag and rolling coefficients, the total 
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mass of the vehicle, etc. Therefore, the current profiles associated to each of 
the driving cycles in Figure 4.9 may vary significantly. In order to design a 
thermal management system as flexible as possible and by way of precaution, 
a quite demanding 3C/2C discharge/charge average current profile was initially 
considered. 

 

(a) (b) 

 
(c) 

Figure 4.9. Representative speed profiles for (a) cars, (b) buses and (c) trains. Data for 
the first two figures were taken from ADVISOR, an advanced vehicle simulator 

developed by the U.S. Department of Energy (DOE) and the National Renewable 
Energy Laboratory (NREL) [4.38]. Figure (c) was taken from [4.39]. 

From a mechanical point of view, the compactness of battery packs 
posed a challenge for effective thermal management. The principal 
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requirement was the limitation of available space to integrate the battery 
system in the vehicle. It was also desirable to minimize the weight of the 
complete system. An external enclosure must guarantee that the system could 
operate in high humidity conditions. The battery had to be capable of resisting 
the vibrations produced by the vehicle in its movement. The necessary 
electrical power connections had to generate as low as possible losses due to 
ohmic irreversibilities. 

From a thermal point of view, the most important parameters for 
designing a BTMS are defining the required operating range from a cell`s safety 
point of view, determining the desired operating range (usually given by the 
customer), and defining the level of acceptable temperature variation both for 
the modules and the pack. An acceptable temperature range was first 
established within which all battery components, i.e., active material, binders, 
separator, electrolyte, etc., should be maintained at all times. The temperature 
limits were determined by life specifications, performance ratings, safety 
considerations, and avoidance of extremely low or high temperatures. At 
extremely low temperatures, the modules could not provide sufficient power 
or energy for the application and their operation may cause internal module 
damage. On the other hand, at extremely high temperatures, regenerative 
braking charge acceptance could be poor or internal damage to the module 
may result in unsafe operation. A compromise had to be taken between 
battery life and uniformity and predictability of performance, favored by a 
narrow range, and reducing system complexity, expense, and weight, favored 
by a somewhat wider range. 

At room temperature the reduction of cell life can reach up to 50% for a 
temperature increase of 10 oC [4.24]. In [4.25] it was found that every degree 
of cell temperature rise reduced the lifespan on the lithium-ion battery they 
tested by approximately two months in an operating temperature range of 30-
40 oC. Therefore, the optimum balance between long life time and cell 
performance was expected to be achieved when the mean temperature lied 
between 25 and 35 oC. The maximum temperature within the cell could exceed 
40 oC in exceptional cases only.  
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Temperature differences within the battery module lead to mechanical 
stress. One measure of this stress is the maximum cell temperature difference, 
which could not exceed 5 oC to achieve a full lifespan, as large temperature 
non-uniformity in the battery module affects adversely overall cell lifespan as 
well as available cell capacity. These limits had to be fulfilled for a variety of 
boundary conditions because the same battery system had to operate 
efficiently in different climates. 

Table 4.2 summarizes the limit criterions that were established to be 
fulfilled by the battery system. 

 
Table 4.2. Limit criteria established for the battery module developed in IK4-

IKERLAN. 
Electrical 
Requirements 

Nominal Voltage, V 
Cycle life, cycles 

300-500 
> 30000 

Mechanical 
Requirements 

Weight, kg 
Cell number 
Pack Volume, m3 

< 240 
< 240 
< 0.400 

Thermal 
Requirements 

Optimal temperature range, oC 
Maximum allowable cell temperature, oC 
Cell temperature difference, oC 

25-35 
40 
5 

4.3.2 CELL SELECTION 

Good battery thermal performance starts with a proper selection of the 
battery cells and good design of the battery modules and the pack. The module 
hardware, such as cell connectors, is also critical to the battery operation. 
Therefore, the number of cells in a pack should be minimized to simplify the 
design and to minimize potential reliability problems. Fewer cells require fewer 
support electronics. The possible cell sizes and layouts which can be used are 
dictated by the cavity which is planned to house the battery pack within the 
intended application. 

From a purely technical cooling perspective, the prismatic or pouch cells 
are most suitable for use in vehicles, because of the cell geometry. In round 
cells, relatively little surface area is available for transferring heat away from 
the cell interior. This leads to a greater internal/external radial temperature 
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gradient. Furthermore, the curved nature of the cell´s external surface 
prevents optimal thermal contact with heat conducting elements that facilitate 
waste-heat dissipation to a heat sink. 

Other important criteria influencing the choice of cell type, however, 
include production maturity, availability, safety, life span, and cost, which 
mean that the proven round cell continues to be used frequently. However, in 
this work, due to the requirement for designing a compact and lightweight 
battery thermal management system, the cylindrical cells from A123 SYSTEMS 
were initially discarded and the design focused on pouch cells from the 
beginning. 

Most of the papers found in the literature are limited to cylindrical cells 
which are assembled using LiCoO2 cathode, rather than newly LiFePO4 or NMC 
cathode active materials and the normal capacity of cells is low, less than 3 Ah, 
and the packs energy storage capacity less than 150 Wh. Little research has 
been focused on the thermal behavior of the large capacity and high power 
cells. Larger cells are more sensible to thermal runaway because they have 
higher energy content. Increasing cell size lowers cooling area per volumetric 
heat generation and increases thermal resistance. Therefore, thermal 
performance of lithium-ion batteries with high capacity needed for electric 
vehicle application remains a great challenge. 

A wide range of tests which made possible the analysis of electrical and 
thermal properties as well as mechanical and safety aspects of various pouch 
type lithium-ion cells, which included the TENERGY and KOKAM cells described 
and characterized in chapter 2, were performed in order to select the most 
appropriate cell for the application [4.40]. From a thermal point of view, the 
selection criteria listed in the conclusions section from chapter 2 were 
considered. 

Finally, as a result of these tests, the battery pack was made up of 
several interconnected modules with KOKAM cells (NMC based pouch type 
lithium-ion cells). The number of cells and modules in the battery pack were 
given by the pack voltage and capacity required for the application, 
respectively.  
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The magnitude of overall heat generation rate from the modules in a 
pack affects the size and design of the thermal management system [4.37]. 
Therefore, the precise determination of heat generation carried out in chapter 
3 for KOKAM cells was used for improving the design process of the thermal 
management system. This was possible due to the methodology developed for 
the determination of the heat generation model which made it easier to 
implement it in battery system design tools since there was no need to 
combine the thermal model with complex electrochemical models to estimate 
heat generation. In comparison to coupled multiphysics models, faster 
simulations which required less computational effort were feasible when using 
such a compact thermal model. Although there was no proper resolution in 
order to model the temperature distribution at the cell level, this was not the 
aim of the model, i.e., the objective was not the thermo-chemical design of the 
cells, but to assure that the temperature of all the cells within a battery pack 
was kept below a certain value and that there was not a significant variation 
between them. 

In addition, in order to do any reasonable transient or steady-state 
thermal analysis the heat capacity and thermal conductivities of the cells 
needed to be known. In fact, a factor to be considered in thermal management 
is the substantial heat capacity of the battery pack. The thermal mass of the 
battery evens out temperature fluctuations resulting from power bursts so 
that the heat dissipation system need only handle the average heat generation 
rate for the most extreme driving profiles the battery is likely to encounter. For 
large PHEV and EV batteries, the heat capacity of the battery will limit the 
temperature rise of the centerline of the cells by distributing the heat 
throughout the battery. For HEV batteries, which have high power-to-energy 
ratios, the main effect of the heat capacity will be to smooth out temperature 
fluctuations [4.41]. The heat capacity of KOKAM cells together with their 
thermal conductivity was determined as part of the thermal characterization 
described in chapter 2. 

4.3.3 PRELIMINARY DESIGN 

After cell selection, equalizing the cell temperature across the battery pack 
should be the first design consideration in order to minimize the need for cell 
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balancing. The objectives of this step are thus to pre-select the cooling system, 
to propose design concepts that give solution to the requirements already 
specified, to perform upfront simulations in order to compare the different 
design concepts and to finally select the concept to be designed in detail. 

As shown in Section 4.1.2, there is no single “true” concept for cooling 
lithium-ion batteries. Various cooling solutions are feasible depending on the 
cell type and the battery´s application. The air type system is simpler in design, 
less expensive, and easier to maintain. Its warm-up period is shorter than the 
liquid type system which has larger thermal inertia with the liquid coolant in 
the system. However, the air is not an efficient heat transfer fluid due to 
relatively lower heat capacity and heat transfer coefficient than liquids. Battery 
thermal management using a liquid is more effective and efficient especially 
for a vehicle with larger battery pack. A liquid system can reduce the overall 
system size due to higher heat transfer coefficient.  

Since liquid cooling favors the compactness of the design and is 
insensitive to the location inside the vehicle, the temperature of the battery 
system was decided to be managed by a cooling liquid circulated between 
various cold plates hydraulically connected in parallel. Each battery module 
was placed between two cold plates in order to ensure that the battery 
module was symmetrically cooled which should increase the thermal 
uniformity between cells and should make possible to obtain significantly 
lower central temperatures. A schematic diagram of the complete refrigeration 
system is shown in Figure 4.10. Table 4.1 includes the trade-off analysis for the 
cooling system selected in the third column, indirect liquid cooling by means of 
cold plates.  

Once the battery cooling system type was selected, the effectiveness 
and efficiency of the BTMS could be optimized based on the design of the 
battery module. However, other design parameters such as the battery cell 
array arrangement, the inlet and exit duct diameter and length or the gap 
between cells affect directly to the heat transfer between the battery cell and 
the heat transfer fluid and also to the parasitic power consumption caused by 
the cooling pump which supplies the heat transfer fluid to the battery module. 
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Figure 4.10. Schematic diagram of the refrigeration system. 

The different design alternatives evaluated in the preliminary design 
state are shown in Figure 4.11. The design concepts established at this stage 
are highlighted in bold letters. Cells in each battery module were set in vertical 
position with the tabs pointing upwards and connected in series in order to 
satisfy the power requirements of the application. Laser welding was used to 
connect cell terminals instead of a mechanical union in order to minimize 
ohmic losses and to prevent any mechanical relaxation of the union. Although 
the battery module could be considered the minimum standard scalable 
electric unity, the mechanical structure in which the cells were arranged was 
designed to be flexible and thus, allowed the replacement of any damaged cell.  

It was decided at this preliminary design stage not to position the first 
and the last lithium-ion cells of each battery module in direct thermal contact 
with the cooling units, i.e., the cold plates, due to the challenges it presented 
in terms of the design and configuration of the thermal contact unit; an special 
electric insulation between the cooling unit and the cell housing would have 
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been necessary. Moreover, thermal contact solely at the module sides was 
expected not to be sufficient. Therefore, lithium-ion cells were placed between 
aluminum sheets to ease the heat dissipation from the cells to the cold plates 
which were disposed perpendicular as schematically represented in Figure 
4.12. The electric insulation of the system was guaranteed using a specific 
Thermal Interface Material, TIM, placed between the module and each cold 
plate. 

 

 
Figure 4.11. Different design alternatives evaluated in the preliminary stage. Final 

design concepts are highlighted in bold letters. 

Different possibilities concerning the disposition of the cells and 
aluminum sheets were analyzed by means of coarse or conceptual steady CFD 
2D/3D models. A battery module conformed of 6 KOKAM cells connected in 
series was used for simulations. Heat generation within the cells was assumed 
to be 30 W, average value measured during complete charge and discharge 
processes at a current rate of 3C (chapter 3). The coolant circulated between 
the cold plates was supposed to be ethylene-glycol. Coolant inlet flow rate and 
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temperature were 5 l·min-1 and 25 oC, respectively. The thermal resistance of 
the cold plates was supposed to be 0.01 oC·W-1 and the pressure drop was 
equal to 0.03 bar. The temperature results shown in the following should not 
be considered as realistic, but serve to perform a comparative analysis of the 
different design alternatives. 

 

 
Figure 4.12. Schematic top view of the cell disposition within the battery module. 

A wrong contact between the cells and the aluminum sheets could cause 
an undesired increase in the temperature of the cells. Therefore, consideration 
was given to the use of a grease type TIM between each cell and the aluminum 
sheets. Figure 4.13 compares the temperature distribution obtained in the 
battery module with 6 cells connected in series and placed between aluminum 
sheets with and without TIM in between. A TIM with a thickness of 0.3 mm 
was simulated whose thermal conductivity was assumed to be 2.2 W·m-1·K-1. It 
was discovered that the temperature reduction that could be obtained using a 
minimum quantity of grease type TIM between each cell and aluminum sheet 
did not justify the huge increase of production cost. Therefore, it was decided 
the air gap between cells to be minimized using mechanical compression 
generated by means of compression rods to obtain less than 0.5 mm. 

Other design alternatives, such as leaving open air interfaces between 
aluminum sheets, were also considered (Figure 4.14). Although the maximum 
temperature and the dispersion between cells could be reduced considering 
open air interfaces between aluminum sheets, these alternatives were 
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rejected due to the required mechanical complexity and the fact that the 
volume was considerably increased. Therefore, the more compact option was 
preferred. 

 

 
(a) 

 
(b) 

Figure 4.13. Study of the effect of the thermal-mechanical contact between cells and 
aluminum sheets on the heat dissipation and hence on the temperature distribution 

(in K): (a) Direct contact between cells and aluminum sheets (b) Grease type TIM 
between cells and aluminum sheets. 

 

 
(a) 

 
(b) 

Figure 4.14. Study of the effect of the thermal-mechanical contact between cells and 
aluminum sheets on the heat dissipation and hence on the temperature distribution 

(in K): (a) Alternative I and (b) Alternative II with open air interfaces between 
aluminum sheets. 
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Finally, the thickness of the aluminum sheet was proved not to have 
significant impact on the temperature reduction of the battery pack. Figure 
4.15 compares the maximum cell surface temperature obtained for same 
simulation conditions but different thicknesses of the aluminum sheets. A 
temperature reduction of 2 oC with the thickest aluminum sheet (thickness 
increased in a 40% with respect to the narrowest aluminum sheet) did not 
justify the increase of weight it would have supposed. Therefore, the minimum 
thickness possible that guaranteed no mechanical deformation was selected in 
order to minimize the overall weight of the system. 

 

 
Figure 4.15. Effect of the thickness of the aluminum sheets on the temperature 

reduction of the battery pack. 

4.3.4 SELECTED DESIGN 

Once the design concept was decided, the different components had to be 
selected based on their technical properties. First, the aluminum sheets were 
designed. The internal structure of the battery module is depicted in Figure 
4.16 (a). Aluminum sheets were tightened by means of compression with the 
straps shown in the figure and compression rods. The design of the aluminum 
sheets guaranteed the maximum contact area between the cells and the 
aluminum sheets (Figure 4.16 (b)). The grooves shown in Figure 4.16 (b) were 
designed to avoid air gaps when introducing the temperature sensors. 

The complete internal structure with the aluminum sheets and the 
lithium-ion cells is shown in Figure 4.17 (a). Figure 4.17 (b) shows details of the 
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cell connections. One of the surfaces in which the cold plate was to be located 
is highlighted in yellow. In order to select the cold plate which best suited, 
three cold plates from three different manufacturers were considered. 

 

 
(a) 

 
 

 
(b) 

Figure 4.16. (a) Internal structure of the battery module formed by the aluminum 
sheets (b) Perspective and top views of the contact between the cell (in green) and the 

aluminum sheet (in white). 

 

 
(a) 

 
(b) 

Figure 4.17. Internal structure of the battery module formed by the aluminum sheets 
and the lithium-ion cells (a) cells without connections and (b) cells connected in series. 

The surface in contact with the cold plate is highlighted in yellow. 

Cold plate technologies range from tubed cold plates and flat tube cold 
plates to performance-fin cold plates. In the former, a tube is embedded in a 
plate by matching a groove in the plate. The tube can either be placed toward 
the top surface of the plate to provide better cooling to devices mounted on 
that surface, or it can be embedded further into the plate so that it cools 
devices mounted on both sides of the plate. To get more performance, 
extended surface area in contact with the fluid is required and this leads to 
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machined cold plates. Flat tube cold plates, for example, are compact cold 
plates which contain internal fin to increase performance. They offer excellent 
thermal uniformity as coolant flows below the entire surface. Performance-fin 
cold plates offer even superior heat transfer. Internal fin increases surface area 
for heat transfer as well as creates turbulence, minimizing the fluid boundary 
layer and further reducing thermal resistance. 

Figure 4.18 compares the normalized thermal resistances of different 
cold plate technologies, enabling thermal performances to be compared 
independently of the cold plate geometries. The lower the thermal resistance 
is, the better the performance of the cold plate will be. However, each type of 
system configuration has performance trade-offs. For instance, a micro 
channel design increases surface area for heat transfer, however, with certain 
flow rates, it could cause flow instability and large pressure drops. Other 
criteria that need to be considered when selecting a cold plate are the 
component mounting flexibility, the cold plate fluid compatibility and the cost. 

 

 
Figure 4.18. Comparison of the normalized thermal resistances of different cold plate 

technologies [4.42]. 

Therefore, the coolant circulated through the cold plates was first 
selected. Cooling directly with a refrigerant would eliminate the need for an 
intermediate heat transfer fluid in the auxiliary cooling system and may be the 
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most efficient of the systems [4.41], but it is more technically complex to 
access. Therefore, it was not attempted in this work. Dielectric liquids such as 
transformer fluids were considered because they had the advantage of being 
compatible with terminals and other parts at electrical potential. However, the 
main disadvantage was that they were expensive. When looking for other 
options, the 50/50 ethylene-glycol water solution was found to have better 
properties as a coolant (thermal conductivity, heat capacity, and viscosity 
(Table 4.3)) than typical transformer fluids. Moreover, it was inexpensive. 
Thus, the coolant selected to circulate through the cold plates was the 50/50 
ethylene-glycol deionized water solution based on the low cost and the 
contemporary use in coolant systems. 

 
Table 4.3.Properties of the 50/50 ethylene-glycol water 

solution at 25 oC. 
Density, kg·m-3 1071.11 
Heat capacity, J·kg-1·K-1 3300 
Thermal conductivity, W·m-1·K-1 0.37 
Viscosity, kg·m-1·s-1 0.0034 

Thereafter, 2 tubed cold plates from LYTRON and WEBRA, respectively, 
and a machined cold plate from MERSEN where chosen as possible candidates 
for the application (Figure 4.19). In the tubed cold plate from LYTRON the tube 
is placed toward the top surface of the plate, Figure 4.19 (a), whereas in the 
tubed cold plate from WEBRA the tube is embedded into the plate. The 
embedded channel is shown in Figure 4.19 (b). Figure 4.19 (c) clearly shows 
that coolant flows below the entire surface in the machined cold plate from 
MERSEN.  

The thermal performance, as well as the pressure drop for different 
coolant flow rates, is compared for the three considered cold plates in Figure 
4.20. Data were obtained from data sheets provided by the manufacturers. As 
expected, the machined cold plate from MERSEN had the lowest thermal 
resistance because of the highest surface area for heat transfer. However, the 
pressure drop was considerably higher in comparison to that measured with 
the tubed cold plates. The pressure drop was the first main criteria used for 
selecting the most appropriate cold plate for this application, as higher 
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pressure drops lead to lower overall efficiency of the system due to higher 
pumping costs. Therefore, the machined cold plate from MERSEN was initially 
discarded.  

 
 
 

 
 
 

 
(a) (b) 

 
 

(c) 

 

Figure 4.19. Cold plates considered for the design of the battery pack cooling 
system: (a) tubed cold plate from LYTRON, (b) tubed cold plate from WEBRA, and (c) 

machined cold plate from MERSEN. 

 

 

 
Figure 4.20. Comparison of the performance for the three cold plates considered for 

the design of the battery pack cooling system. 
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Additional selection criteria and the corresponding trade-off analysis for 
each of the three cold plates are included in Table 4.4. The best tubed cold 
plate was the one from LYTRON as it had both lower thermal resistance and 
pressure drop in comparison to that from WEBRA. 

 
Table 4.4. Trade-off analysis of the different cold plate technologies. 

 LYTRON WEBRA MERSEN 
Pressure drop Low Moderate High 
Thermal resistance Moderate High Low 
Coolant compatibility Good Good Good 
Weight for same contact area High Low Moderate 
Cost Low Moderate High 
Flexibility Low High High 

Regarding the coolant compatibility with cold plate wetted surfaces, 
both cold plates offered similar possibilities. The copper fluid path from 
LYTRON´s cold plate was compatible with water and most common coolants. 
The cold plate from WEBRA was made of aluminum and although it was not 
compatible with untreated water, it offered excellent performance with 
ethylene glycol and water solution (EGW), oils, and other fluids.  

The final decision was based on the dimensions of the cold plates. Figure 
4.21 (a) and Figure 4.21 (b) show the battery module with the cold plates from 
LYTRON and WEBRA mounted on it, respectively. In general, the heat transfer 
from the module is improved by increasing the contact area. This will also 
result in a smaller temperature gradient within the cell. The contact area 
between the aluminum sheets and the cold plate is much bigger for the latter. 
A bigger cold plate from LYTRON would have increased the weight of the 
system considerably. The weight of the current cold plate was already 0.800 
kg, similar to that of the cold plate from WEBRA which weighted 0.984 kg. 
Thus, the cold plate from WEBRA was finally selected. Moreover, it provided 
greater flexibility than that from LYTRON because it allowed cooling two 
battery modules connected in series and mounted on both sides of the plate. 

As mentioned above, the electric insulation of the system was 
guaranteed using a specific Thermal Interface Material, TIM, placed between 
the module and each cold plate. A thermally conductive gap filler from RS was 
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selected due to its good thermal conductivity and soft and high 
compressibility. In addition, it was easy to assemble, good insulator and shock 
and vibration absorber. Material properties are summarized in Table 4.5. 

 

 
(a) 

 
(b) 

Figure 4.21. Cold plated from (a) LYTRON, and (b) WEBRA mounted in the battery 
module. 

 
Table 4.5.Thermal Interface Material properties. 

Property Value Tolerance Test 
Dimensions, mm 150x150x1.5 -  
Thermal conductivity,  
W·m-1·K-1 

2.2 - ASTM D5470 

Insulation Strength, kV·mm-1 > 5 - ASTM D149 
Weight Loss, % < 1 - ASTM E595 
Working Temperature, oC -40-200 - - 
Volume Resistance, ohm·cm 1.38·1014 - ASTM D257 
Elongation, % 282 ±28 ASTM D412 
Tensile Strength, kgf·cm-2 7 ±2 ASTM D412 

Finally, the external casing material of the battery module had to be 
selected. Design requirements for this material included strength, toughness, 
and weight reduction. A material called TECAMIDTM was found to have an 
excellent balance of properties for this application. It has been considered an 
ideal material for metal replacement in other applications as well such as 
automotive parts, industrial valves or railway tie insulators. TECAMIDTM has 
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outstanding wear resistance and low frictional properties. It has very good 
temperature and impact properties too. Other main features of the material 
like its high strength and toughness, being electrically insulating, resistant to 
many oils, greases and fuels, as well as being good weldable and bondable 
encouraged the decision. Material properties are summarized in Table 4.6. 

 
Table 4.6. TECAMIDTM material properties. 

Property Parameter Value Unit Norm 
Mechanical properties 

Tensile strength 50 mm/min 85 MPa DIN EN ISO 527-2 

Flexural strength 
2 mm/min,  
10 N 

110 MPa DIN EN ISO 178 

Compression 
strength 

1%/2% 5 
mm/min,  
10 N 

20/35 MPa EN ISO 604 

Impact strength  Max. 7,5 J n.b. kJ·m-2 DIN EN ISO 179-1eU 
Notched impact 
strength  

Max. 7.5 J 5 kJ·m-2 DID EN ISO 179-1eA 

Thermal properties 
Glass transform. T 1012 47 oC DIN 53765 
Melting T 300 258 oC DIN 53765 
Service T Short term 170 oC  
Service T Long term 100 oC  
Specific heat  1.5 J·g-1·K-1 ISO 22007-4:2008 
Thermal 
conductivity 

 0.36 W·K-1·m-1 ISO 22007-4:2008 

Electrical properties 
Specific surface res.  1014 Ω DIN IEC 60093 
Specific volume res.  1014 Ω·cm DIN IEC 60093 

Other properties 
Flamability (UL94) Corresp. to HB  DIN IEC 60695-11-10 

With all the components selected, the selected design could be done. An 
exploded drawing of the selected design can be seen in Figure 4.22. To 
investigate the design effect of the battery arrangement in the module on the 
thermal management, the heat transfer and the pressure drop models were 
developed for a battery module. 
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Figure 4.22. Exploded drawing of the selected design. 

4.3.5 THERMAL MODELING 

Once the thermal requirements were defined (Section 4.3.1) and the design 
concept was decided, Figure 4.22, a detailed model of the simplified but 
representative sample prototype consisting of a single module and two cold 
plates which was later built had to be developed to check the validity of the 
design.  

The schematic in Figure 4.23 shows four systems engineering tasks and 
the interactions between these tasks for thermal modeling of lithium-ion 
battery systems. Model development forms the core of the system engineering 
approach for the optimal design of a thermal management system for lithium-
ion batteries. Generally, the cost of developing a detailed model with high 
predictive ability is very expensive, so model development efforts begin with a 
simple model and then add more details until the model predictions are 
sufficiently accurate. That is, the simplest fundamentally strong model is 
developed that produces accurate enough predictions to address the 
objectives. The best model can depend on the type of issue being addressed, 
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the systems engineering objective, and on the available computational 
resources. An important task is to experimentally validate the chosen model to 
ensure that the model predicts the experimental data to the required precision 
with a reasonable confidence. 

 

 
Figure 4.23. Four systems engineering tasks and interaction between them for 

modeling. 

In this section the model development task will be thoroughly described. 
Figure 4.24 shows a general overview of the thermal model. Given the module 
design specification, the thermal properties, and the electrical performance 
characteristics of a battery system, its temperature distribution and variation 
can be predicted by the model for different operating and ambient conditions. 

 

 
Figure 4.24. Schematic representation of the interactions (inputs and outputs) of a 

battery thermal model. 
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A differential mathematical model was developed for analyzing the 
thermal performance of the battery module previously designed under 
different operating conditions. A differential model consists of various basic 
elements which allow obtaining a detailed solution, in the form of distributions 
of independent variables (pressure, velocities, temperatures, etc.), which 
characterize the physical phenomena studied: a domain or region of the space 
in which the thermal performance is to be studied [4.43], a system of partial 
differential equations which govern the physic studied [4.44] and boundary 
conditions which specify the value or the laws to be enforced by the variables 
in the limits of the domain [4.45]. The differential model is solved by means of 
a numeric iterative procedure which permits to obtain a discrete solution of 
the differential equations; their exact or continuous solution is approximated 
in the selected domain [4.46]. This theoretical approach was shaped through 
the application of the techniques offered by the discipline of the 
Computational Fluid Dynamics, CFD, to this particular case. The Finite Volume 
Method, FVM, was selected to be the best tool to deal with the modeling work 
described. As aforementioned, the ANSYS/FLUENT 14.5 CFD package was used 
for modeling purposes.  

The results obtained from the models have to be repeatable and unique; 
their independence with the evolution (Iterative Process Error [4.47]) and 
characteristics (Discretization Error [4.48]) of the resolution process employed 
needs to be verified. For the former, the influence of both the initial solution 
adopted and the convergence criteria established has to be analyzed. In the 
case of the Discretization Error various aspects must be considered, such as the 
assumed truncation of the numerical values, the selected discretization and 
linearization schemes for the equations and the employed type and density of 
the mesh. To sum up, it needs to be checked that there is not a significant 
difference between the discrete results obtained after the numeric resolution 
of the model and the continuous solution which would be obtained if it were 
possible to analytically solve the differential equations of the model. 

The differential model is a mathematical representation of the reality 
and consists of different approximations such as the dependency of the 
thermo-physic properties with temperature, submodels like those for 
turbulence modeling, and even more general modeling hypothesis as 
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geometric and thermal symmetries. Therefore, it is essential to validate model 
results experimentally in order to determine the accuracy of the mathematical 
model to represent the real phenomena which it describes. The Modeling Error 
is estimated in this way [4.48]. 

As has been already introduced, the differential model was applied to 
the study of the thermal performance of the final design concept under 
different operating conditions. The differential model will allow a deeper 
understanding of the cooling phenomena to be studied than that which could 
be obtained by experimental tests.  

Modeling hypothesis 

Certain previous simplifications need to be adopted for any mathematical 
modeling process in order to develop a feasible model from a practical point of 
view. The objective of the modeling hypothesis described in this and the 
following sections was to obtain a compromise between the plausibility of the 
approximations employed and the accuracy of the results obtained. 

The non-homogenous and anisotropic structure of the layers in a pouch 
cell, the extreme thickness of each layer and the complicated interfaces 
between different materials make the thermal modeling of a battery cell very 
complex. In order to obtain an accurate thermal analysis, the cell geometry 
and configuration, as well as the physical, chemical and electrochemical 
properties of the cell materials should be delineated as accurately as possible 
in the model. The most complex level of analysis would involve also accounting 
for the non-uniform current density distribution across the face of a plate in a 
monopolar system or the dependence of the heat generation rate on the 
temperature at different points within the cell (for example, because the 
electrical conductivity of the electrolyte changes).  

However, the absence of information regarding to the materials within 
cells and their dimensions make difficult to build up a layered 3D model of a 
single lithium-ion cell like in [4.16]. Moreover, although the accuracy obtained 
with a layered model is high for a single cell model, a detailed 3D finite 
element model, which may precisely describe the exact configuration of each 
cell and properly handle the material interfaces, would have millions of grid 
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points per cell and thus it would require a powerful computer and a 
tremendous calculation time to obtain desired results when simulating a 
battery module or pack conformed of several lithium-ion cells. Such a 
complicated model is neither practical nor acceptable in the engineering 
practice. Therefore, it is common and critical to adopt some simplified 
strategies in developing battery models. A simple 3D model was developed in 
this work to evaluate the temperature of lithium-ion cells in a module.  

For cell performance modeling under normal conditions of battery use, 
lumped properties and heat generation rates are sufficient. For such an 
application, a minimum set of data is necessary to develop a satisfactory 
model to predict the thermal behavior of lithium-ion batteries. Therefore, the 
following assumptions applied to simplify the battery thermal model were 
considered in this work for convenience of analysis: 

 Materials inside the battery had uniform physical properties and are 
isotropous. Thus, cells were considered a single body with user defined 
thermal properties: specific heat (J·kg-1·K-1), density (kg·m-3) and thermal 
conductivity (W·m-1·K-1). For the latter, although average thermal 
conductivities were used, different values prevailed in the directions 
parallel and perpendicular to the layers in an orthotropic configuration. 
The properties of the different solid zones can be found in Table 4.7. 

 Cell heat capacity and thermal conductivity were constants during 
operation. 

 Heat generation in battery during charging and discharging was 
uniform throughout and depended on the cell mean temperature.  

 Heat was distributed through the battery module by conduction up to 
the cold plates where forced convection took place. 

 External heat transfer by radiation from the battery to the 
surroundings could be neglected due to the low temperatures and 
typical values of the heat transfer coefficient for natural convection (5-
10 W·m-2·K-1) were considered. 
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The mathematical thermal model, from now on referred as the 
Complete Model, was built reproducing all the important geometrical and 
constructive particularities of the real prototype. Screws, nuts or compression 
rods shown in the exploded drawing of the final design concept, Figure 4.22, 
were not included in the CFD model. Its main function was to provide a 
realistic idea of the thermal distribution inside the module. Nevertheless, the 
geometry was simplified by modeling only half of the battery module, Figure 
4.25, due to its symmetry. Since the batteries were connected in series in the 
battery module, positive and negative terminals were alternated in each side 
of the module. Therefore, assuming a symmetrical thermal behavior of the 
battery module was considered to be a good approximation. 

 
Table 4.7.Properties of the materials used in the thermal model. 

MATERIAL TYPE 
흆,  
kg·m-3 

푪풑,  
J·kg-1·K-1 

풌,  
W·m-1·K-1 

 흁,  
kg·m-1·s-1 

Aluminum Solid 2719 871 202 - 
Air Solid 1.225 1006 0.024 - 
TIM Solid 2430 1000 2.200 - 
Tecamid Solid 1150 1500 0.36 - 

Cell Solid 2382 1076 
29.40(//) 
1.36()* 

- 

Casing Solid 700 2310 0.173 - 
Copper Solid 8978 3.810 388 - 
Ethylene 
glycol-water 
mixture 

Liquid 1071 3300 0.370 3.4·10-3 

*The thermal conductivity of the cell is anisotropic. It is lower across the 
thickness of the cell (). 

The computational domain consisted of both solid and liquid regions. 
The liquid region corresponded to the coolant circulated through the channel 
of the cold plate. The inlet and outlet to the cold plate computational domain 
were located about 100 mm upstream and downstream of the cold plate´s 
inlet and outlet, respectively, in order to ensure that a fully developed flow 
entered in the cold plate and that there was no reverse flow in the outlet. 
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Figure 4.25. Geometry of the detailed model developed in CFD corresponding to the 

selected design concept. 

KOKAM cells were simulated as shown in Figure 4.26 (a). A real KOKAM 
cell is shown in the figure together with the domain corresponding to a half 
cell. The cell was divided in three solid regions for simulation purposes: (i) the 
electrodes, (ii) the part of the cell body in which the active materials are 
enclosed, and (iii) cell packaging characteristic of pouch type lithium-ion cells. 
The only internal heat generating part was assumed to be the cell body (ii). No 
local Joule heat generation in (i) was considered for simplicity, but the model 
could be easily modified to check sensibility if the current level in the 
application is expected to be severe. 

The electrodes were bent in order to connect the cells in series as shown 
in Figure 4.26 (b). Connection details are shown in Figure 4.27 (a). 

Finally, details from the aluminum sheets located between cells and in 
contact with the cold plate are shown in Figure 4.27 (b). All the main 
characteristics of the Complete Model together with material properties of the 
different domains will be pointed out in the following. 
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(a) 

 
(b) 

Figure 4.26. (a) Solid regions in which cells were divided for simulation purposes. (b) 
Two half cells connected in series in the Complete Model. 

 

 
(a) 

 
(b) 

Figure 4.27. Details of (a) the electrode connections and (b) aluminum sheets. 

Thermal Properties 

The thermal properties (density, molecular viscosity, specific heat and thermal 
conductivity) of the different materials corresponding to the solid and liquid 
regions in the Complete Model are summarized in Table 4.7.  

The sheets located between cells were made of aluminum. In order to 
simulate the possible air gaps between cells and aluminum sheets, air was also 

Pieces for 
insulating the 
terminals
(tecamid)

Terminal 
(copper)

Cell Casing Material
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modeled as it will be further explained in the description of the modeling 
details and boundary conditions. 

The cold plates were also made of aluminum. Properties of the Thermal 
Interface Material, TIM, placed between the aluminum sheets and the cold 
plates for electrically insulating the battery module are shown in Table 4.7, 
too. The cooling liquid simulated was a 50% ethylene glycol-water mixture 
whose properties (Table 4.7) as well as those for the solid regions were 
considered as constant values.  

Both the pieces for insulating the cell terminals and the external casing 
were made of a material called TECAMIDTM which is a semi-crystalline 
engineering thermoplastic with universal applications. It is a strong and tough 
material, rigid, and electrically insulating.  

As shown in Figure 4.26 (a), cells were divided in three solid regions with 
different properties for simulation purposes. Each cell in the model was 
composed of the internal heat generating part (Cell in Table 4.7), the outer 
pouch part (Casing in Table 4.7), and the terminals which were made of 
copper.  

Governing Transport Equations 

For the fluid domain, the physic phenomena to be modeled can be described 
by a system of partial differential equations. These equations constitute the 
central core of the mathematical model developed and are built up by applying 
conservation principles in each of the infinitesimal control volumes in which 
the continuous domain can be divided [4.44]. The equations raise a systematic 
count of the mass, momentum and energy changes due to the flow of the fluid 
through the boundaries of a fluid element, to the presence of walls and to the 
possible surface and/or volume source terms that may exist. 

Fundamental equations for transport used in fluid mechanics need to be 
applied which are also referred to as Navier-Stokes equations. Although there 
is not a general mathematical proof of the existence and uniqueness of the 
solution of this transport equations system, it has been demonstrated that 
they reproduce all the phenomena which have been possible to observe 
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experimentally, no matter the flow regime (laminar or turbulent) which is 
considered. 

In the following, the most general form of the differential equations 
corresponding to the fluid domain will be shown together with the form of the 
equations after applying the most relevant simplifications characteristic of this 
thermal problem. All of them present magnitudes expressed per unit volume. 

Equation (4.3) is the most general form of the law of conservation of 
mass expressed in Cartesian coordinates for a tri-dimensional case. The Basic 
Principle of Continuity holds that mass is not generated nor destroyed. The 
first term in the left represents the ratio of density change with time (transient 
term), while the second term describes the net mass flow which enters or 
leaves the element through its boundaries (convective term). 

휕휌
휕푡

+
휕
휕푥

(휌 · 푈 ) = 0 (4.3) 

For a stationary flow as that considered in this case, the above 
expression can be reduced to Equation (4.4).  

휕
휕푥

(휌 · 푈 ) = 0 (4.4) 

Equation (4.5) is the most general form of the momentum conservation 
equation. This law holds that equilibrium must exist between the ratio of 
momentum change in a particle and all the forces which act on it. In a tri-
dimensional case, this compact notation represents three different transport 
equations corresponding to the momentum conservation in the three main 
directions of a Cartesian coordinates system (x, y, z). 

휕
휕푡

(휌 · 푈 ) +
휕
휕푥

휌 · 푈 · 푈 = −
휕푝
휕푥

+
휕휏
휕푥

+ 푆  (4.5) 

As for the mass conservation equation, the first term in the left 
represents the transient term of the transported property, while the second 
term describes the convective term. The rest of the terms in the right-hand 
side of the equation form part of the so called stress tensor. The first and the 
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second terms represent the total stress per unit volume. The last term in the 
right-hand side represents the increase ratio of the momentum in a certain 
direction due to the presence of a momentum source or volumetric 
destruction of that magnitude, which in this case could be neglected. 

Equation (4.6) is the most general form of the energy conservation 
equation. This law holds that the ratio of energy change in a particle must be 
equal to the sum of the work ratio done to the particle and the energy ratio 
added in form of heat. 

Heat transfer is defined as the thermal energy flow rate from the 
material which occupies a location of the space to another which is located in a 
different region. Heat transfer can occur in three different ways: conduction, 
convection and radiation [4.49]. In the case of the coolant flow through the 
cold plate channels heat transferred by radiation between the internal surfaces 
can be neglected. Therefore, energy is transferred only by conduction and 
convection. The energy conservation equation must consider both heat 
transfer methods. 

The first term in the left-hand side of Equation (4.6) describes the 
transient variation of the energy (transient term), while the second term 
represents the energy transferred due to the fluid movement (convective 
term). The first two terms in the right-hand side represent the energy ratio 
dissipated in the form of work done to the fluid particle by the superficial 
forces. The last two terms recount the net ratio of heat absorbed by the 
particle. In this case, the source term represents the heat generated within the 
particle due to chemical reactions or any other effects, which in this case are 
null. The remaining term represents the ratio of energy added by isotropic 
thermal conduction (diffusive term) through the surfaces which form the 
boundaries of the fluid particle. 

휕(휌 · 퐸)
휕푡

+
휕(휌 · 퐸 · 푈 )

휕푥

= −
휕(푝 · 푈 )
휕푥

+
휕 휏 · 푈

휕푥
+

휕
휕푥

푘
휕푇
휕푥

+ 푆  
(4.6) 
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퐸 = 푖 +
푈 푈

2
 (4.7) 

The general expression, Equation (4.6), is relatively complicated and not 
really practical because it conserves a not very significant magnitude as it is the 
specific energy expressed by means of Equation (4.7). In this last expression, a 
new variable appears which represents the specific internal energy, 푖, of the 
fluid particle. Therefore, the required transformations were applied in order to 
use the temperature as the main flux variable in the energy conservation 
equation. 

The terms associated to the kinetic energy and to the work of pressure 
as well as the viscous dissipation were neglected. In addition, a steady state 
was considered, the specific internal energy was expressed by means of 
Equation (4.8), and it was assumed that the thermal conductivity, 푘, and 
diffusivity, 훼, were related through the specific heat by means of Equation 
(4.9). As a result a simpler formulation like the one shown in Equation (4.10) 
could be used. 

푖 = 퐶 · (푇 − 푇 ) (4.8) 

훼 =
푘

휌 · 퐶
 (4.9) 

휕
휕푥

휌 · 푈 · 퐶 · 푇 =
휕
휕푥

푘 ·
휕푇
휕푥

 (4.10) 

If the flow regimen were laminar, the equations could be solved 
analytically or numerically. Analytical solutions are only valid in those few 
cases in which a simple geometry and special boundary conditions allow the 
exact or continuous solution of the differential equations for a laminar flow. 
The numerical solution of the differential equations can be obtained for any 
geometry and boundary conditions. The result is the discrete solution of the 
equations in laminar flow. This resolution process must guarantee that the 
discrete result gets closer to the continuous result when finer meshes are 
used. 
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However, the flow through the cold plate´s channels was turbulent. 
Having to consider the turbulence phenomena complicates the numeric 
resolution of those equations considerably. Different strategies can be used, 
which can be less or more complicated, and whose validity is not universal. The 
development of most of the turbulence models has been historically linked to 
the study of forced flows and it is still an active field of study currently. There is 
not a turbulence model which is valid for all cases and which describes the 
transition from laminar flow to turbulent flow and vice versa. 

In this work, the Reynolds Averaged Navier-Stokes, RANS, averaging was 
applied to the original differential equations in order to work with mean flow 
variables instead of instantaneous flow variables. Once the required 
transformations were applied, new terms appeared in the original differential 
equations, the Turbulent Reynolds Stresses tensor,  휏 , , and the Turbulent 
Heat Flows vector, 휑 , , which introduced the effect of the turbulent 
fluctuations in the averaged flow by means of the new momentum (Equation 
(4.12)) and energy (Equation (4.13)) equations. 

휕
휕푥

(휌 · 푈 ) = 0 (4.11) 

휕
휕푥

휌 · 푈 · 푈 = −
휕푝̅
휕푥

+
휕
휕푥

휇 ·
휕푈
휕푥

+
휕푈
휕푥

+ 휌 · 휏 ,  (4.12) 

휕
휕푥

휌 · 푈 · 퐶 · 푇 =
휕
휕푥

푘 ·
휕푇
휕푥

+ 휌 · 휑 ,  (4.13) 

In this work, first order turbulence models were adopted which are well 
known and established in the field of industry, the Eddy Viscosity Models, EVM, 
and the Standard Gradient Diffusion Hypothesis, SGDH [4.50], according to 
which: 

휌 · 휏 , = 휇
휕푈
휕푥

+
휕푈
휕푥

−
2
3

· 휌 · 휆 · 훿  (4.14) 

휌 · 휑 , = 휌 · 푘 ·
휕푇
휕푥

 (4.15) 
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where 휇  and 푘  are the turbulent viscosity and the turbulent thermal 
diffusivity, respectively. 

Equations (4.14) and (4.15) were substituted in Equations (4.12) and 
(4.13), respectively, to give the following equations for the momentum and 
energy conservation. 

휕
휕푥

휌 · 푈 · 푈 = −
휕푝
휕푥

+
휕
휕푥

(휇 + 휇 ) ·
휕푈
휕푥

+
휕푈
휕푥

−
2
3

· 휌 ·  · 훿  
(4.16) 

휕
휕푥

휌 · 푈 · 퐶 · 푇 =
휕
휕푥

(푘 + 푘 ) ·
휕푇
휕푥

 (4.17) 

Moreover, in order to develop a solvable system of equations, additional 
transport equations of certain turbulent magnitudes (the turbulent kinetic 
energy, λ, and its dissipation rate, 휖) needed to be used. 

휆 =
1
2
푈 푈  

푚
푠

 ~ [휃 ] (4.18) 

휖 = 푣
휕푈
휕푥

휕푈
휕푥

 
푚
푠

 ~ 휆 / 푙⁄  (4.19) 

where 휃 is the velocity´s turbulent scale.  

Finally, in solid regions, the energy transport equation has the following 
form: 

휕
휕푡

(휌 · 퐻) +
휕
휕푥

(푣⃗ · 휌 · 퐻) =
휕
휕푥

푘 ·
휕푇
휕푥

+ 푆  (4.20) 

which could be simplified for the present case and steady simulations to: 

0 =
휕
휕푥

푘 ·
휕푇
휕푥

+ 푆  (4.21) 
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Modeling Details and Boundary Conditions 

All the above differential equations require boundary conditions to be defined 
in each of the limits of the model domain. These boundary conditions 
constitute the last element of the developed mathematical differential model 
and establish values or laws which need to be fulfilled by the model variables 
in the borders of the region considered. The boundary conditions 
corresponding to the developed model and additional modeling details defined 
in the battery module itself will be described in the following. 

The volumetric heat source, 푆 , in Equation (4.21) was deactivated for 
all the solid zones but the cell zones, in which a constant volumetric heat 
generation was imposed.  

As mentioned in Section 4.3.4, the electric insulation of the system was 
guaranteed using a specific Thermal Interface Material, TIM, placed between 
the module and each cold plate. A one-dimensional heat conduction takes 
place through this layer in accordance with Fourier`s law (Equation (4.22)). 
Therefore, the TIM placed between the module and the cold plates was 
modeled as a thermally coupled wall with a fictitious thickness of 1.5 mm.  

푞̇ , =
푘 , · 푎 , · 푇 , , − 푇 , ,

푒 ,
 (4.22) 

The possible air gaps between cells and aluminum sheets were quite 
difficult to model as a simple boundary condition for the surfaces of the 
aluminum sheets. Finally, the same treatment as that given to the TIM placed 
between the module and each cold plate was also given to the air gaps 
between cells and aluminum sheets. Hence, air was defined as a solid material 
(Table 4.7) in the model through which one-dimensional heat conduction 
occurred: 

푞̇ , =
푘 , · 푎 , · 푇 , , − 푇 , ,

푒 ,
 (4.23) 

Air gaps were modeled as thermally coupled walls of 0.35 mm. The 
thickness of the air gaps was considered as a fitting coefficient of the model 
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which impeded the dissipation of the heat generated within the cells to the 
aluminum sheets. 

In the outer side of the module, except in the base of the module, a 
boundary condition of convection heat transfer was considered. The outer 
walls were completely exposed to the surrounding air. Therefore, in order to 
determine the heat flux for the outer surfaces, whose basic aspect can be seen 
in Figure 4.28, the heat transfer phenomena by means of convection with the 
surrounding air had to be characterized (Equation (4.24)). The net heat 
exchange by means of radiation between the outer faces and the environment 
was neglected. Convective boundary conditions were only considered. A 
constant ambient temperature of 25 oC was set in the outer side of the module 
and a convective heat transfer coefficient of 7.5 W·m-2·K-1 was defined, which 
is a value in the range for natural convection conditions (5-10 W·m-2·K-1). 

푞̇ , = ℎ · 푎 · (푇 − 푇 ) (4.24) 

 

 
Figure 4.28. Outer faces of the domain. 

In the symmetry plane of the domain suitable boundary conditions were 
established, without the need to adopt special strategies as for the walls. The 
temperature gradient in the normal direction had to be zero in the symmetry 
plane. The adiabatic wall boundary condition was applied to all other walls of 
the computational domain. 
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Finally, boundary conditions for the liquid domain were defined. Mass 
flow rate values and inlet coolant temperature values were set as boundary 
condition for the cold plate inlet. The gauge pressure was set to 0 Pa in the 
outlet of the cold plate. Turbulence was modeled using the RNG 퐾 − 휀  
turbulence model [4.51] and a two layer near wall treatment [4.52] to obtain a 
precise description of the hydrodynamic and convective heat transfer 
phenomena inside the complex small channels. Specification of transported 
turbulence quantities was thus required for both cold plate inlet and outlet. 
The values for the statistical magnitudes of the turbulence, 퐾 and 휀 , were 
specified in terms of the turbulence intensity, 퐼 , and the hydraulic diameter, 
퐷 . The former is defined as the ratio of the root-mean-square of the velocity 
fluctuations, 푢 , to the mean flow velocity, 푢 . It can be estimated from the 
following formula derived from an empirical correlation for pipe flows [4.53]: 

퐼 ≡
푢
푢

= 0.16 푅푒
/

 (4.25) 

The relationship between the turbulent kinetic energy, 퐾, and 
turbulence intensity, 퐼 , is: 

퐾 =
3
2
푢 · 퐼  (4.26) 

In order to estimate the turbulent dissipation rate, 휀 , the turbulence 
length scale, 푙, needs to be determined first, which depends on the hydraulic 
diameter, 퐷 . The turbulence length scale, 푙, is a physical quantity related to 
the size of the large eddies that contain the energy in turbulent flows. In fully-
developed duct flows, 푙 is restricted by the size of the duct, since the turbulent 
eddies cannot be larger than the duct. An approximate relationship between 푙 
and the physical size of the duct is [4.53]: 

푙 = 0.07 · 퐷  (4.27) 

Once the turbulence length scale is known, 휀  can be determined from 
the following relationship [4.53]: 

휀 = 퐶 / 퐾 /

푙
 (4.28) 
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where 퐶  is an empirical constant specified in the turbulence model 
(0.0845). 

As it will be later shown in the next chapter in which the model is 
experimentally validated, all these boundary conditions, which are relatively 
simple, proved their worth and efficiency when characterizing in a sufficiently 
realistic way the cooling phenomena in the battery module. 

Numerical Resolution Procedure 

The resolution of the differential model described in the previous sections can 
only be dealt with numerical methods. The Finite Volume Method (FVM) was 
selected in the present work, as it is the most adopted method in the field of 
CFD [4.46]. In addition, the method presents a conservative formulation which 
is easy to explain from a physical point of view. A commercial software was 
used in order to minimize bugs and to accelerate the development and 
resolution processes as well as the delivery of results. The numerical procedure 
was implemented in the CFD code ANSYS Fluent V.14.5. 

If some transformations are applied, it is possible to change the system 
of partial differential equations applicable to the continuous space already 
shown into a system of algebraic equations. This change required both the 
spatial discretization of the domain as well as the discretization of the different 
partial differential equations and the boundary conditions. For the former, the 
tridimensional volume in Figure 4.25 was discretized using a number of 
elements or cells, which were tridimensional and had a known geometry, in a 
geometric approximation process which is known as meshing. The domain 
presented a relatively complex structure with both big regions, such as the 
cold plate solid region, and thin regions, like the channels inside the cold plate. 

A structured mesh was used in most of the domain, except for the most 
complex geometries in which an unstructured mesh was used. This second 
type of mesh allows to deal with the discretization of any geometry, no matter 
how complicated it is, and offers very interesting options for local refining of 
the mesh [4.47]. However, this increases the storage requirements in memory 
and the requirements for calculation in general. Therefore, a hybrid mesh was 
used in this case. 
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As shown in Figure 4.29, a high quality hexahedral mesh was used in the 
discretization of the Complete Model. 99% of the mesh elements had a 
skewness4 lower than 0.4. A number of 2.3·107 elements was considered. The 
number of cells in the cold plate was of the order of 1.7·107. The resolution of 
the mesh was higher in the coolant channels so as to capture the larger 
magnitude gradients that take place there; thin mesh layers were used in the 
fluid mesh elements close to the wall to increase the mesh density in order to 
capture the flow and the heat transfer boundary layers and to resolve the heat 
transfer phenomena. 

 

 
Figure 4.29. Details of the mesh used in the differential model. 

All this modularity and meshing quality was achieved through the use of 
a non-conformal grid type, splitting the meshed domain into different coupled 
zones. This meshing strategy was numerically possible due to the use of a code 

                                                             
4 It is one of the primary quality measures for a mesh, which determines how close to 
ideal (i.e., equilateral or equiangular) a face or cell is. According to the definition of 
skewness, a value of 0 indicates an equilateral cell (best) and value of 1 indicates a 
completely degenerate cell (worst). 
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developed explicitly for unstructured meshes [4.54]. As a result, the 
computational cost was too high for transient simulations to be done with the 
Complete Model. Therefore, steady-state simulations were only performed.  

The partial differential equations were then discretized with respect to 
the three Cartesian coordinates of the space. For this to be possible, relevant 
mathematical transformations postulated by the FVM and already 
implemented in the commercial software were applied. 

The unknown quantities of the discrete mathematical model could be 
the variables in the vertex of the elements, Node Based, or the variables in the 
centroids of each cell, Cell Based [4.55]. The most common is to use the Cell 
Based, and so was done in this work, too with a Collocated type formulation. 
This implied that the value of the variables and their gradients were calculated 
in the faces from the values previously registered in the centroids. More 
information about this methodology can be found in [4.54]. 

Unlike the exact solution of the continuous mathematical model, it was 
possible to find an approximated solution of the discrete mathematical model. 
The latter consisted of a system of linearized algebraic equations. An iterative 
method and a segregated implicit solver were used to solve the generated 
algebraic equation system. With the segregated (not coupled) solver, the 
equations for each variable are solved sequentially and in a fixed order. The 
solver being implicit (not explicit) meant that the iterative result of a variable 
in a cell depended not only on its value in the previous iteration, but also on 
the values of the variables in the neighbouring cells in the current iteration. 

Every iterative process starts from an arbitrary initial solution which is 
supposed to be far from the final converged solution. Initial values need to be 
established for all the variables in the problem. The closer the initial solution is 
to the final result, the faster will be the iterative resolution process, which is 
highly desirable as long as the final result is independent to the initial solution. 

In this case, initial condition was: 

푇(푥,푦, 푧, 0) = 푇  (4.29) 
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where, T0 stands for the battery initial temperature which was equal to 
the coolant inlet temperature. 

Equations were then sequentially solved using the Gauss-Seidel 
algorithm accelerated by an Algebraic Multigrid method [4.56]. The sequential 
resolution required each flux variable to be associated with a discrete 
equation. Because the components of the velocity were associated to the 
discrete equations of the momentum conservation, the pressure needed to be 
associated with the mass conservation equation. For incompressible fluid flow, 
as in the present case, pressure does not explicitly appear in the continuity 
equation. In order to solve this problem, the Semi Implicit Method for Pressure 
Linked Equations, SIMPLE, algorithm poses the transformation of the mass 
conservation discrete equation into an equation for the pressure correction by 
means of the discrete equations of the momentum conservation [4.46]. 

Figure 4.30 shows as an example the sequential resolution process of 
the differential equations corresponding to the fluid domain [4.57], which 
ensures an effective coupling between pressure and velocity fields and results 
which at the end of the iterative process satisfy all the discrete equations of 
the fluid flow. 

 

 
Figure 4.30. Sequential resolution process of the differential equations corresponding 

to the fluid domain [4.57]. 
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If the system of linear algebraic equations obtained after all this process 
are well conditioned numerically, the iterative method should converge to a 
unique solution in a fixed number of iterations. Two main convergence criteria 
were applied to determine when the numerical procedure described in the 
previous paragraphs was converged to a solution in the thermal model. The 
first criterion was to check that the values for the scaled residuals of the 
equations were below certain magnitudes (10-3 for the mass, momentum and 
turbulent equations and 10-6 for the energy equation). The second criterion 
consisted of reaching stable values for the temperature at all the surfaces, 
meaning that a converged steady state had been reached.  

The Complete Model of the battery module, including the entire 
geometry with the liquid zones corresponding to the coolant circulated 
through the cold plates implied enormous computational requirements. The 
Complete Model of the module permitted the analysis of the thermal 
dispersion between the different cells of the module in a steady-state situation 
for diverse mass flow rates, ambient temperature and operating conditions. 
The computational cost of this model hardly tolerated transient simulations in 
practice. 

Therefore, a few approaches to the problem assuming some 
advantageous simplifications were proposed in order to reach a compromise 
between the accuracy of the results and the required computational costs. As 
a result two new models were developed, the Sandwich Model and the Slice 
Model, which will be further described in the following. 

Model Simplifications 

The first approach suggested was not to model the coolant circulated through 
the cold plate, but to use profiles of the convective heat transfer coefficient 
obtained from detailed steady simulations of the cold plate in the Complete 
Model as boundary condition for the cold plate´s coolant channel. 
Computational and time requirements were considerably reduced. The 
resulting model will be referred as the Sandwich Model. 

The profiles of the convective heat transfer coefficient to be defined as 
boundary condition in the complex small channels found inside the cold plates 



4.3 CASE STUDY 255 

as well as the pressure losses and the thermal resistance of the cold plates, 
were extracted for different mass flow rates from steady simulations with the 
Complete Model. Therefore, it was necessary to perform a steady simulation 
with the Complete Model prior to any simulation with the Sandwich Model. 

Different cases were simulated using various mass flow rates as 
boundary condition for the cold plate inlet while the inlet coolant temperature 
was fixed (25 oC). The gauge pressure was set to 0 Pa in the outlet of the cold 
plate. In the external walls adiabatic boundary conditions were considered 
except for the cold plate´s surface which was in contact with the battery 
module and hence was heated due to the heat transfer from the module to 
the cold plate. Results corresponding to the pressure drop, the convective heat 
transfer coefficient and the temperature contours for different flow rates are 
shown in Figure 4.31 and Figure 4.32. As expected, both the pressure drop and 
the convective heat transfer coefficient increased when increasing the coolant 
inlet flow rate, while the cold plate surface temperature decreased. 

In the second approach, the coolant circulated through the cold plate 
was not modeled either, but a convective heat transfer coefficient obtained 
from detailed simulations of the cold plate was used as in the Sandwich Model. 
In addition, in order to further reduce computational and time requirements, 
the central hottest part of the module was only considered using vertical 
symmetry planes. This model will be referred as the Slice Model (Figure 4.33 
right). Only a quarter of the 2 cells located in the middle of the module (cells 
were considered symmetrical along the thickness direction) and the portion of 
the cold plate in contact with the middle aluminum sheet were represented.  

For the Slice Model, the convective heat transfer coefficient was 
supposed to be uniform all over the channel and depended only on the coolant 
flow rate. The small heating of the reference temperature for each hole was 
neglected for simplicity. Therefore, profiles of the convective heat transfer 
coefficient obtained from detailed steady simulations of the cold plate in the 
Complete Model (Figure 4.31 (b)) were not used directly as boundary condition 
for the cold plate´s coolant channel as in the Sandwich Model. Instead, average 
values of the heat transfer coefficient were obtained for the different coolant 
inlet flow rates (Figure 4.34). Those values were fitted to Equation (4.30) 
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(determination coefficient, 푅 =0.99) in order to be able to establish a value of 
the heat transfer coefficient as boundary condition in the holes of the cold 
plate corresponding to the coolant channel for any coolant inlet flow rate. 

ℎ = −71.276 · 푄 + 1339.6 · 푄 (4.30) 

 

 
(a1) 

 
(b1) 

 
(a2) 

 
(b2) 

 
(a3) 
(a) 

 
(b3) 
(b) 

Figure 4.31. Contours of (a) pressure (Pa) and (b) convective heat transfer coefficient 
(W·m-2·K-1) for different coolant inlet flow rates: (a1, b1) 2 l·min-1, (a2, b2) 4 l·min-1 and 

(a3, b3) 6 l·min-1. 
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(c1) 

 
(c2) 

 
(c3) 

Figure 4.32. Contours of temperature (oC) for different coolant inlet flow rates: (c1) 2 
l·min-1, (c2) 4 l·min-1 and (c3) 6 l·min-1. 

In the two simplified models, the computational domain consisted of 
various solid regions without any liquid regions. Both the Sandwich and the 
Slice Models, although especially the latter, allowed the transient analysis of 
the thermal performance of the module with a reasonable computational cost. 

The same assumptions as those applied to simplify the Complete 
Thermal Model were considered for the Sandwich and the Slice Models too, 
with respect to the materials used in the models and their thermal properties. 
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Lumped properties (Table 4.7) and heat generation rates were thus 
considered. 

 

 
Figure 4.33. Geometry of the detailed models developed in CFD: Complete Model (left) 

and Slice Model (right). 

Without any liquid regions to be modeled, the system of differential 
equations was significantly reduced. The energy transport equation in solid 
regions, Equation (4.20), had to be considered, which in the Sandwich and Slice 
Models and for transient simulations could be reduced to: 
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Many previous efforts done on the thermal modeling of lithium-ion 
battery assumed that lithium-ion battery is a uniform heat source, and set the 
thermal value of  to a certain constant value [4.58]. However, the heat 
generation rate is always changing in the process of charging and discharging 
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as the battery internal resistance is changing due to the polarized reaction. 
This was considered in [4.22], but the heat input for battery thermal 
performance simulation was obtained by a lithium-ion battery model 
established in MATLAB/Simulink. The calculated heat power was used as the 
heat source of CFD simulation and was loaded by means of a UDF5 (User 
Defined Function). 

 

 
Figure 4.34. Results of the simulation with the Complete Model for the cold plate heat 

transfer coefficient and head loss. 

The battery packs used in HEVs are not always discharged in the 
constant ratio during normal operation. Because the performance of the 
battery is seriously influenced by temperature and SOC, the discharge current 
of the battery pack will also change even though some researchers study the 
PEVs and HEVs under constant condition. The heat generation rates of the 
battery pack are inflected by its internal performance and external conditions. 
In order to get the real-time heating power of the battery pack discharged at 
large current, in this work, the heat generation model was imposed as a 
volumetric heat generation in the cell zones of the Sandwich and Slice Models 

                                                             
5 A user-defined function, or UDF, is a function programmed by the user that can be 
dynamically loaded with the ANSYS FLUENT solver to enhance the standard features of 
the code. For example, one can use a UDF to define custom boundary conditions, 
material properties, and source terms, as well as specify customized model 
parameters, initialize a solution, or enhance post-processing. 
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by means of a user defined function which allowed modeling the variable heat 
generation rate of each cell as a function of cell mean temperature, SOC (State 
of Charge) and current and thus understanding the real time behavior of 
lithium-ion cells in vehicle operating conditions. This is critical for better design 
of thermal management systems as modeling the thermal behavior of a 
battery system in various drive cycles can help to design such battery thermal 
management systems.  

The heat generation model developed for a single cell in chapter 3 
served as the building block for analyzing the thermal behavior of a multicell 
system. The rate of heat release from each battery cell was calculated by 
Equation (4.32) which was included in the UDF.  

푆 =
푞̇
풗

=
퐼 · 푅 + 퐼 · 푇 · 휕푈휕푇

풗
 (4.32) 

The structure of the user defined function is outlined in Figure 4.35. 
After the initialization of variables, at each time step, the temperature profile 
of each cell together with the values of the entropic heat coefficient and the 
internal resistance were determined. These values were then used to calculate 
the heat generation along with the entropy change and Ohmic heating for the 
next time increment.  

The constant value of the volumetric heat source imposed in the cell 
zones of the Complete Model for steady simulations was equal to the value 
calculated by the heat generation equation in the Slice Model once a steady 
thermal state was reached after cycling the module. 

The rest of the boundary conditions and additional modeling details 
defined in the Sandwich and the Slice Models were equal to those defined in 
the Complete Model. The TIM placed between the module and the cold plates 
as well as the air gaps between cells and aluminum sheets were modeled as 
thermally coupled walls. In the outer side of the module, convective boundary 
conditions were considered.  
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Figure 4.35. User Defined Function Structure. 

The same numerical resolution procedure as that used for the Complete 
Model was also used for the simplified models. As for the Complete Model, a 
high quality hexahedral mesh was used in the discretization of the Sandwich 
and the Slice Models (98% of the elements had a skweness value lower than 
0.4). The number of cells was of the order of 6.91·106 and 3.85·105, 
respectively. The smaller size of the Slice domain presented the possibility of 
additional re-meshing stages for a grid independency analysis and higher 
efficiency. Again a non conformal grid type was used, splitting the meshed 
domain into different coupled zones. Initial condition was also the same as 
that in the Complete Model (Equation (4.29)). Two main convergence criteria 
were applied to determine (i) when the numerical procedures were converged 
to a solution and (ii) when the steady state was reached in the simulations with 
the Sandwich and the Slice Models. The first criterion was to check that the 
values for the scaled residuals of the equations were below certain magnitudes 
(10-3 for the mass and momentum equations and 10-6 for the energy equation). 
The second criterion for the transient simulations with the Sandwich and the 
Slice Models was the balance between the integral of the energy losses from 
the cells and the integral of the energy that was dissipated through the 

Input data (Current, SOC, dU/dT vs. SOC, Rin vs. SOC&T)

Initial temperature distribution of the battery module
Initial heat generation rate

Time increment t=t + t

Linear interpolation of input data to calculate current and 
SOC at time step t

Cell increment i=i + i

Determination of the mean 
volume temperature 

of cell i

Linear interpolation of input 
data to calculate dU/dT and 
Rin for cell i at time step t

Update heat generation 
rate for each cell
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channels/holes of the cold plate in a time interval corresponding to a 
charge/discharge cycle. 

To sum up, Table 4.8 depicts the main characteristics of each of the 
numerical thermal models. 

 
Table 4.8. Main characteristics of each of the three numerical thermal models 

developed. 

 
Complete  
Model 

Sandwich  
Model 

Slice  
Model 

Geometry 
½ of the battery 
module 

½ of the 
battery module 

¼ of the 2 cells in the middle, 
½ of the middle Al sheet and 
the corresponding portion of 
the cold plate 

Domain Solid/Liquid Solid Solid 

푺풉 in cell 
zones 

Constant and 
same value for 
all cells 

Real-time value for each cell (heat generation 
model by means of a UDF) 

Boundary 
cond. for 
cold plate 
channels 

Inlet: mass-flow 
rate and T 
Outlet: gauge-P 
Turb. Model: k-ε 

Convective 
heat transfer 
coeff. profile 

Constant value of the 
convective heat transfer 
coeff. 

Verification of the Thermal Models 

Results obtained from numerical simulations of differential mathematical 
models are affected by Errors which are inherent to the particular 
characteristics of the Iterative Process and the Discretization adopted. It is 
convenient to analyze and quantify the magnitude of these errors previously, 
for a later experimental validation of the model, in order to determine 
whether the results obtained are accurate enough from a strictly numerical 
point of view. It is worth to mention the so called Rounding Errors which come 
from the finite accuracy of the current computers. A double precision was used 
for all the simulations. Therefore, this error and its accumulation during the 
calculation process were assumed not to be significant in comparison to other 
errors which could have been made. 
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The systematic reduction of those errors requires stricter convergence 
criteria to be adopted as well as finer schemes and levels of discretization, 
which in fact increase the computational requirements. Therefore, it is again 
necessary to find a compromise between the numerical accuracy of the results 
and the affordable computational time.  

The objective of the verification process [4.48] was to ensure that there 
was not a great difference between the final discrete results obtained after the 
numerical resolution of the models and the exact and continuous results which 
would have been obtained if it were feasible to analytically solve the 
differential equations of the models, that is, to assure that the Discretization 
Error was minimal. 

However, the Discretization Error could not be calculated directly 
because the exact and continuous result of the mathematical model was, of 
course, unknown. On the other hand, the philosophy of the discretization itself 
should guarantee that the finer the mesh is, the closer both results should be. 
In this regard, it is known that the velocity and the way in which these 
differences between the continuous and the discrete results tend to decrease 
as a function of the mesh used, depend on the methods and schemes 
employed for the discretization and the linearization of the original differential 
equations. Building on this, the grid independency of the mathematical results 
was checked by means of the so called Grid Convergence Index (GCI), based on 
the Richardson Extrapolation method, since it is the most robust method 
available for the prediction of numerical uncertainty [4.59]. This value was 
used to determine the Discretization Error by comparing the results from 
simulations of a same case but using two different mesh levels.  

Slice Model 

The first mesh (푁 : 732,484 elements) is the fine mesh and the second mesh 
(푁 : 384,884) is the coarse mesh (Figure 4.36). The resulting refinement factor 
was 푟 =1.24. Two results from the model´s simulation for the same conditions 
were selected in order to evaluate the discretization error: the mean surface 
temperatures in both cells, respectively.  
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(a) 

 
(b) 

Figure 4.36. (a) Coarse and (b) fine mesh for grid independency analysis in the Slice 
Model. 

The estimation method allowed obtaining an approximation for the 
value of the variable of interest referred to as extrapolated value, 훷 , , , in 
the limit of the continuous, 훥푥  0, from values calculated by means of the 
results obtained with different mesh levels. In Equation (4.33), 훷  represented 
the value of the variable obtained with the fine mesh and Φj the value 
obtained with the coarse mesh. The refinement factor, 푟 , mentioned above, 
was defined according to Equation (4.34), as the ratio between the average 
sizes of the elements of the two meshes. The apparent convergence order, 풑, 
was transcendent and represented the order with which the discrete solution 
obtained tends to the continuous solution while the mesh is refined to the 
limit. In this case, 풑 was equal to 2. Finally,   was the difference between the 
value of the variable in both meshes. 

훷 , , =
푟 훷 −훷
푟 − 1

 (4.33) 

푟 , =
푁
푁

⁄

 (4.34) 

The value of the variable extrapolated from two successive meshes 
allowed obtaining the extrapolated discretization error between both mesh 
levels, 푒 , ,  (Equation (4.35)). If a security factor of 3 is applied to this 
extrapolated error, a superior limit value for the estimation of the 
Discretization Error is ensured with a high statistical confidence level. This 
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value, expressed in Equation (4.36), is known as the Grid Convergence Index, 
GCI, and is usually used in numerical verification. 

푒 , , =
훷 , , − 훷
훷 , ,

 (4.35) 

퐺퐶퐼 , =
1.25 ·

훷 −훷
훷

푟 , − 1
 (4.36) 

The results of the evaluation for the Slice Model are presented inTable 
4.9. As can be seen, the value of the GCI was below 1% for the two variables 
checked which could be considered very small. These results showed that the 
assumed discretization error was far low enough even if the coarsest mesh, 푁 , 
was chosen for the mathematical model.  

 
Table 4.9. Grid independency analysis of the results for the simulation of 

the Slice Model. 

Name of the Variable 
푻풄풆풍풍ퟏ, 
oC 

푻풄풆풍풍ퟐ, 
oC 

Total Number of Cells 
푁  732,484 
푁  384,884 

Grid Refinement Factor 푟  1.24 1.24 

Values of the Variables 
  48.122 47.987 
  48.149 48.011 

Differences  휖  0.026 0.024 
Apparent Order 풑 2 2 
Extrapolated Values   48.073 47.943 
Approximate Relative Error 푒  [%] 0.055 0.049 
Extrapolated Relative Error 푒  [%] 0.103 0.092 
Fine Grid Convergence Index 퐺퐶퐼  [%] 0.308 0.275 

As aforementioned, the Slice Model allowed transient analysis of the 
thermal performance of the module with a reasonable computational cost. In 
order to set the time step for integrating the governing equations, the 
dependence of time step on the solution was first tested. The same case as 
that used for the analysis of the Discretization Error was simulated with the 
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coarsest mesh and three different time steps (1 s, 2 s, and 5 s). Results of the 
mean surface temperature in one of the cells obtained from each of the 
simulations are compared in Figure 4.37. The differences were considered 
negligible. However, the time step was set to be 1 s in all the transient 
simulations carried out for this research, because as it will be further described 
in the next chapter, this was the frequency the experimental data were 
recorded with during the tests with the prototype constructed. 2 to 3 days 
were approximately required for simulating 3 hours using a computer with 4 
processors (12 cores per processor), a velocity of 2.4 GHz and 128 GB of RAM 
memory.  

 

 
Figure 4.37. Time step independency analysis of the results for the simulation of the 

Slice Model. 

Complete Model 

A mesh size proportional to the mesh size of the Slice Model was used in the 
Complete Model for the solid zones and the grid independency of the results 
was only checked for the fluid zone in the cold plate. The first mesh (푁 : 
15,867,520 elements) was the fine mesh and the second mesh (푁 : 3,876,776) 
was the coarse mesh (Figure 4.38). The resulting refinement factor was 
푟 =1.6. 

Two results from the model´s simulation for a coolant flow rate of 6 
l·min-1 and a coolant inlet temperature of 25 oC were selected in order to 
evaluate the discretization error: the mean convective heat transfer coefficient 
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and the pressure drop. The results of the evaluation are presented in Table 
4.10. As can be seen, the value of the GCI was below 5% for the two variables 
checked which could be considered acceptable. These results showed that the 
assumed discretization error was low enough even if the coarsest mesh, 푁 , 
was chosen for the mathematical model. 

 

(a) (b) 
Figure 4.38. (a) Coarse and (b) fine mesh for grid independency analysis in the cold 

plate model. 

 
Table 4.10.Grid independency analysis of the results for the simulation of the cold plate 

model. 

Name of the Variable 
풉풎풆풂풏,, 
W·m-2·K-1 

∆풑,  
mbar 

Total Number of Cells 
푁  15,867,520 
푁  3,876,776 

Grid Refinement Factor 푟  1.6 1.6 

Values of the Variables 
  5715.506 1131.955 
  5764.82 1151.5 

Differences  휖  49.31 19.55 
Apparent Order 풑 2 2 
Extrapolated Values   5683.87 1119.41 
Approximate Relative Error 푒  [%] 0.8628 1.7269 
Extrapolated Relative Error 푒  [%] 0.557 1.120 
Fine Grid Convergence Index 퐺퐶퐼  [%] 1.661 3.324 
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4.4 CONCLUSIONS 

A systematic method for designing and evaluating thermal management 
systems for battery packs was developed in order to provide a means for 
achieving a fixed battery thermal performance and other battery pack 
specifications, such as maximum energy efficiency and minimum weight to 
volume ratio, efficiently. The steps to be followed according to this 
methodology were first described from a more general point of view and then 
detailed for a case study in which an energy storage system had to be designed 
for an onboard application directed to the transport industry. 

Detailed numerical thermal model development formed the core of the 
approach presented in this chapter for the optimal design of a thermal 
management system for such a lithium-ion battery system. Numerical 
modeling improved the efficiency of the design process relative to a trial-and-
error determination of the battery cooling system design parameters, reduced 
the product development time and led to a better battery design. 

Before constructing the prototype, a simple, though accurate, approach 
was developed to thermally simulate the thermal characteristics of lithium-ion 
batteries based on the finite volume method. Unlike most of the papers found 
in the literature, which are limited to cylindrical cells assembled using LiCoO2 
cathode and have low capacities, in this work, research was focused on the 
thermal behavior of large capacity and high power pouch type lithium-ion cells 
manufactured by KOKAM. 

Two different domains were built up to study the thermal behavior of 
the battery module during various operational conditions: a Complete and a 
Slice domain. The latter consisted of both a heat generation equation capable 
of predicting the heat generation of individual cells and hence their thermal 
behavior and a heat transfer model that estimated the heat transfer from the 
cells to the cold plates.  

Therefore, unlike most of the previous studies which modeled the 
lithium-ion cell thermal behavior separately for charge or discharge, and did 
not consider the combined effect of them, typically present in vehicle load 
conditions, in this work, the thermal behavior of lithium-ion cells for dynamic 
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electric loading conditions could be accurately modeled based on the heat 
generation model developed in chapter 2 for KOKAM cells. This was a key 
factor to improve the battery thermal management system design process.  

The Slice Model allowed the maximum time dependent cell temperature 
to be analyzed by means of fast transient simulations. It also provided the 
constant heat generation value (average value of the transient heat generation 
profile determined by means of the User Defined Function) to be used as the 
heat source in all the cell zones of the Complete Model. The latter, together 
with the Sandwich Model, could be used to analyze the thermal asymmetries 
between the different cells in the module, by means of steady-state 
simulations in the first case, due to the higher computational resources 
needed, and transient simulations in the second case.  

The main assumption considered in the three thermal models consisted 
on the lumped modeling approach, i.e., (i) all the components inside the cell 
were assumed to be a single homogeneous material with average properties, 
and (ii) heat was assumed to be generated uniformly throughout the cell. This 
assumption was proved to be valid for thermal management system design 
purposes as it will be demonstrated in the next chapter, in which the complete 
procedure carried out for the experimental validation of the mathematical 
models will be described. 
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chapter 5  

VALIDATION OF THE THERMAL 
MANAGEMENT SYSTEM DESIGN 

In order to incorporate the thermal models described in the previous chapter 
into battery design suites/tools, an important task is to experimentally validate 
the chosen model to ensure that it predicts the experimental data to the 
required precision with a reasonable confidence. 

Once validated, the model could be incorporated into battery design 
suites/tools with the goal of shortening design cycles and optimizing batteries 
(modules and packs) for improved performance, safety, long life and low cost. 
The objective would be to address the existing practices that battery and pack 
developers operate: tediously experiment with many different cell chemistries 
and geometries in an attempt to produce greater cell capacity, power, battery 
life, thermal performance and safety and lower cost. By introducing battery 
simulations and design automation at an early stage in the battery design cycle 
life, it would be possible to significantly reduce the product cycle time and cost 
and thus significantly reduce cost of the battery. This could accelerate the 
development of energy storage systems that meet the requirements of the 
electric drive vehicle. 

The state of the art of this chapter summarizes observations and 
conclusions made from the thermal simulation studies and thermal 
management tests on battery packs with lithium-insertion electrodes. The 
remainder of this chapter is organized as follows. Section 5.2 reports a 
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preliminary analysis of the thermal performance of the battery system carried 
out with the thermal models described in the previous chapter for different 
operating conditions prior to the real battery module construction. The 
building of the battery module is thoroughly described in Section 5.3. The 
experimental validation of both the thermal models and the thermal design of 
the battery module itself are depicted in Sections 5.4 and 5.5, respectively. 
Finally, conclusions are drawn in Section 5.6. 

5.1 STATE OF THE ART 

While a lot of work has been done to research the internal thermal processes 
and limitations of single lithium-ion battery cells, it is more important and 
difficult to study the thermal characterization of a whole battery pack for 
EV/HEV application. This normally involves assuming some simplifications 
which should be then experimentally verified. 

Ghosh et al. [5.1] analyzed the fluid thermal performance of a battery 
cell container for the Ford Fusion and the Mercury Milan hybrid electric vehicle 
by means of Computational Fluid Dynamics (CFD). The battery subsystem was 
made of 2 modules, each consisting of 4 cylindrical cells, retained by an 
approximately rectangular shaped housing referred to as a brick (Figure 5.1 
(a)). Multiple bricks were placed side by side and the modules were connected 
via electrical bussing to develop the battery array. However, for the CFD 
analysis a single brick model was used and a steady state heat transfer 
simulation was conducted for brick design and thermal performance 
prediction. 

The cell model for the brick analysis was made annular with battery cell 
volume subtracted out (Figure 5.1 (b)). This reduction of cell volume by 
replacing the cylindrical cells with annular cells required compensation of the 
volumetric heat generation by a corresponding higher value, conserving the 
total heat generation for the brick and pack. This approximation was verified 
via CFD analysis to have negligible impact on accuracy of the brick thermal 
predictions. In addition, a bench test assembly was prepared to confirm and 
refine the CFD model. The maximum temperature discrepancy between 
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experimental measurements and results from the CFD model was less than 
10%. 

 

 
(a) 

 
 

 

 
(b) 

Figure 5.1. (a) Brick containing 8 cells, cells revealed within a brick; (b) 
Computational domain of CFD simulation [5.1]. 

Ma et al. [5.2] analyzed the thermal behavior of a commercially available 
A123 HymotionTM L5 PCM pack assembled with the A123-26650 Li-ion 
cylindrical cells using an electro-thermal finite element method. The pack 
contained seven modules with each having two half modules sharing a same 
circuit board. The cooling air flew into all the half modules in parallel through a 
common inlet chamber. Therefore, only a single half module was studied for 
characterizing the thermal behavior of the pack.  

The CFD model for air flow in the half module and its boundary 
conditions are shown in Figure 5.2 (a). The wall temperatures and heat fluxes 
presented in Figure 5.2 (a) were only used for the first iteration. Because the 
observed bus bar temperature was higher than the cell temperature, a fixed 
wall temperature (higher than the cell temperature) was imposed on top of 
the half module, allowing for heat communication between the bus bar and 
the cooling air in the half module.  

The mapped heat transfer coefficient and ambient temperatures from 
the CFD simulation for the air flow in the half module were then applied to the 
boundary finite element model shells of the half module (Figure 5.2 (b)). This 
last model was used to analyze the thermal behavior of the half module under 
a discharge process with the 5C rate. 
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A thermal management test was also conducted on a half module under 
the same conditions in order to validate the model predictions. In the test, 
thermocouples were put onto the cell outer surfaces. Except for a point in the 
module exit, the simulated cell temperatures and the measurements agreed 
reasonably well. 

 

(a) 
 

(b) 
Figure 5.2. (a) Boundary conditions for CFD analysis; (b) Mesh and domain of the finite 

element model for the half A123 module [5.2]. 

Khasawneh et al. [5.3] presented an experimental and simulation study 
aimed at evaluating the effectiveness of flexible graphite materials for heat 
spreaders in battery thermal management systems. A commercial lithium-ion 
battery pack for power tools applications which consisted of ten lithium-ion 
cells electrically connected in series was adopted as a case study. The electro-
thermal behavior of the battery pack was characterized through combined 
experimental investigation and 3D FEM modeling to determine the heat 
generation rate of the battery cells during utilization and to evaluate the 
thermal behavior of the battery pack. 

The 3D thermal model was built using the COMSOL Multiphysics® FEM 
software. The heat generated by the lithium-ion cells during discharging 
conditions was modeled as a uniform heat generation rate inside the volume 
of each cell. Moreover, a simplified heat generation model was included to 
account for the influence of the BMS on the pack temperature, as it was 
observed during the experimental tests that the BMS was a secondary source 
of heat in the pack and considerably influenced the battery readings. 
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The FEM model developed was validated by comparing the time-based 
profiles of the pack temperatures during one experiment. All of the 
temperatures predicted by the FEM model at the end of the 30 minute test 
were within a 2 oC margin from the corresponding experimental values, which 
was considered reasonable. Therefore, the validated FEM model was used to 
conduct a preliminary design study. 

Li et al. [5.4] combined the use of CFD simulations and wind tunnel 
testing, so that the simulations could be validated against experimental data 
under air flow velocities which were both well-controlled and directly relevant 
to practical conditions. Figure 4.8 provides a schematic illustration of the 
thermal management problem that the work targeted and which was modeled 
as a 2D conjugate heat transfer problem.  

 

 
Figure 5.3. Schematic of problem definition [5.4]. 

The experimental scheme is shown in Figure 5.4. Figure 5.4 (a) illustrates 
the overall experimental facility and Figure 5.4 (b) describes the configuration 
of the battery pack and the thermocouples used for temperature 
measurements. Two additional thermocouples monitored the room 
temperature and the air flow temperature at the inlet.  

The experiments were only conducted under continuous charging or 
discharging conditions, not under alternating charging and discharging 
conditions. The results generated by the CFD model were in reasonable 
agreement with the experimental datasets, although the temperature during 
the first 10 min did not agree well. 
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(a) 

 
(b) 

Figure 5.4. Illustration of the experimental facilities: (a) Schematics of the 
experimental setup; (b) Layout of batteries and thermocouples [5.4]. 

Yeow and Teng [5.5] simulated the performance of a new composite 
cooling plate using a 3D finite element analysis model for a battery module 
stacked with 70 Ah lithium-ion battery cells cooled indirectly with liquid. The 
electro-thermal behavior of the battery system was simulated under 210 A 
continuous discharge from 100% to 20% state of charge. 

In order to gain confidence in evaluating the performance of the 
composite cooling plates, a 3-cell mini module with single cold-plate cooling 
was built and tested. The FEA model for the mini module and the test setup 
are presented in Figure 5.5 (a) and (b), respectively. The measurements were 
conducted only for the middle cell in the mini module. 

Good correlations were observed between simulated and measured cell 
temperatures particularly across the middle half of the cell. The temperatures 
for the upper quarter of the cell were strongly influenced by the cell terminal 
tab condition and hence the correlations at these locations were not as good. 

Jianjun et al. [5.6] applied the CFD technique to analyze the flow and 
temperature field distribution of a battery pack with a forced cooling system. 
The pack was composed of 17 modules, each module containing 12 lithium-ion 
cells. Figure 5.6 (a) shows the geometric model of the battery pack simulated 
and the number of the modules. The air entered into the battery system from 
an inlet where the fan was located and flew out through two outlets at side of 
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pack. The driving dynamics model of PEVs with a certain speed (30 km/h) in 
15% slope was simulated. 

 

 
(a) 

 
(b) 

Figure 5.5. (a) FEA model simulating the test set-up; (b) Test set-up [5.5]. 

To verify the reasonableness of the lithium pack thermal model and 
prove the correctness and reliability of simulation results, model tests were 
carried out to investigate the performance of the battery pack under the same 
climbing conditions of PEVs as those simulated. In order to accurately reflect 
the temperature uniformity of the battery and inspect the difference in 
temperature, the temperature sensors were arranged in the highest and 
lowest temperature area of each module, as shown in Figure 5.6 (b). 

 

 
(a) (b) 

Figure 5.6. (a) Geometric scheme of the lithium-ion battery pack model; (b) 
Temperature sensors layout scheme [5.6]. 

There was a maximum difference between measured and simulated 
temperature values of 1.63 oC and the battery temperature distribution 
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showed the same trend. The model was considered accurate enough and was 
used to analyze the factors which affected to the thermal performance of the 
battery pack and to propose different design optimization schemes. 

Except few works like the one by Jianjun et al. [5.6], the majority of the 
literature is devoted to predicting energy available and heat generated at 
various discharge rates beginning from the fully charged state. Although 
relevant to cell phone, laptop, and perhaps electric vehicle batteries, such 
works offer little insight into physical limitations expected under HEV 
operation for example, where batteries are used as a transient pulse power 
source, cycled about a relatively fixed state of charge (SOC). Moreover, except 
few works like the ones summarized above, most of the past work 
predominately relied on modeling and numerical simulation with limited 
experimental validation [5.7-5.16].  

Of course, works based only on the experimental investigation of several 
battery thermal management strategies have also been published worldwide 
[5.17-5.21]. However, in most of the studies, the battery modules and thermal 
management systems constructed were far from full scale production and 
were constructed only for laboratory testing purposes. Thus, they were tested 
under laboratory conditions only.  

To sum up, the majority of the literature predicted energy available and 
heat generated at operating conditions which offer little insight into physical 
limitations expected under real operation. The vast majority of relevant 
literature was focused on the thermal behavior of the cooling material, and the 
performance of different approaches in preventing unsafe temperatures was 
compared. Studies on cell temperature uniformity, however, are relatively 
scarce. 

In this work, the performance and eligibility of the thermal management 
system design method was validated by both CFD simulations and experiments 
carried out in a real battery module constructed as part of the whole battery 
system. The battery module was tested under dynamic current profiles as 
close as possible to a traction application. Results will be featured in the 
following sections. 
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5.2 PRIOR TO THE CONSTRUCTION OF THE 
BATTERY MODULE 

The thermal models, developed as part of the 5th step in the thermal 
management system design methodology represented in Figure 4.8 and 
described in the previous chapter, allowed a previous analysis of the thermal 
performance of the battery system for different operating conditions by means 
of preliminary simulations. In this way, step 5 in the methodology was 
completed. Results of the preliminary simulations will be shown in Section 
5.2.2. 

But first a sensitivity analysis of some of the parameters defined as 
boundary condition without a theoretical or experimental basis was carried 
out, which will be described in the next subsection. 

5.2.1 SENSITIVITY ANALYSIS 

As explained in Section 4.3.5, the possible air gaps between cells and 
aluminum sheets were quite difficult to model as a simple boundary condition 
for the surfaces of the aluminum sheets. Therefore, air gaps were modeled as 
thermally coupled walls of 0.35 mm thickness.  

The contact between the battery module and the cold plates was 
assumed to be perfect due to the thermal interface material placed between 
them, which was also modeled as a thermally coupled wall with a fictitious 
thickness of 1.5 mm. 

Finally, in the outer side of the module, except in the base of the 
module, an exterior heat flux was considered for which a convective heat 
transfer coefficient of 7.5 W·m-2·K-1 was defined. This value was initially chosen 
as it is in the range for natural convection conditions, but it was not possible to 
measure it experimentally. It was also difficult to experimentally determine the 
thickness of the possible air gaps between cells and aluminum sheets and to 
conclude whether the contact between the battery module and the cold plates 
was perfect. 
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Therefore, a numeric Design of Experiments (DoE) which included a 
number of different simulations was proposed in order to study the effect of 
the boundary conditions established without a theoretical or experimental 
basis on the thermal response of the battery module. The Complete Model was 
used for steady simulations in which only the values of the convective heat 
transfer coefficient, h, the thickness of the air gaps between cells and 
aluminum sheets, ecell-alum, or the thickness of the air gap between aluminum 
sheets and cold plates, ealum-coldp, were modified. For the latter, the TIM placed 
between the aluminum sheets and the cold plates was always modeled. 
Depending on the case to simulate, a second layer corresponding to the air gap 
was also included. This was done by defining a new material which combined 
both the TIM and the air gap and whose thermal conductivity was calculated 
according to Equation (5.1): 

푅 =
푒

푘 · 푎
=

푒
푘 · 푎

+
푒

푘 · 푎
 (5.1) 

The value of the thermal conductivity was 0.112 W·m-1·K-1, while the 
values of the density and the specific heat capacity of the new material were 
defined to be 1.225 kg·m-3 and 1000 J·kg-1·K-1, respectively. The combined 
material was modeled as a thermally coupled wall with a fictitious thickness 
determined as the sum of the TIM thickness, 1.5 mm, and the air gap 
thickness. 

A full factorial design was selected for the sensitivity analysis. A full 
factorial design contains all possible combinations of a set of factors. It is the 
most foolproof design approach, but it is also the most costly in simulation 
resources. Therefore, only 2 levels were considered for each of the factors 
mentioned above.  

Although having three levels for each of the parameters would have 
resulted interesting for the identification of existing non-linear responses, the 
aim of this analysis was more qualitative rather than the development of an 
accurate response model. Therefore, 2 levels were considered, which in turn 
reduced the number of simulation from 33=27 to 23=8. All the cases simulated 
together with the value of the parameters in each case are depicted in Table 
5.1. 
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The outputs (responses) defined for each simulation were the maximum 
cell surface temperature and the temperature distribution among the different 
cells in the module. The results from running all combinations of the chosen 
factors, each at two levels, are also included in Table 5.1. The analysis of 
variance (ANOVA) corresponding to the full factorial design for both the 
maximum cell surface temperature and the temperature distribution among 
cells are shown in Table 5.2 and Table 5.3, respectively. 

 
Table 5.1. Inputs values and results of the sensitivity analysis. 

 풉,  
W·m-2·K-1 

풆풄풆풍풍 풂풍풖풎, 
mm 

풆풂풍풖풎 풄풐풍풅풑, 
mm 

푻풎풂풙,  
oC 

휟푻풎풂풙,  
oC 

1 - (7.5) - (0.35) - (0) 33.27 1.35 
2 + (10) - (0.35) - (0) 33.27 1.38 
3 - (7.5) + (0.50) - (0) 34.52 1.38 
4 + (10) + (0.50) - (0) 34.52 1.40 
5 - (7.5) - (0.35) + (0.35) 70.02 3.56 
6 + (10) - (0.35) + (0.35) 69.02 3.87 
7 - (7.5) + (0.50) + (0.35) 70.02 3.56 
8 + (10) + (0.50) + (0.35) 70.48 3.87 

 
Table 5.2. Analysis of Variance6 for the full factorial design. Output: Maximum cell 

surface temperature. 
Source 푫푭 푺풆풒 푺푺 푨풅풋 푺푺 푨풅풋 푴푺 푭 푷 − 푽풂풍풖풆 
ℎ, W·m-2·K-1 1 0.04 0.04 0.04 0.21 0.673 
푒 , 
mm 

1 1.96 1.96 1.96 11.13 0.029 

푒 , 
mm 

1 2590.56 2590.56 2590.56 14707.60 0.000 

Error 4 0.70 0.70 0.18   
Total 7 2593.26     
푆=0.419687          푅 − 푆푞=99.97%          푅 − 푆푞(퐴푑푗)=99.95% 

 

                                                             
6 The meaning of each of the parameters in Table 5.2 and Table 5.3 is explained in 
Appendix B. 
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Table 5.3. Analysis of Variance6 for the full factorial design. Output: Temperature 
distribution among the different cells in the module. 

Source 푫푭 푺풆풒 푺푺 푨풅풋 푺푺 푨풅풋 푴푺 푭 푷 − 푽풂풍풖풆 
ℎ, W·m-2·K-1 1 0.0561 0.0561 0.0561 5.48 0.079 
푒 , 
mm 

1 0.0003 0.0003 0.0003 0.03 0.870 

푒 , 
mm 

1 10.9278 10.9278 10.9278 1067.43 0.000 

Error 4 0.0410 0.0410 0.0102   
Total 7 11.0252     
푆=0.101181          푅 − 푆푞=99.63%          푅 − 푆푞(퐴푑푗)= 99.35% 

ANOVA showed with a confidence level of 95% that only the effect of 
the air gap between aluminum sheets and cold plates was significant (p-value < 
0.005) for both the maximum cell surface temperature and the temperature 
distribution among cells obtained from the thermal model. The differences in 
the thermal behavior of the battery module when using different values for 
the convective heat transfer coefficient within the range of natural convection 
or when modifying the thickness of the air gaps between cells and aluminum 
sheets for the same simulation case could not be considered significant. 
Therefore, the values of the convective heat transfer coefficient, h, and the 
thickness of the air gaps between cells and aluminum sheets, ecell-alum, were 
kept as initially defined for all the simulations shown in this work, i.e., 7.5 W·m-

2·K-1 and 0.35 mm. 

Due to the negative effect of the air gap between aluminum sheets and 
cold plates in the thermal behavior of the battery module (the maximum cell 
surface temperature and the temperature distribution among cells were 
doubled as compared to the cases in which the contact between the battery 
module and the cold plates was perfect), care was taken when mounting the 
real prototype in order to maximize the contact between the battery module 
and the cold plates as it will be later shown. Thus, the contact between the 
battery module and the cold plates was assumed to be perfect during the 
simulations and only the TIM was modeled as a thermally coupled wall 
between the battery module and the cold plates. 
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5.2.2 INITIAL VALIDATION OF THE FINAL DESIGN CONCEPT 

The energy storage system was developed for an onboard application directed 
to the transport industry for which, a 3C/2C discharge/charge average current 
profile was considered 

A PHEV battery typically operates in either of 2 modes: the continuous 
discharge (charge depleting, CD) mode of an electric vehicle and the shallow, 
high-power cycling (charge sustaining, CS) mode of a power-assist hybrid 
vehicle. The PHEV battery operation is shown in Figure 5.7. Although the DOD 
window varies with the battery chemistry and level of thermal management in 
place, a typical DOD window is 80% for BEV packs and 70% for PHEV. It is lower 
for PHEV applications as the higher power to energy ratio makes the power 
requirement more difficult to meet a low state of charge [5.22].  

 

 
Figure 5.7. PHEV battery operation [5.23]. 

The current and SOC profiles used for simulations are depicted in Figure 
5.8. In order to achieve the optimum balance between long life time and cell 
performance, the mean temperature of the cells had to lie between 25 and 35 
oC during operation with those profiles. Moreover, the maximum cell 
temperature difference could not exceed 5 oC to achieve a full lifespan.  

The fulfillment of these limits was checked for different boundary 
conditions (Table 5.4) in order to prove the efficient operation of the battery 
system in different climates. Two different inlet coolant temperatures were 
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selected no higher than 25 oC. Even if ambient temperatures higher than 25 oC 
are common, especially in summer, the auxiliary cooling system should provide 
the coolant at a temperature lower than 25 oC in order to maintain cell mean 
temperature between 25 and 35 oC. A coolant inlet temperature lower than 25 
oC may allow minimizing the pumping requirements by means of a lower 
coolant inlet flow rate. 

 

 
Figure 5.8. Current and SOC profiles used for initial simulations prior to the prototype 

construction. 

 
Table 5.4.Boundary conditions used for initial simulations 

prior to the prototype construction and simulation results. 
Coolant 
inlet T, oC 

Coolant inlet  
flow rare, l·min-1 

Max. cell T,  
oC 

Max. T 
gradient, oC 

15 1.365 28.7 1.5 
25 2.375 34.0 1.5 

The Slice Model was used to analyze the transient temperature profile at 
the surface of the middle cell (Figure 5.9 (a)), while simulation with the 
Complete Model allowed the analysis of the thermal asymmetries between the 
different cells of the module in a steady-state situation (Figure 5.9 (b)). The 
maximum cell temperature was kept below 35 oC in both operating conditions. 
The second thermal design criterion was also fulfilled as shown in the 
simulation results from the Complete Model. The temperature difference 
between coolant inlet temperature and maximum cell temperature was higher 
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in the case with a lower coolant inlet temperature because the coolant flow 
rate was also lower. The temperature difference between cells in the module 
was similar in both cases and much lower than the 5 oC established as thermal 
design criterion.  

 

 
(a) 

 
(b) 

Figure 5.9. Simulation results from (a) Slice and (b) Complete Models for the two 
operating conditions simulated. 

Once verified by means of the thermal models that the design criteria 
established in Section 4.3.1 from a thermal point of view were strictly fulfilled 
at different operating conditions, a prototype with the selected design was 
constructed (6th step in the thermal management system design methodology 
depicted in Figure 4.8) as it will be described in the next section. 

5.3 CONSTRUCTION OF THE BATTERY MODULE 

The battery module was made of 12 lithium-ion cells connected in series in a 
vertical position (with the tabs pointing upwards) and placed alternatively 
between 13 aluminum sheets to facilitate the heat dissipation from the cells to 
the cold plates. 

The structure formed by the cells and the aluminum sheets was 
insulated with an external enclosure made of TECAMIDTM, Figure 5.10 (a). The 
brick fulfilled several functions, including providing structure to the battery, 
insulating the cells both electrically and from thermal noise factors, and 
retaining any cell thermistors, as it will be later shown. However, the principal 
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functions of the brick were to guarantee that the system could operate in high 
humidity conditions and that the battery was capable of resisting the 
vibrations produced by the vehicle in its movement. 

Figure 5.10 (b) provides a picture of the battery module without the 
upper cover. In order to check that the cells did not suffer any damage during 
the building of the battery module, the internal resistance of the cells was 
measured by means of a discharge pulse. The battery module was thus 
prepared for testing. 

 

 
(a) 

 
(b) 

Figure 5.10. (a) Different pieces which form the external casing of the battery module. 
(b) Battery module without the upper cover. 

Cell terminals were initially connected by means of a mechanical union 
as the laser welding had to be carried out by an external company. The cold 
plates were carefully mounted at both sides of the battery module. Due to the 
importance of a good contact between the battery module and the cold plates, 
as already demonstrated in the previous section, an external structure was 
used during the tests which exerted pressure on both the cold plates and the 
terminal connectors (Figure 5.11). 

Individual cell voltages were measured by a Module Management 
System (MMS). The MMS encompassed not only the monitoring of the battery, 
but also its protection and balancing (Figure 5.12). The main function of the 
MMS was to protect the cells and the battery module from being damaged by 
making the batteries operate within the proper voltage and temperature 
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interval in order to guarantee the safety during operation and prolong their 
service life as long as possible. For the battery module safety guarantee, the 
MMS provided hardware and software protection with programmable 
thresholds and delay times against over- and under-voltages and over-
temperatures. In case of approaching any hazardous situation relative to these 
factors, a fault alarm was activated, which opened the main contactors of the 
power circuitry. Additionally, the MMS included a dissipative balancing system 
and low-power sleep mode functionalities for the cases the battery-module 
was unbalanced and inoperative [5.24]. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.11. External structure used for initial testing of the battery module: (a) 
General view; (b) Details of the way in which pressure is exerted in both cold 

plates and terminal connectors; (c) Zoom of the terminal connectors; (d) Zoom 
of the contact between the battery module and the cold plate. 
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Cell temperature measurements were carried out with K type 
thermocouples and using resistors that vary with temperature, called 
thermistors or negative temperature coefficient (NTC) resistors. These devices 
vary their resistance greatly when exposed to a changing temperature. The 
resulting resistance change can be easily translated to a corresponding 
temperature change by a simple electronic circuit [5.6].  

 

 
(a) 

 
(b) 

Figure 5.12. (a) Battery module with MMS. (b) Details of the MMS. 

Up to 20 thermocouples made possible the analysis of the temperature 
distribution in the system. The locations of temperature sensors in the module 
are shown in Figure 5.13. Circles refer to K type thermocouples and stars 
represent NTC type temperature sensors. Thermocouples were in contact with 
the aluminum sheet (except for one of the cells in the middle), while the NTC 
resistors measured the cell surface temperature. Thermocouples were located 
in various aluminum sheets and cells, between the battery module and the 
cold plates, as well as in the inlets and outlets of the cold plates.  

In order to distinguish between temperature measurements on the 
surface of the aluminum sheets or the battery cells, a piece of thermal 
insulating material was used as shown in Figure 5.14. A flame retardant Kapton 
high grade masking tape from Tesa was used as the thermal insulating 
material. The tape is made from Kapton film with Silicone adhesive. Kapton is a 
polyimide film whose thermal conductivity at temperatures from 0.5 to 5 K is 
rather high for such low temperatures, 4.638 · 10 · 푇 .  W·m-1·K-1. Due to 
the unique combination of electrical, thermal, chemical and mechanical 



5.3 CONSTRUCTION OF THE BATTERY MODULE 293 

properties, it withstands extreme temperature, vibration and other demanding 
environments. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 5.13. Location of temperature sensors. Circles refer to K type thermocouples 
and stars represent NTC type temperature sensors. (a) Face of the 1st aluminum sheet 

in contact with the 1st cell (b) Face of the 7th aluminum sheet in contact with the 6th cell 
(c) Face of the 7th cell (d) Face of the 13th aluminum sheet in contact with the 12th cell 

(e) Face of the 13th aluminum sheet in contact with the external case (f) Exploded 
drawing with the outlet of the temperature sensors. 
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(a) 

 
(b) 

Figure 5.14. Thermal insulating material used to distinguish between temperature 
measurements in the surface of (a) battery cells and (b) aluminum sheets. 

Finally, all the temperature sensors were taken out the battery module, 
as depicted in Figure 5.13 (f), and were connected to a plate attached to the 
external supporting structure (Figure 5.15). The battery module was placed in 
a climatic chamber at 25 oC and was connected to a programmable cycler for 
charge and discharge. Further details about the experimental set-up will be 
provided in the next section. For these initial measurements, the liquid cooling 
system was not activated. 

 

 
Figure 5.15. Battery module ready for testing inside the climatic chamber. 

The internal resistance of the battery module was measured by means 
of a discharge pulse at a current rate of 5C and a pulse length of 18 seconds. 
Individual cell voltages as well as the total battery module voltage registered 
during the discharge pulse are shown in Figure 5.16 (a). The voltage response 
was found to be quite unusual, since both the total voltage and the individual 
cell voltages recovered after the initial voltage drop due to the constant 
current discharge pulse applied to the battery module and then continued 
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decreasing until the discharge current was interrupted. No explanation was 
found for this behavior, as the measured internal resistance values were in the 
order of those measured at the cell level (Figure 2.26 (b)). The mechanical 
union of cell terminals was assumed to be the responsible for this effect. 

 

(a) (b) 
Figure 5.16. Discharge pulse carried out in the battery module with cell terminals 

connected by (a) a mechanical union and (b) laser welding. 

Table 5.5 depicts the internal resistance values determined for each 
individual cell together with the internal resistance value of the battery 
module obtained from the total voltage measurement. No evidence of any cell 
having suffered damage during the construction of the battery module was 
observed. A 3.239% of the internal resistance of the module (difference 
between the internal resistance of the battery module obtained from the total 
voltage measurement and the sum of the internal resistances determined for 
each individual cell) was ascertained to be caused by the mechanical union. 

Once verified that the cells were in good working conditions and in order 
to minimize the internal resistance of the battery module, the cell terminals 
were finally connected by laser welding (Figure 5.17). Thereafter, the internal 
resistance of the battery module was measured once again for comparison 
purposes between both types of cell terminal connections, i.e. mechanical 
union and laser welding. Individual cell voltages as well as the total battery 
module voltage registered during the discharge pulse are shown in Figure 5.16 
(b). No voltage recovery was observed in this case, so it was confirmed that the 
effect seen in Figure 5.16 (a) was due to the mechanical union and not due to 



296 Chapter 5: Validation of the Thermal Management System Design 

any possible damage caused on the cells during the assembly of the battery 
module. 

 

 
Figure 5.17. Cell terminal connections by laser welding. 

 
Table 5.5.Internal resistance measurements results. 

 Mechanical Union Laser Welding 
Cell 푽ퟏ, V 푽ퟐ, V 푹풊풏, mOhm 푽ퟏ, V 푽ퟐ, V 푹풊풏, mOhm 
1 3.701 3.212 2.444 3.622 3.186 2.179 
2 3.674 3.167 2.535 3.627 3.193 2.169 
3 3.714 3.282 2.165 3.644 3.231 2.066 
4 3.711 3.244 2.333 3.632 3.205 2.137 
5 3.678 3.200 2.389 3.618 3.163 2.275 
6 3.685 3.260 2.126 3.639 3.211 2.136 
7 3.684 3.266 2.088 3.626 3.196 2.149 
8 3.679 3.179 2.501 3.634 3.199 2.176 
9 3.690 3.234 2.278 3.666 3.276 1.948 
10 3.693 3.192 2.509 3.660 3.257 2.012 
11 3.673 3.287 1.930 3.625 3.181 2.223 
12 3.691 3.326 1.826 3.656 3.258 1.988 
SUM   27.122   25.455 
Module 44.298 38.698 28.000 43.668 38.526 25.710 
Diff., %   3.239   1.004 

Table 5.5 depicts the internal resistance values determined for each 
individual cell together with the internal resistance value of the battery 
module obtained from the total voltage measurement. Again, no evidence of 
any cell having suffered damage during the laser welding was observed. The 
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internal resistance values may not be directly comparable, because the 
constant current discharge pulse was not performed exactly at the same SOC 
(compare initial voltage values for both cases in Figure 5.16). However, from a 
qualitative point of view, it was observed that the internal resistance increase 
caused by the laser welding was considerably lower (1.004%) than that caused 
by the mechanical union (3.239%). Therefore, lower ohmic losses could be also 
expected. 

Figure 5.18 shows the final appearance of the battery module which was 
used for further testing. 

 

 
(a) 

 
(b) 

Figure 5.18. Final appearance of the battery module. 

5.4 EXPERIMENTAL VALIDATION OF THE THERMAL 
MODELS 

The objective of the validation is to check whether the equations, models and 
assumptions made during thermal modeling represent well enough the reality 
which is intended to be emulated by means of simulation. It needs to be 
proved that the Modeling Error is acceptable for which experimental 
measurements are used as reference. The experimental tests were carried out 
with the testing prototype shown in Figure 5.19 (a). 
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5.4.1 TEST SET-UP 

The test set-up is shown in Figure 5.19 (b). All the tests were carried out in a 
climatic chamber (for equipment specifications go to Section 2.2.3 in chapter 
2, Figure 2.10 (a)). The chamber was used to simulate usual environment 
parameters, such as ambient temperature and humidity, such that the tests 
could be accomplished in a well-controlled indoor condition. The desired 
ambient temperature could be kept within 2980.3 K. 

 

 
(a) 

 

 
(b) 

Figure 5.19. (a) Battery module with external supporting structure for validation tests. 
(b) Test set-up for experimental measurements on constructed prototype. 

During the experiments the battery module was connected to a 
programmable cycler (for equipment specifications go to Section 2.2.3 in 
chapter 2, Figure 2.10 (b)). The testing system could implement diverse 
charging/discharging modes, monitor and record cell current, voltage, and 
power, as well as implement safety protection. In addition, a protection circuit 
board was used in the battery module to limit the cell voltages during 
charge/discharge, preventing overcharging/discharging. A multichannel Data 
Acquisition card and a computer were used to record the temperature data 
taken every second during the tests. 

The cooling liquid that circulated between the 2 cold plates was a 50% 
ethylene glycol-water mixture and it was pumped with a KodiakTM 
Recirculating Chiller that allowed fixing the inlet temperature as well as the 
coolant flow rate (Figure 5.20). It was a compressor-based (air-cooled 
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compressor) recirculating chiller with a precise temperature control (±0.1 oC). 
The cooling temperature range was 5-35 oC and could work at an ambient 
temperature range of 10-35 oC. The cooling capacity of the chiller was 1375 W 
at 20 oC delivery water and 20 oC ambient temperature.  

 

 
(a) (b) 

Figure 5.20. (a) Front and (b) side views of the chiller. 

The coolant flow rate to the process could be adjusted using a manual 
flow valve, being the maximum coolant flow rate feasible 13.6 l·min-1 at 25 psi. 
A digital flow switch from SMC (series PF3W704) was installed in the outlet of 
the chiller in order to monitor/register the coolant flow rate to the process 
(Figure 5.21). It had a rated flow range from 0.5 to 4 l·min-1 and the flow was 
detected by the so-called Karman vortex method. The accuracy of the display 
value and the analogue output was ±3% F.S. 

 

 
Figure 5.21. Digital flow switch. 
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The coolant coming from the chiller entered in the cold plates from the 
bottom inlet, then circulated through the channels of the cold plates to finally 
return to the chiller from the upper outlets of the cold plates. A schematic 
view of the hydraulic connections which ensured that the same amount of 
coolant was circulating through both cold plates is shown in Figure 5.22 (a). 
The pressure drop between the chiller outlet and the cold plates’ inlets was 
lower for the first cold plate than for the second one. However, the pressure 
drop between the chiller inlet and the cold plates’ outlets was higher for the 
first cold plate than for the second one. An equilibrated coolant flow was thus 
achieved through the cooling system. Such a balancing system is referred to as 
reverse return. Figure 5.22 (b) shows the battery module ready to be placed in 
the climatic chamber and to be connected both hydraulically (to the chiller) 
and electrically (to the programmable cycler). 

 

 
(a) 

 
(b) 

Figure 5.22. (a) Schematic view of the hydraulic connections in the test set-up. (b) 
Battery module ready to be connected to the chiller and the programmable cycler. 

Figure 5.23 (a) and (b) show the real test set-up with the battery module 
connected to the programmable cycler by means of current and voltage wires. 
The coolant inlet pipe is also shown in the figure together with the 
temperature sensors. Apart from those mentioned above, the surface 
temperature of the battery module and the ambient temperature were also 
measured. 

 

Chiller
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(a) 

 
(b) 

Figure 5.23. (a) Battery module inside the climatic chamber with the cooling 
system connected (chiller-pipes-cold plates). (b) Zoom to the battery module. 

5.4.2 DESCRIPTION OF THE EXPERIMENTAL TESTS 

To verify the reasonableness of the lithium pack thermal models and prove the 
correctness and reliability of simulation results, experimental tests were 
carried out under a wide range of operating conditions. 

The thermal behavior of the battery module was assumed to be mainly 
affected by four experimental parameters - coolant inlet flow rate and 
temperature, SOC range and charge/discharge C-rate. The number of design 
parameters was quite large and the interaction among them was so 
complicated that it was not feasible to experimentally conduct tests on a case-
by-case basis. Therefore, the test matrix shown in Table 5.6 was proposed (the 
numbers inside the colored squares depict the order in which the tests were 
performed). Three values were proposed for each of the four experimental 
parameters.  

Increasing the fluid flow directly involved moving to higher pressure 
drops. Raising both of these parameters could increase the cost of the battery 
design in ways that the thermal models are not able to reflect (e.g. more 
expensive pump, increasing structural integrity, etc.). These physical 
limitations of implementing a cooling system were considered in order to 
define the coolant flow rate range (1.365-3.625 l·min-1). 
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Table 5.6.Test matrix for validation of the battery module thermal 

models. 
푸, 
l·min-1 

푺푶푪,  
% 

Coolant inlet temperature, oC 푪 − 푹풂풕풆 
DCH/CHA 15 25 35 

1.365 
40-60 5   

1C/1C 

30-70    
20-80   3 

2.375 
40-60    
30-70  9  
20-80    

3.625 
40-60   2 
30-70    
20-80 1   

1.365 
40-60    

3C/2C 

30-70    
20-80    

2.375 
40-60    
30-70  11  
20-80    

3.625 
40-60    
30-70    
20-80    

1.365 
40-60   4 

5C/3C 

30-70    
20-80 6   

2.375 
40-60    
30-70  10  
20-80    

3.625 
40-60 7   
30-70    
20-80   8 

When specifying the range for the coolant inlet temperature, two cases 
were considered. In the first case, the auxiliary system used for dissipating 
heat from the cold plates would be designed mainly for maximizing the 
lifetime of the batteries and thus an active refrigeration would be required to 
obtain cooling below ambient temperature. A coolant inlet temperature of 15 
oC was defined for this case. In the second case, the main requirements for the 
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auxiliary system would be minimizing the overall cost and auxiliary power 
consumption. A simple liquid cooling system with heat exchangers could be 
used in this case. A more common and a worst case scenario were proposed in 
this case for which the coolant inlet temperatures were set to be 25 oC and 35 
oC, respectively. 

As stated above, the DOD window varies with the battery chemistry and 
level of thermal management in place, as well as with the application 
requirements. A broad SOC range was defined for this analysis as the thermal 
behavior of the cells was expected to vary with this parameter due to the 
dependence of both the internal resistance and the entropic heat coefficient 
on SOC. The battery module was cycled between 20% and 80% SOC in the tests 
corresponding to the highest value of the DOD, 60%. For the middle and 
lowest DOD values, i.e. 40% and 20%, the SOC ranges were defined to be 30-
70% and 40-60%, respectively. 

Regarding the current rate, a 3C/2C discharge/charge average current 
profile was initially considered in this work for the design of the battery 
module and its thermal management system. For the validation of the thermal 
models in a range of conditions as wide as possible, a less stringent current 
profile was proposed on the one hand and quite a severe profile on the other 
hand. The current rates for the latter were defined according to the limits 
provided by the manufacturer for KOKAM cells (Table 2.1). 

Figure 5.24 shows three of the current profiles used for the 
experimental tests as an example. All three of them have different C-rates and 
depths of discharge (DOD). Cyclic current profiles were used so that the 
temperature in the module was established after a period of time. The 
procedure followed to perform the tests is explained for the first test from 
Table 5.6 as an example. First, the coolant flow rate and inlet temperature 
were set, which in this case were 3.625 l·min-1 and 15 oC, respectively. Cells in 
the battery module were completely charged and then discharged to the 
maximum SOC value defined for the test, 80%. Once everything was ready for 
the test to initiate, the battery module was continuously discharged and 
charged between SOC 20% and 80% with a current rate of 1C for both charge 
and discharge processes. 
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Figure 5.24. Current profiles used in Tests 1, 4, and 11. 

5.4.3 RESULTS 

For experimental data of the prototype, the temperature gradient was 
measured based on the approximated average cell temperatures of the hottest 
and the coolest cells within the module. Two parameters, the average middle 
cell temperature and the module temperature difference were used to both 
validate the thermal models and evaluate the cooling effectiveness of the 
module. 

A mean value of the different temperature measurements from the 
middle cell was used, because the temperature differences along the cell 
surface were considered negligible. Measurements of the temperature sensors 
located as shown in Figure 5.13 (c) for tests 1 and 4 are shown below (Figure 
5.25) as an example, which correspond to tests with low and high current 
rates, respectively. 

The temperature distribution was slightly different in both cases. 
However, a higher temperature was measured in the middle part of the cell 
surface in all cases and not close to cell terminals as it could have been 
expected (Figure 5.26).  

Another reason for using the experimental time-based profiles of the 
mean surface temperature for comparison with the simulated time-based 
profiles of the mean surface temperature was that the thermal models 
assumed a uniform heat generation within the cells. Therefore, the cell 
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temperature contours obtained from simulations were not due to a different 
heat generation in each node of the cells, but due to a different heat 
dissipation condition as a result of the geometrical design of the battery 
module and its thermal management system. 

 

(a) (b) 
Figure 5.25. Temperature distribution (in oC) measured in the surface of the middle cell 

during (a) test 1 and (b) test 4 in Table 5.6. 

 

 
Figure 5.26. General temperature distribution observed in all tests carried out. 

Figure 5.27-Figure 5.29 compare the experimental temperature 
measurements at the surface of the middle cell (blue dashed lines) with the 
Slice Model results (blue lines) for the tests defined in the test matrix shown in 
Table 5.6. The difference in Celsius degrees is also shown for each case (green 
lines). Model predictions closely follow the experimental measurements with a 
maximum time-averaged difference of approximately 1.5 oC for all the cases of 
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the test matrix. As expected, the highest temperature increases were 
measured for tests with the maximum current rate cycles. A temperature 
increase of 22 oC was measured for the most severe refrigeration conditions. 
Although cell surface temperature almost reached the maximum safety 
temperature limit in a few tests, these working conditions will never occur in a 
real application. The aim of the test matrix was to validate the thermal models 
in a range of conditions as wide as possible. 

Figure 5.30-Figure 5.32 show the temperature contours corresponding 
to the tests defined in the test matrix once a steady state was reached. 
According to the Slice Model, the highest temperature is reached at the centre 
of the cell. Although the difference between the temperature inside the cell 
and the average surface temperature was no greater than 2 oC, this fact should 
be taken into account when defining the control strategy for the thermal 
management system, because in most practical cases it will not be possible to 
measure the internal cell temperature. 

The first convergence criterion stated in the previous chapter (Section 
4.3.5) for the transient simulations, i.e., the balance between the integral of 
the energy losses from the cells and the integral of the energy that is 
dissipated through the holes in the cold plate in a period of time, is checked for 
the simulations with the Slice Model in Figure 5.33-Figure 5.35. The red lines 
correspond to the simulated heat generation profiles for 2 quarter cells. 
Experimental current and SOC profiles together with the average volume 
temperature of each cell calculated for every time step were used by the UDF 
implemented in the Slice Model to determine the heat generation profiles. The 
dark blue lines are the simulated heat dissipation profiles. The convergence 
criterion was met in all cases as the integral of the heat dissipation profiles 
equaled the integral of the heat generation profiles. Numeric data are also 
included in Figure 5.33-Figure 5.35. The maximum differences between the 
heat generation and the heat dissipation profiles were of 45% and 39% for Test 
2 and Test 3, respectively. However, the difference was much lower (<15%) in 
the rest of the cases. 
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푸 = 1.365 l·min-1 

1C/1C 5C/3C 
푻풊풏,풆풙풑, oC 푻풐풖풕,풆풙풑, oC 푻풊풏,풆풙풑, oC 푻풐풖풕,풆풙풑, oC 

15.1 15.4 13.9 16.7 

  
Test 5 Test 6 

32.6 32.8 32.7 33.9 

  
Test 3 Test 4 

Figure 5.27. Measured (blue dashed lines) and simulated (blue lines) middle cell 
temperature profiles (in oC) corresponding to the tests from Table 5.6 with a coolant 

inlet flow rate of 1.365 l·min-1. The error is depicted in green. 
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푸 = 2.375 l·min-1 

1C/1C 3C/2C 
푻풊풏,풆풙풑, oC 푻풐풖풕,풆풙풑, oC 푻풊풏,풆풙풑, oC 푻풐풖풕,풆풙풑, oC 

24.9 25.7 23.6 24.5 

  
Test 9 Test 11 

5C/3C 
 푻풊풏,풆풙풑, oC 푻풐풖풕,풆풙풑, oC  
 23.6 24.8  

 
Test 10 

Figure 5.28. Measured (blue dashed lines) and simulated (blue lines) middle cell 
temperature profiles (in oC) corresponding to the tests from Table 5.6 with a coolant 

inlet flow rate of 2.375 l·min-1. The error is depicted in green. 
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푸= 3.625 l·min-1 

1C/1C 5C/3C 
푻풊풏,풆풙풑, oC 푻풐풖풕,풆풙풑, oC 푻풊풏,풆풙풑, oC 푻풐풖풕,풆풙풑, oC 

16.8 16.9 13.9 15 

  
Test 1 Test 7 

32.7 32.8 32.5 33.5 

  
Test 2 Test 8 

Figure 5.29. Measured (blue dashed lines) and simulated (blue lines) middle cell 
temperature profiles (in oC) corresponding to the tests from Table 5.6 with a coolant 

inlet flow rate of 3.625 l·min-1. The error is depicted in green. 
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푸 = 1.365 l·min-1 

1C/1C 5C/3C 
푻풊풏,풆풙풑, oC 푻풐풖풕,풆풙풑, oC 푻풊풏,풆풙풑, oC 푻풐풖풕,풆풙풑, oC 

15.1 15.4 13.9 16.7 

  
Test 5 Test 6 

32.6 32.8 32.7 33.9 

  
Test 3 Test 4 

Figure 5.30. Contours of surface temperature (oC) once the steady state is reached 
corresponding to the tests from Table 5.6 with a coolant inlet flow rate of 1.365 l·min-1. 
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푸 = 2.375 l·min-1 

1C/1C 3C/2C 
푻풊풏,풆풙풑, oC 푻풐풖풕,풆풙풑, oC 푻풊풏,풆풙풑, oC 푻풐풖풕,풆풙풑, oC 

24.9 25.7 23.6 24.5 

  
Test 9 Test 11 

5C/3C 
 푻풊풏,풆풙풑, oC 푻풐풖풕,풆풙풑, oC  
 23.6 24.8  

 
Test 10 

Figure 5.31. Contours of surface temperature (oC) once the steady state is reached 
corresponding to the tests from Table 5.6 with a coolant inlet flow rate of 2.375 l·min-1. 
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Figure 5.32. Contours of surface temperature (oC) once the steady state is reached 
corresponding to the tests from Table 5.6 with a coolant inlet flow rate of 3.625 l·min-1. 
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Moreover, in Figure 5.33-Figure 5.35 simulated heat dissipation profiles 
are compared with experimental profiles (light blue lines) calculated from the 
measurements of the coolant inlet and outlet temperatures together with the 
coolant flow rate (data included in the figures). Model predictions closely 
followed the experimental measurements. 

Figure 5.33 and Figure 5.35 clearly show that the higher the coolant inlet 
temperature, the lower the heat which needed to be dissipated from the 
battery module (figures in the same column need to be compared). In other 
words, heat generation rates were greatly increased at lower temperatures, 
signifying the degradation of battery performance substantially.  

Battery internal resistance, the main cause of the irreversible heating, is 
dependent on the temperature. The increase in battery internal resistance at 
low temperatures caused an increased amount of irreversible heat generation. 
Decreased battery heat generation at higher operating temperatures was also 
due to increased rates of mass transport and reduced activation loss which 
decreased overpotential during discharge [5.25]. The proportion of reversible 
heat generation increased as battery operating temperature increased. 

If Figure 5.33-Figure 5.35 are analyzed together with Figure 5.27-Figure 
5.29, the time intervals in which the heat generation is greater than the heat 
dissipation in Figure 5.33-Figure 5.35 correspond to time intervals in which the 
temperature increases in Figure 5.27-Figure 5.29. Likewise, the time intervals 
in which the heat generation is lower than the heat dissipation in Figure 5.33-
Figure 5.35 correspond to time intervals in which the temperature decreases in 
Figure 5.27-Figure 5.29. 

In order to analyze the thermal asymmetries between the different cells 
of the module in a steady situation, simulations with the Complete Model of 
the battery module were carried out. Figure 5.36-Figure 5.38 compare the 
experimental temperature measurements at different positions of the battery 
module (blue bars) with the Complete Model results (red bars) for all the tests 
once a steady state was reached. The difference in Celsius degrees is also 
shown for each case (green bars). Model predictions closely follow the 
experimental measurements with a maximum difference of approximately 3.5 
oC for all the cases of the test matrix.  
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Figure 5.33. Temporal variation of the simulated heat transfer rate (in W) 

corresponding to the tests from Table 5.6 with a coolant inlet flow rate of 1.365 l·min-1. 
Red lines correspond to heat generated within the cells and dark blue lines to heat 

dissipated through the cold plates. Experimental heat dissipation profiles are included 
in light blue. 
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Test 10 
Figure 5.34. Temporal variation of the simulated heat transfer rate (in W) 

corresponding to the tests from Table 5.6 with a coolant inlet flow rate of 2.375 l·min-1. 
Red lines correspond to heat generated within the cells and dark blue lines to heat 

dissipated through the cold plates. Experimental heat dissipation profiles are included 
in light blue. 
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Figure 5.35. Temporal variation of the simulated heat transfer rate (in W) 

corresponding to the tests from Table 5.6 with a coolant inlet flow rate of 3.625 l·min-1. 
Red lines correspond to heat generated within the cells and dark blue lines to heat 

dissipated through the cold plates. Experimental heat dissipation profiles are included 
in light blue. 
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Figure 5.36. Measured (blue bars) and simulated (red bars) temperatures (in oC) at 

different locations within the battery module corresponding to the tests from Table 
5.6 with a coolant inlet flow rate of 1.365 l·min-1. The error is depicted in green. 
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Figure 5.37. Measured (blue bars) and simulated (red bars) temperatures (in oC) at 
different locations within the battery module corresponding to the tests from Table 

5.6 with a coolant inlet flow rate of 2.375 l·min-1. The error is depicted in green. 
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Figure 5.38. Measured (blue bars) and simulated (red bars) temperatures (in oC) at 

different locations within the battery module corresponding to the tests from Table 
5.6 with a coolant inlet flow rate of 3.625 l·min-1. The error is depicted in green. 
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Figure 5.39-Figure 5.41 show the temperature contours obtained from 
the Complete Model. As expected the cells in the middle were the ones with 
higher temperatures, except in the tests in which the coolant inlet 
temperature was lower than the temperature in the climatic chamber. In those 
cases, the cells in the boundaries were hotter than the middle cells due to the 
effect of the ambient temperature. In all cases, the heat generated within the 
cells was dissipated through the aluminum sheets to the cold plates. 
Therefore, the temperature in the aluminum sheets was lower than in the 
neighboring cells. 

The Sandwich Model (same as the Complete Model, but without 
modeling the coolant circulated through the cold plate) was validated only 
with the 11th test in the test matrix, as the current profile corresponding to this 
test was initially considered in order to design a thermal management system 
as flexible as achievable for different possible onboard applications directed to 
the transport industry. Only three charge/discharge cycles were simulated, 
because previous results already showed it was enough for the temperature in 
the battery module to establish. 

Figure 5.42 (a) compares the experimental temperature measurement 
at the surface of the middle cell (blue dashed line) with the Sandwich Model 
result (blue line) for the 11th test. The difference in Celsius degrees is also 
shown in the figure (green line). Model prediction closely follows the 
experimental measurement with a time-averaged difference of approximately 
0.2 oC. 

The first convergence criterion for transient simulations (Section 4.3.5) 
was met with the Sandwich Model. As shown in Figure 5.42 (b), the integral of 
the energy losses from the cells (208.482 J) equaled approximately the integral 
of the energy dissipated through the channels of the cold plate in a period of 
time (162.111 J). In this case, the red line corresponds to the sum of the 
simulated heat generation profiles for each of the cells in the battery module. 
The difference between both integrals could be explained because especially 
at the beginning the heat generated within the cells was much higher than the 
heat dissipated. However, the difference would certainly be smaller if more 
charge/discharge cycles were simulated. 
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Figure 5.39. Contours of temperature (in oC) once the steady state is reached during 
cycling corresponding to the tests from Table 5.6 with a coolant inlet flow rate of 1.365 

l·min-1. The plane corresponds to a horizontal cross-sectional cut at a height equal to 
half the height of the cells. 

 



322 Chapter 5: Validation of the Thermal Management System Design 

 

 
푸 = 2.375 l·min-1 

1C/1C 3C/2C 
푻풊풏,풆풙풑, oC 푻풐풖풕,풆풙풑, oC 푻풊풏,풆풙풑, oC 푻풐풖풕,풆풙풑, oC 

24.9 25.7 23.6 24.5 

  
Test 9 Test 11 

5C/3C 
 푻풊풏,풆풙풑, oC 푻풐풖풕,풆풙풑, oC  
 23.6 24.8  

 
Test 10 

Figure 5.40. Contours of temperature (in oC) once the steady state is reached during 
cycling corresponding to the tests from Table 5.6 with a coolant inlet flow rate of 2.375 

l·min-1. The plane corresponds to a horizontal cross-sectional cut at a height equal to 
half the height of the cells. 
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Figure 5.41. Contours of temperature (in oC) once the steady state is reached during 
cycling corresponding to the tests from Table 5.6with a coolant inlet flow rate of 3.625 
l·min-1. The plane corresponds to a horizontal cross-sectional cut at a height equal to 

half the height of the cells. 
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(a) (b) 
Figure 5.42. (a) Measured (blue dashed lines) and simulated (blue lines) middle cell 

temperature profiles (in oC) corresponding to the 11th test from Table 5.6. The error is 
depicted in green. (b) Temporal variation of the simulated heat transfer rate (in W) 

corresponding to the 11th test from Table 5.6. Red lines correspond to heat generated 
within the cells and dark blue lines to heat dissipated through the cold plates. 

Experimental heat dissipation profiles are included in light blue. 

Figure 5.43 shows the temperature contours corresponding to the 11th 
test once a steady state was reached. The contours are shown for cells located 
in different positions inside the battery module. Figure 5.43 (a), (b) and (c) 
depict the temperature contours in the middle plane (thickness direction) of 
the 1st, the 4th and the 6th cells, respectively. In this case, the part 
corresponding to the cold plate is not shown in the figures. 

As observed in the results from the Slice Model, the highest temperature 
is reached at the centre of the cell. The temperature contours obtained for the 
6th cell with both the Slice (Figure 5.31, top right) and the Sandwich Models 
(Figure 5.43 (c)) are slightly different. However, the average middle cell 
temperature profiles obtained with both models are nearly identical (Figure 
5.28, top right vs. Figure 5.42 (a)). 

If the three temperature contours in Figure 5.43 are compared, it can be 
seen that the cell in the middle is the one with the highest temperature. This is 
clearly seen in Figure 5.44 (b) as well. Figure 5.44 (a) compares the 
experimentally measured temperature distribution with that obtained from 
the simulation with the Sandwich Model. As shown in the figure, prediction 
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error is smaller than 1.5 oC. The temperature distribution differed slightly to 
that obtained from the simulation with the Complete Model (Figure 5.40, top 
right). 

 

  

 

 
(a) (b)  (c) 

Figure 5.43. Contours of surface temperature (oC) once the steady state is 
reached corresponding to the 11th test from Table 5.6: (a) 1st cell, (b) 4th cell, 

and (c) 6th cell. 

 

 
(a)  

(b) 
Figure 5.44. (a) Measured and simulated temperature distribution (in oC) 

corresponding to the 11th test from Table 5.6. The error is depicted in green. (b) 
Contours of temperature (in oC) once the steady state is reached during cycling 

corresponding to the 11th test from Table 5.6. The plane corresponds to a horizontal 
cross-sectional cut at a height equal to half the height of the cells. 
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The cell operating temperature affects the performance of the cell by 
improving its electrochemical performance. The cell performance increases at 
higher temperatures due to improved mass transport. Parts of batteries in 
closer thermal proximity to the cooling environment, colder cells, will generate 
more heat than insulated interior parts of the battery when current is 
uniformly distributed across the battery (Figure 5.45 (a)). 

 

 
(a) 

 
(b) 

Figure 5.45. Results from the Sandwich and the Complete Models corresponding to the 
11th test from Table 5.6: (a) heat generation rate distribution (W), and (b) temperature 

distribution inside the battery module (oC). 

This effect was not considered by the Complete Model in which a 
constant volumetric heat generation was imposed in the cell zones rather than 
using the UDF to determine the heat generation profiles from experimental 
current and SOC profiles and average volume temperatures of each cell 
calculated for every time step as it was done in the Sandwich Model. The 
constant value of the volumetric heat source imposed in the cell zones of the 
Complete Model for steady simulations was equal to the value calculated by 
the heat generation equation in the Slice Model once a steady thermal state 
was reached after cycling the module.  

The average heat generation rate for such a cyclic current profile was 
difficult to evaluate. A volumetric heat source value of 38.1·103 W·m-3 was 
imposed in all the cell zones, which corresponded to a heat generation rate of 
16.5 W per cell. This heat generation rate was smaller than that calculated by 
the UDF in the Sandwich Model even for the hotter cells, Figure 5.45 (a). It is 
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for this reason that slight differences were seen between results from the 
Complete and the Sandwich Models. However, it is curious that the differences 
in terms of temperature were smaller than 0.5 oC for all cells in the battery 
module (Figure 5.45 (b)), even if a maximum difference of 2.8 W was observed 
between the heat generated within the cells when using one model or the 
other. This fact could be explained due to the high thermal capacity of the 
coolant circulated through the cold plates, which was able to dissipate a higher 
amount of heat without this involving a significant difference in the 
temperature increase of the coolant. 

Finally, the temperatures measured experimentally in the 7th cell for 
each of the tests are compared with predictions of both the Slice and the 
Complete Models in Figure 5.46. For the 11th test, the temperature predicted 
by the Sandwich Model is also included.  

 

 
Figure 5.46. Measured and simulated temperatures (in oC) for the 7th cell in the battery 

module. 

The maximum difference between predictions of the Complete Model 
and experimental measurements was lower than 2 oC. Both the Slice and the 
Complete Models showed to be accurate and yet computationally efficient. 
The Sandwich Model also showed to be accurate. However, the computational 
time required for simulations was not feasible from a practical point of view. 
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5.5 VALIDATION OF THE THERMAL DESIGN 

As explained in chapter 4 (Section 4.3.1), the energy storage system was 
developed for an onboard application directed to the transport industry which 
could be either an electric car/bus, a train or a tram. However, it was finally 
intended for an urban transport system due to the requirements of a customer 
to further reduce its environmental impact. 

Hybrid operation is increasingly being adopted in diesel urban transport 
systems that run on non-electrified tracks as a means of recovering braking 
energy and operating the engine in its most efficient speed range [5.26]. The 
distance between stations serviced by suburban transport systems is often 
short resulting in frequent alternation between traction and braking. 

To avoid energy losses and reduce the overall energy consumption, one 
of the most promising solutions is to develop mobile storage applications 
which consist of onboard energy storage systems in which the braking energy 
is stored. When the vehicle accelerates, energy is used in priority from the ESS 
to propel the vehicle. 

The operation of the energy storage system developed in this work for a 
traction application is described as follows: The urban transport system starts 
to run with the ESS partially charged. Whilst it travels from one stop to 
another, the ESS powers the traction system. During the braking process, the 
kinetic energy produced is fully recycled to the ESS, which starts its recharging 
process. When the vehicle has stopped, the ESS recharging process is 
completed. 

From the electrical point of view, the power and energy requirements 
for this application were based on the worst case condition: vehicle full of 
passengers and full acceleration with 80% of accessories. A representative 
cycle for those conditions is shown in Figure 5.47. Sections A and C in the 
figure correspond to tracks from one stop to another, while sections B and D 
correspond to periods in which the energy storage system is charged to 
recover the initial SOC. The drive cycle has rapid acceleration and deceleration, 
including periods of high speeds.  
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Figure 5.47. Representative cycle of the application for which the ESS is intended. 

The battery thermal control system must guarantee a safe operation of 
the battery system for the most difficult cooling conditions that are likely to 
occur. The customer required that the battery system had to operate correctly 
in a range of ambient temperatures between 5 and 40 oC, which was the 
temperature range corresponding to the city in which the customer wanted 
the urban transport system to be operated. An additional requirement from 
the customer was the procurement of an average life of about 7-8 years 
without any service. 

The above validated thermal models were used to prove the correct 
thermal behavior of the battery module in real conditions. According to the 
results from the validation section, the temperatures of the cells within the 
battery module were not significantly influenced by the coolant inlet flow rate, 
so it was reasonable to minimize this value for the real application. 

However, both the heat generated within the cells and their 
temperatures were greatly affected by the coolant inlet temperature. The 
internal resistance of the cells decreased at higher temperatures and thus less 
heat was generated within the cells. This effect had to be considered when 
defining the coolant inlet temperature and flow rate. For the same application, 
a lower coolant inlet temperature would maintain the cells at a lower 
temperature. Nevertheless, the heat generated within the cells would be 
higher than that generated when using a higher coolant temperature. 
Consequently, a higher flow rate would be required. Therefore, a compromise 

A B C D
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between the heat dissipation demands and cell temperature was required in 
order to guarantee the thermal design specifications to be satisfied. In order to 
fulfill both requirements, the values of the coolant inlet temperature and flow 
rate selected for the real application were 25 oC and 1 l·min-1, respectively. 

A transient simulation was carried out with the Slice Model, while the 
Complete Model was used to analyze the thermal distribution within the 
battery module by means of a steady simulation. Although it was already 
shown in the previous section, that both the Complete and the Sandwich 
Models yielded almost the same results, a transient simulation was also 
performed with the latter, because the fast dynamics of the driving profile 
shown in Figure 5.47 made it difficult to evaluate the average heat generation 
rate from results of the Slice Model.  

Figure 5.48 (a) compares the temperature profiles predicted by both the 
Slice (blue line) and the Sandwich Models (blue dashed line) at the surface of 
the middle cell. The difference in Celsius degrees between both predictions is 
also shown in the figure (green line), which is lower than 0.3 oC. 

 

(a) (b) 
Figure 5.48. (a) Simulated (Slice Model: blue lines; Sandwich Model: blue dashed lines) 
middle cell temperature profiles (oC). The difference between both models is depicted 
in green. (b) Temporal variation of the simulated heat transfer rate (W). Maroon and 
red lines correspond to heat generated within the cells according to the Slice and the 

Sandwich Models, respectively. Dark and light blue lines correspond to heat dissipated 
through the cold plates according to the Slice and the Sandwich Models, respectively. 
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The first convergence criterion for transient simulations (Section 4.3.5) 
was met with both models. As shown in Figure 5.48 (b), the integral of the 
energy losses from the cells (1.278 and 1.276 J in the Slice and the Sandwich 
Models, respectively) equaled approximately the integral of the energy 
dissipated through the channels of the cold plate (1.188 and 1.134 J in the Slice 
and the Sandwich Models, respectively) in a period of time. In order to 
compare results from the Slice and the Sandwich Models, only the heat 
generation and dissipation rates corresponding to a part of the Sandwich 
Model equivalent to the Slice Model have been represented. 

It is once again demonstrated that the Slice Model is accurate enough 
when predicting the maximum temperature of the battery module, i.e. the 
temperature at the surface of the middle cell, in comparison to the Sandwich 
Model. 

Figure 5.49 shows the temperature contours obtained from the different 
CFD thermal models once the steady-state was reached. The contours are 
shown for cells located in different positions inside the battery module. From 
left to right, the figures depict the temperature contours in the middle plane 
(thickness direction) of the 1st, the 4th and the 6th cells, respectively. Results 
from the miscellaneous models are slightly different with regard to the 
temperature values (same scale for the color map has been used in all cases to 
ease the comparison), but as shown in Figure 5.51 (b), which compares the 
average cell temperatures obtained with the different models, this 
disagreement is lower than 0.5 oC. Moreover, the temperature distribution is 
similar in all of them when the contours in the same column are compared 
with each other. As expected, the highest temperature is reached at the centre 
of the cells with all models.  

If the three temperature contours in each row of Figure 5.49 are 
compared with each other, it can be seen that the cell in the middle is the one 
with the highest temperature. This is more clearly seen in Figure 5.50 which 
shows the temperature distributions inside the battery module obtained with 
the Complete and the Sandwich Models. The temperature distributions 
differed slightly due to the different volumetric heat source values imposed in 
the cell zones in each case (Figure 5.51 (a)). 
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Figure 5.49. Contours of temperature (oC) once the steady state is reached 
corresponding to the simulations for the real application: (a) Slice Model, 

(b) Complete Model, and (c) Sandwich Model. The three contours from left 
to right correspond to the 1st, the 4th, and the 6th cell in the battery 

module, respectively. 

Despite the small differences between the miscellaneous CFD thermal 
models, simulation results demonstrated the validity of the battery module 
thermal energy management design, according to the prescribed performance 
criteria in chapter 4 (Section 4.3.1).  

In order to avoid any chances of thermal runaway stemming from 
dangerously high temperatures (e.g., separator melting temperatures) 
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resulting from repeated, rapid cycling or extreme environments, it is 
imperative that the cooling strategies cool the battery uniformly and mitigate 
thermal accumulation by decreasing the thermal resistance between the 
hotter cells of the battery and the cooling media. The aluminum sheets placed 
between the cells were intended for this purpose, i.e., to ease the heat 
dissipation from the cells to the cold plates. As a result, the cell maximum 
temperature was kept below 30 oC during operation with the current profile 
shown in Figure 5.47; a maximum cell temperature of 27.6 oC could be 
expected in the real application according to the Slice Model, Figure 5.48 (a).  

 

 

 

 
 

 

 (a) (b) 
Figure 5.50. Contours of temperature (oC) once the steady state is reached during 

cycling with the real application profile: (a) Complete Model, and (b) Sandwich Model. 
The plane corresponds to a horizontal cross-sectional cut at a height equal to half the 

height of the cells 

Furthermore, since in practice the cells in the pack undergo 
approximately the same current and DOD, the cell health inconsistency is 
mainly attributed to the cell temperature deviation. The CFD simulation and 
experimental validation results show that the maximum temperature gradient 
among cells in the enhanced packaging and cooling design is significantly lower 
than 5 oC, verifying its effectiveness and superiority; the Complete Model 
predicted a maximum temperature difference between the cells in the battery 
module of 0.2 oC, Figure 5.51 (b). 
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(a) (b) 
Figure 5.51. Results from the Slice, Sandwich and the Complete Models: (a) heat 

generation rate distribution (W), and (b) temperature distribution inside the battery 
module (oC). 

5.6 CONCLUSIONS 

Most of the computational tools for the analysis of performance and safety of 
battery systems used up to now in the literature were not predictive, in that 
they relied heavily on fitted parameters. Moreover, while there is ongoing 
experimental research at various length scales around the world, 
computational models are primarily developed for the lower length scales 
(atomistic and mesoscopic), which do not scale to the system-level. 

Lack of advanced computer aided engineering tools to quickly design 
and simulate battery packs, impede optimizing cost-effective solutions. 
Moreover, many technical characteristics of batteries and packs that are 
critical to battery performance and safety are impossible to measure 
experimentally. However, these same characteristics are easily analyzed using 
numerical models in a virtual environment. Therefore, in this research project, 
the design of a thermal management system for a high power lithium-ion 
battery pack was approached by means of numerical modeling.  

The use of advanced software allows the design engineer to gain unique 
insights into the performance of their system that would be inaccessible via 
experimental measurements. Furthermore, the analysis is done completely in 
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a virtual environment, eliminating the need for any physical production of test 
cells. 

In this context, the major contributions of the work presented in this 
chapter and partially in the previous one are threefold: 

First, high fidelity CFD models were developed to simulate detailed 
dynamics of the cooling of a battery module consisting of multiple pouch type 
lithium-ion battery cells, including cell-to-cell temperature variation.  

Second, the CFD simulations were compared directly against experimental 
data, quantifying the accuracy and validity of the CFD models. Although the 
thermal resolution inside the cell was not fully realistic due to the lumped 
modeling assumption of the heat generation model, it was proved to be valid 
as the maximum prediction error of the models was below 3.5 oC for all the 
tested points: 

 Slice Model: maximum time-averaged difference of approximately 
1.5 oC for all the cases of the test matrix when predicting the 
middle-cell temperature. 

 Complete Model: maximum difference of approximately 3.5 oC 
with respect to experimental temperature measurements at 
different positions of the battery module. 

 Sandwich Model: maximum time-averaged difference of 
approximately 0.2 oC for the 11th test when predicting the middle-
cell temperature; maximum difference of approximately 1.5 oC 
with respect to experimental temperature measured during the 
11th test at different positions of the battery module. 

These results underscored the importance of using a large testing matrix 
to investigate and validate thermal modeling of lithium-ion battery.  

Third, based on the validated CFD models, studies about effects which 
are of interest in practice but hard to study experimentally, such as 
temperature non-uniformity amongst cells, were carried out. Both the 
Complete and the Sandwich Models allowed these studies to be carried out. It 
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was observed that the results from steady simulations with the Complete 
Model were accurate enough to predict the temperature distribution within 
the battery module, and differed only slightly with results from transient 
simulations with the Sandwich Model, which required more computational 
resources and were much more time consuming. The differences in terms of 
temperature between the two models were smaller than 0.5 oC. Thus, because 
the Complete Model showed to be accurate and yet computationally efficient, 
it was the preferred model for the analysis of temperature non-uniformity 
amongst cells.  

Therefore, it could be used to define the number and location of sensors 
for data acquisition: as the temperature throughout the vehicle battery system 
varies with both time and space and as only finite number of sensors can be 
used in real application, the number and location of sensors should be 
carefully designed. Moreover, when defining the control strategy for the 
complete thermal management system (including the auxiliary system) based 
on the temperatures measured with those sensors, it should be taken into 
account that the temperature inside the cell might be slightly higher than that 
measured in the surface. For the present case, the Slice Model predicted a 
difference between the temperature inside the cell and the average surface 
temperature of approximately 2 oC. 

Another interesting effect which was observed by means of simulations 
was the negative effect of the air gap between aluminum sheets and cold 
plates in the thermal behavior of the battery module. The maximum cell 
surface temperature and the temperature distribution among cells were 
doubled as compared to the cases in which the contact between the battery 
module and the cold plates was perfect. This is an important thing which 
should be considered by the engineers responsible of the final assembly of the 
energy storage system, who should design a mooring system which avoids the 
cold plates to be bent. 

Simulations also provided insight into the effect of the coolant inlet 
temperature on the thermal behavior of the battery module. The higher the 
inlet temperature was, the lower the heat which needed to be dissipated from 
the battery module. Therefore, unlike it could be initially thought, feeding the 
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cooling system with a coolant at a very low temperature may not always be 
the best solution. Cell heat generation can be greatly increased at lower 
temperatures, signifying the degradation of battery performance substantially. 

This analysis was possible because a heat generation model at the cell 
level was first developed and then implemented in the Slice and the Sandwich 
Models by means of a UDF. Therefore, the precise determination of heat 
generation in the cells improved the TMS design process. 

The thermal models were finally used to prove the correct thermal 
behavior of the battery module in real conditions corresponding to a 
transportation application.  

The designed TMS kept the maximum cell temperature below 35 oC 
when a flow rate of 1 l·min-1 and an inlet temperature of 25 oC were 
considered for the selected design point. In fact, according to the Slice Model, 
the maximum cell temperature would be much lower, 27.6 oC, in the real 
application. In addition, the maximum module thermal dispersion was 
significantly below the initially established criteria of 5 oC. According to the 
Complete Model a maximum temperature difference between the cells in the 
battery module of 0.2 oC could be expected in the real application. 

The design of the thermal management design was thus validated with 
ease for the current profile provided by the customer, which was in reality not 
as severe as expected. However, it is worth mentioning that it may not be the 
definitive profile. The urban transport system may have to travel through 
different stretches for which higher current levels are foreseen. The design of 
the thermal management system may still be valid as there is a wide margin in 
respect of the thermal design criteria.  

To sum up, the models allowed for scalability with accuracy and 
reasonable simulation time, which is of prime importance while designing the 
TMS. The models showed the potential for use in battery thermal management 
studies for EV/HEV applications. The thermal data and insights on cell surface 
temperature would aid better design of battery thermal management systems. 
Further work being carried out based on the TMS models in order to complete 
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the steps of the novel design methodology depicted in Figure 4.8 will be 
introduced in the next chapter. 

However, it is worth mentioning that due to the knowledge already 
acquired during this research, a real product based on the prototype described 
in this chapter was finally developed for a company in the automotive sector. 
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chapter 6  

CONCLUSIONS AND FUTURE 
RESEARCH LINES 

Throughout this thesis, the steps to a method for systematically designing and 
evaluating thermal management systems for battery systems have been 
provided. Chapter 2 presented an approach for examining the thermal 
behavior of different types of lithium-ion cells and parameterizing a heat 
generation model, which was then validated in Chapter 3. Chapters 4 and 5 
dealt with the implementation of the systematic design methodology for a real 
case. 

Each chapter included a section with its corresponding conclusions, and 
thus this chapter highlights the main contributions of this research. Following 
that, possible future research lines will be outlined. 

6.1 CONCLUSIONS 

As mentioned in Chapter 1, this research was motivated by the need to 
develop new know-how and technology in order to develop schemes for 
effectively controlling the temperature of high power battery packs developed 
for the transport sector by means of a thermal management system. Two 
important issues that required intensive study were found: i) the 
understanding of the thermal behavior of large format lithium-ion cells used in 
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high power applications, and ii) the development of battery thermal models in 
a practical way in order to facilitate and accelerate the thermal management 
system design process. 

This led us to define the main objective of the thesis as designing a 
thermal management system for a high power lithium-ion battery pack by 
means of an improved design methodology, i.e., by using a numerical modeling 
method based on a heat generation model that is integrated in a thermal 
model. 

Throughout the chapters of this thesis, the sequence of steps to be 
followed for the design of a thermal management system, which in this case 
was restricted to the cooling system, have been described. Although in the 
present work it was applied to a particular case involving liquid cooling, the 
same procedure could be extended to the design of any other thermal 
management system. 

The main steps consist of: 

(i) Thermally characterizing the lithium-ion cells that will be used in the 
battery pack. 

Developing a heat generation model for the lithium-ion cells used in the 
battery pack for high power applications is indispensable for the 
dimensioning of the thermal management system. Most of the previous 
studies considered constant heat generation within the cells, which was 
not representative at all of the dynamic thermal behavior of the cells in 
a real application, and in turn this led to oversized thermal management 
systems. Given such a context, in the present research: 

 A novel and optimized methodology for determining the thermal 
parameters involved in the heat generation model of lithium-ion cells 
that is universally valid for the different cell chemistries and packages 
has been developed. 

The in-depth thermal characterization of three different lithium-ion 
cells allowed for the definition of selection criteria for cells from a 
thermal point of view: (a) the lower the internal resistance of the cell, 
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the lower the cooling requirements will be for a certain application´s 
current profile; (b) the entropic heat coefficient versus SOC curve 
needs to be such that it minimizes the contribution of the entropic 
heat effect to the overall heat generation for the current profile and 
SOC range corresponding to the application; (c) with regard to the 
type of packaging, the pouch type is preferred since it makes the 
most effective use of space (a key issue in transport applications). 

 Experimental heat generation rate data for lithium-ion cells with 
chemistries (LiFePO4/graphite, LiMnNiCoO2/graphite, and 
LiCoO2/graphite) that differ from those widely characterized in 
literature have been provided in order to contribute to the gaps 
found in literature. Faster discharge/charge rates have also been 
considered, as required by high power applications: 1C-3C and 1C-5C 
for charge and discharge, respectively. 

Although the thermal behavior of the three cells was found to be 
very different during the same experimental tests, some general 
conclusions were extracted from the heat generation measurements: 

o A net exothermic heat effect was observed during discharge for all 
the cells. 

o Although the thermal profiles at various C-rates were similar in 
shape, the magnitude of the heat generation increased as the 
batteries were charged/discharged further for moderately high 
current rates. 

o Except for TENERGY cells, for which the heat effect during charge 
was found to be endothermic and thus impossible to measure, 
symmetrical thermal profiles were measured for charge and 
discharge processes carried out at the same current rate. 

o Less heat was generated during the discharge than the charge 
phase within the SOC range studied. 

 Heat generation models accurate enough above the nominal C/1 rate 
have been developed for three different lithium-ion cells.  
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The developed heat generation models improve the results obtained 
by the previous models presented in the literature. The average 
errors corresponding to the heat generation rate predictions for the 
highest discharge rates were 6% for the TENERGY cells, 10% for the 
KOKAM cells, and 11% for the A123 SYSTEMS cell. For the highest 
charge rates, the average error corresponding to the heat generation 
rate predictions were 8% and 29% for the KOKAM and A123 SYSTEMS 
cells, respectively.  

(ii) Developing battery models where the heat generation model is 
integrated to serve as the basis for the thermal management system 
design. 

The previously developed and validated heat generation model must be 
integrated in a complete thermal model that also accounts for heat 
dissipation in order to understand how the cell design and operating 
variables affect the thermal behavior of batteries and to achieve the 
proper temperature control of batteries. An effective way of assessing 
these effects and formulating a thermal controlling scheme is to 
mathematically model the thermal behavior of a battery and to perform 
simulations under various design and operating conditions.  

In the present work, different model approaches that shortened 
simulation times but yet ensured that the models predicted the 
experimental data obtained on a real battery module prototype to the 
required precision and with reasonable confidence were analyzed: 

 Slice Model: maximum time-averaged difference of approximately 1.5 
oC when predicting the middle-cell temperature. 

 Complete Model: maximum difference of approximately 3.5 oC with 
respect to experimental temperature measurements at different 
positions of the battery module. 

 Sandwich Model: maximum time-averaged difference of 
approximately 0.2 oC when predicting the middle-cell temperature; 
maximum difference of approximately 1.5 oC with respect to 
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experimental temperature measurements at different positions of 
the battery module. 

The following assumptions, which were proved to be valid by means of 
experimental validation, could be thus considered for any other case, as 
well: 

 All the components inside the cell are a single homogeneous material 
with average properties. 

 Heat is uniformly generated within the lithium-ion cells and depends 
on the cell mean temperature. 

Further simplifications related to the domain to be modeled, symmetry, 
etc., should be analyzed for each particular case. 

Apart from providing interesting clues for the development of high 
fidelity CFD models in order to simulate the detailed dynamics of the cooling of 
battery modules, as a result of this research, a way of solving thermal control 
problems at minimal cost and without compromising the safety of the battery 
system has been devised: integrating the heat generation model developed at 
the cell level in the battery models used for the thermal management system 
design was the key to improving the overall design process, as compared to a 
trial-and-error determination of the battery cooling system design parameters 
and operating conditions. 

In addition, simulations provided insights about effects that are of 
interest in practice but hard to study experimentally. Engineers should be 
aware of the importance of good contact between the cold plates and the 
battery module when mounting a liquid-based thermal management system. 
Air gaps between the two parts could double both the absolute value of the 
cell surface temperatures and the temperature distribution among cells. 
Moreover, feeding the cooling system with a coolant at a very low 
temperature may not always be the best solution. Cell heat generation can be 
greatly increased at lower temperatures, signifying the substantial degradation 
of battery performance. 
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Finally, the effectiveness of the proposed thermal management system 
design process based on numerical modeling was proved by means of 
validating the design itself for a real transport application. The designed TMS 
kept the maximum cell temperature at 27.6 oC (<35 oC) and the maximum 
module thermal dispersion was 0.2 oC (<5 oC). Therefore, as result of this 
research, a real product based on the prototype described in this thesis was 
developed for a company from the automotive sector. 

6.2 FUTURE RESEARCH LINES 

Among the possible means of improving upon the present research, four paths 
that are of high value have been identified.  

1. Improvement of the cooling system´s thermal performance by numerical 
optimization. 

Taking the TMS models as a base, further work will be carried out in 
order to optimize the thermal management system design and thus complete 
the novel thermal management system design methodology proposed in the 
present work. Using a parameterized model generation routine, design 
variables that control the cooling system geometry, which directly affect the 
thermal behavior of the battery system, will be specified. The objective 
functions of average temperature, temperature uniformity, power 
consumption and total cost under the energy/power capacity will be defined 
and numerical optimization will be used to determine the optimum design of 
the thermal management system with respect to those objective functions. It 
is expected that significant performance gains will be achieved by means of 
optimization techniques. 

2. Architectural design of the BTMS from the viewpoint of the entire 
system including the auxiliary components. 

To date, little attention has been paid to the auxiliary components of the 
BTMS, including the pump, fan, and heat exchanger and the architectural 
design of the BTMS depending on the heat transfer fluid. Therefore, the 
detailed results of the different CFD models will be used to adjust very 
compact DAE (Differential Algebraic Equation) models, which will allow for the 
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analysis of the dynamics of the complete thermal management system, the 
optimization of the cooling strategy and the minimization of the TMS´s 
auxiliary electric power consumption so that the energy efficiency of the 
system is maximized. This work will be part of a new doctoral thesis which is 
already being carried out at IK4-IKERLAN as a continuation of the present 
research. 

3. Inclusion of the modeling of lithium-ion batteries’ capacity fade in 
battery pack simulations in order to both qualitatively and quantitatively 
analyze the degree of the temperature difference´s influence on the 
capacity of the battery pack. 

A rule-of-thumb threshold, e.g. 5 oC, was often used as a limit to the 
temperature nonuniformity for batteries of different chemistries, or from 
different manufacturers. Little research has been done on how small the 
temperature gradient should be for a specific battery to ensure cell health. 
Since different batteries typically have considerably different aging 
characteristics, the same temperature deviation will induce different 
degradations for different batteries. Therefore, it is unreasonable to give a 
universal performance index for batteries of different chemistries or from 
different manufacturers, and a specific criterion is necessary for thermal 
energy management of the chosen battery in order to avoid under- or 
overdesigning. A mathematical model that can explicitly capture the 
relationship between cell temperature and degradation would be beneficial to 
addressing this problem. According to the requirement for cell health 
uniformity, the model could be used to assess the acceptable level of 
temperature gradient and thus predict degradation, which would serve as a 
performance assessment criterion and a design guide for the subsequent 
thermal energy management system of a battery pack. 

4. Building of reduced order models oriented to BMS application. 

Most of the thermal models of battery systems found in literature are 
intended for the improvement of the battery system design process. However, 
little attention has been paid to their application in thermal management. 
Because such numerical tools for battery thermal models are too complex and 
have a high computational burden, they are not suitable for online 
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temperature monitoring and control related applications in BMS. Therefore, it 
is important to develop model order reduction approaches for battery packs, 
which are not yet well understood. 
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appendix A  

UNCERTAINTY ANALYSIS [A.1] 

In engineering measurements, some levels of errors are always dealt, and this 
leads to uncertainty in the final results. The limits of these errors need to be 
quantified in order to provide an estimate of the uncertainty in the results. 

Both data acquisition and data reduction uncertainties have to be 
considered. The former cover a wide range of factors such as apparatus 
operation conditions, sensor operation, spatial and temporal resolution, signal 
transmission, signal digitization, and signal conditioning. Data reduction 
uncertainties refer to those arising during postprocessing of data, such as data 
regression, interpolation, differentiation, and other mathematical operations 
involving raw data. This is where elemental uncertainty, that is, uncertainty 
associated with a single variable, can propagate into postprocessed 
parameters. This effect is called propagation of uncertainties. The objective of 
this appendix is to describe how to treat such an effect.  

The total uncertainty, 푼 , is estimated taking the square root of the sum 
of squares of the individual uncertainties, 푼 , of each contributing factor: 

푼 = 푼  (A.1) 
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Equation (A.1) deals with uncertainty associated with measuring one 
variable. In many engineering measurements, several variables need to be 
measured to obtain the final quantity of interest. In order to account for 
uncertainties for each variable, first a general equation for the final variable, 푦, 
as a function of many measured variables, 푥 , has to be written. 

푦 = 푓(푥 , 푥 , … , 푥 ) (A.2) 

It can be seen that the result of uncertainty, 훥푥 , associated with each 
variable 푥  is by using the chain rule to calculate 훥푦 from Equation (A.2). 

∆푦 =
휕푓
휕푥

∆푥 +
휕푓
휕푥

∆푥 +⋯+
휕푓
휕푥

∆푥 =
휕푓
휕푥

훥푥  (A.3) 

This equation can be used to calculate the final maximum uncertainty, 
(푼 ) , in terms of the elemental uncertainties, 푼 . 

푼 = ∆푦 =
휕푓
휕푥

∆푥 =
휕푓
휕푥

푼  (A.4) 

The absolute values are taken because the negative uncertainty does 
not reduce the overall uncertainty. Equation (A.4) gives the maximum 
uncertainty because all of the possible uncertainties are added assuming that 
they will all occur at the same time. 

An alternate way of calculating the final uncertainty is taking the square-
root of the sum of the squares of the elemental uncertainties, 푼 . 

푼 =
휕푓
휕푥

푼
/

 (A.5) 

A.1. INTERNAL RESISTANCE 

The internal resistance was calculated from voltage measurements while a 
constant current discharge pulse was applied to the cell according to the 
following equation: 
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푅 =
푉 − 푉

퐼
 (A.6) 

Thus, the maximum uncertainty was calculated as: 

(푼 ) =
휕푅
휕푉

푼 +
휕푅
휕푉

푼 +
휕푅
휕퐼

푼

=
1
퐼
푼 +

−1
퐼
푼 +

푉 − 푉
퐼

푼  
(A.7) 

where the uncertainty of the voltage measurement was calculated 
considering both the experimental data error and the error of the 
measurement equipment: 

푼 = 푼 , + 푼 ,  (A.8) 

The latter was equal to 0.006 V. To determine the experimental data 
error, voltage data measured during open circuit in which the voltage was 
supposed to be constant were used. The data error associated with a 95% 
confidence level was: 

푼 , = 푧 · 흈 (A.9) 

where 푧 is equal to 1.96 for a confidence level of 95% and 흈 is the 
standard deviation. 

The uncertainty of the current measurement was calculated in a similar 
way. In this case, the error of the measurement equipment was equal to 0.1 A. 
In order to determine the experimental data error, current data measured 
during the constant current discharge pulses were used. 

Both the uncertainties of the voltage and current measurements as well 
as the total uncertainty of the internal resistance measurements depicted in 
Table 2.2 are summarized in Table A.1.  
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Table A.1. Individual uncertainties and maximum uncertainty of the internal resistance 
measurements. 

 푼푽,풆풙풑, 
V 

푼푽,풎풆풂풔풖풓, 
V 

푼푽풊,  
V 

푼푰,풆풙풑, 
A 

푼푰,풎풆풂풔풖풓, 
A 

푼푰,  
A 

(푼푹풊풏)풎풂풙, 
mΩ 

1 0.0002 0.0060 0.0060 0.0054 0.1 0.1001 0.5184 
2 0.0002 0.0060 0.0060 0.0057 0.1 0.1002 0.1039 
3 0.0002 0.0060 0.0060 0.0043 0.1 0.1001 0.0577 
4 0.0002 0.0060 0.0060 0.0061 0.1 0.1002 0.5137 
5 0.0002 0.0060 0.0060 0.0042 0.1 0.1001 0.1030 
6 0.0002 0.0060 0.0060 0.0050 0.1 0.1001 0.0570 
7 0.0002 0.0060 0.0060 0.0049 0.1 0.1001 0.5096 
8 0.0002 0.0060 0.0060 0.0046 0.1 0.1001 0.1024 
9 0.0002 0.0060 0.0060 0.0050 0.1 0.1001 0.0562 

A.2. HEAT CAPACITY 

The heat capacity was calculated from temperature measurements while a 
constant heating power was provided to the cells by means of a planar 
resistance: 

퐶 =
푃 · ∆푡
푀 · ∆푇

 (A.10) 

Thus, the maximum uncertainty was calculated as: 

푼 =
휕퐶
휕푃

푼 +
휕퐶
휕푀

푼 +
휕퐶
휕∆푇

푼∆

=
∆푡
푀∆푇

푼 +
−푃∆푡
∆푇푀

푼 +
−푃∆푡
푀∆푇

푼∆  
(A.11) 

where the uncertainty of the heating power measurement was 
determined considering that the heating power was calculated as the voltage 
provided by the power supply multiplied by the current supplied by the power 
supply, 푃 = 푉 · 퐴. 

푼 =
휕푃
휕푉

푼 +
휕푃
휕퐴

푼 = 퐴 · 푼 + 푉 · 푼  (A.12) 
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The reading accuracy for both current and voltage of the power supply 
was 0.5%. Thus, 푼  and 푼  where calculated as 0.5 · 푉/100 and 0.5 · 퐴/100, 
respectively.  

The error of the balance used for weight measurements was 푼 =
0.1 푔. Finally, the error of the temperature measurements was determined 
considering the inherent accuracy of the thermocouple itself (1.5 oC) and both 
the accuracy of range (0.5 oC) and reading (0.2%) of the equipment used for 
registering the temperature data.  

푼 = 푼 , +푼 , +푼 ,  (A.13) 

Individual uncertainties as well as the total uncertainty of the heat 
capacity measurements depicted in Table 2.9 are summarized in Table A.2. 

 
Table A.2. Individual uncertainties and maximum uncertainty of the heat 

capacity measurements. 
 푼푷, W 푼푴, g 푼푻, K (푼푪풑)풎풂풙, J g-1 K-1 
TENERGY 0.015 0.100 0.003 0.011 
KOKAM 0.011 0.100 0.003 0.011 
A123 SYSTEMS 0.023 0.100 0.002 0.012 

A.3. HEAT GENERATION MEASUREMENTS 

The heat generation rate was calculated from temperature measurements 
during charge and discharge processes carried out at various current rated in 
adiabatic conditions: 

푞̇ = 푀퐶
휕푇
휕푡

 (A.14) 

Thus, the maximum uncertainty was calculated as: 

푼 ̇ =
휕푞̇
휕푀

푼 +
휕푞̇
휕퐶

푼 +
휕푞̇

휕(휕푇 휕푡⁄ )
푼 ⁄  (A.15) 
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The error of the balance used for weight measurements was 푼 =
0.1 푔. The uncertainty of the heat capacity measurements are depicted in 
Table A.2 for each cell.  

In order to calculate the variation of the temperature with respect to the 
variation of time, 푑푇/푑푡, the temperature profiles measured experimentally 
were first fitted to 5th order polynomial curves. The variation of temperature 
with time was then calculated as the derivative of these curves: 

휕푇
휕푡

= 5푎푡 + 4푏푡 + 3푐푡 + 2푑푡 + 푒 (A.16) 

where 푎, 푏, 푐, 푑 and 푒 are the fitting coefficients. 

The error of the temperature variation was calculated as: 

푼 ⁄ =
휕(휕푇 휕푡⁄ )

휕푎
푼 +

휕(휕푇 휕푡⁄ )
휕푏

푼 +
휕(휕푇 휕푡⁄ )

휕푐
푼

+
휕(휕푇 휕푡⁄ )

휕푑
푼 +

휕(휕푇 휕푡⁄ )
휕푒

푼  
(A.17) 

For determining the error of the fitting coefficients, first the error of the 
temperature measurements was considered. As for the temperature 
measurements during the heat capacity determination tests, the inherent 
accuracy of the thermocouple itself (1.5 oC) and both the accuracy of range 
(0.5 oC) and reading (0.2%) of the equipment used for registering the 
temperature data were taken into account (Equation (B1.13)). Maximum and 
minimum temperature profiles were calculated as 푇 +푼  and 푇 − 푼 , 
respectively and those profiles were also fitted to 5th order polynomials in 
order to determine maximum and minimum fitting coefficients. The difference 
between those maximum and minimum fitting coefficients and 푎, 푏, 푐, 푑 and 푒 
was calculated, respectively and the maximum difference was chosen as the 
error corresponding to the fitting coefficients, i.e.: 

푼 = 푚푎푥[|푎 − 푎 |; |푎 − 푎 |] (A.18) 

Results for the heat generation measurements uncertainties are shown 
in Figure 3.16, Figure 3.20, Figure 3.21, Figure 3.28 and Figure 3.29. 
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appendix B  

ANALYSIS OF VARIANCE 

The meaning of the parameters which are used for the analysis of variance is 
explained in the following together with the equations required for their 
determination. 

푫푭: Degrees of Freedom 

푺풆풒 푺푺: Sequential Sums of Squares 

When a predictor is added to a model, some of the variability in the 
response is expected to be explained by the predictor, and thereby some of 
the error reduced. A sequential sum of squares quantifies how much variability 
it is explained or alternatively how much error it is reduced as each predictor is 
fitted, in the specified order. These values depend upon the model order. 

푨풅풋 푺푺: Adjusted Sums of Squares 

Sums of squares given that all other predictors are in the model. These 
values do not depend upon the model order. 

푨풅풋 푴푺: Adjusted Mean Squares 

Given by the 퐴푑푗 푆푆 divided by the degrees of freedom. 
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퐴푑푗 푀푆 =
퐴푑푗 푆푆
퐷퐹

 (B.1) 

푭: F-statistics 

It is a test statistic, which has a distribution which depends on the 
degrees of freedom. 

F=
Adj SSi

Adj SSError
·DFi (B.2) 

푷 − 푽풂풍풖풆: 

It tells whether a significant prediction can be done (p-values lower than 
0.0005 are highly significant). 

푺: Standard Error of the Estimate 

It is the average squared difference of the error in the actual to the 
predicted values of the date. 

푹− 푺풒: R-Squared 

Percentage of the variability in the internal resistance which is explained 
by the pulse amplitude and the pulse length. 

푅 − 푆푞 =
∑ 푆푒푞 푆푆

푆푒푞 푆푆
· 100 (B.3) 

푹− 푺풒(풂풅풋): R-Squared adjusted 

It is the version of R-Squared which has been adjusted for the number of 
predictors in the model. A slightly lower value of the R-Squared adjusted in 
comparison to the R-Squared, indicates that even with the adjustment for 
adding an extra variable there is still a strong association in the model. 

푅 − 푆푞(퐴푑푗) = 1−
퐴푑푗 푀푆
푆푒푞 푆푆
퐷퐹

· 100 (B.4) 
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