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Abstract 

One way to reduce transport emissions is to reduce the use of fossil fuels. Electrification technologies such 

as Plug-in hybrid electric vehicles exist today and as of recently battery electric vehicles with only a battery 

as power source is on the rise. These solutions have been subject to extensive research in the car industry 

but the heavy vehicles are lagging behind because of higher durability requirements, cost sensitivity and 

power density requirements.  All are factors, which require further battery development. 

There are a number of battery technologies that are used today but one has been subject to extensive 

research due to its energy density, life-time and capacity, namely the Lithium-ion battery.  

To know how a battery performs, several tests have to be made. To attain reliable data this testing process 

takes years. To further complicate things each battery is unique since batteries cannot be made exactly the 

same during manufacturing. To avoid this costly and time-consuming process, battery simulation can be 

used. One way of building a simulation model is to use test data to form a battery model. The tests are made 

on a single cell to get characteristic cell data, this is often done with pulse charging and discharging at 

different temperatures.  

A battery’s loss in capacity over time is called degradation or aging. Since the behavior of the degradation 

phenomenon is complex and is affected by many factors, it is very difficult to simulate and further highlights 

the importance of accurate simulations. 

The purpose of this thesis is to analyze the current battery technologies used in electric- and hybrid vehicles, 

explain the degradation phenomenon of batteries and make an outlook of promising battery technologies. 

The knowledge gathered from the literature study will be used to improve an existing powertrain model, by 

creating a more complex battery block and adding a degradation model. This model will be used to estimate 

life expectancy of a Lithium ion battery pack used in a hybrid electric heavy-duty long hauler with different 

battery pack sizes. 

At present Lithium ion batteries have formed the base of portable electronic and may in the near future also 

do so for electric transport and smart grids. In future development of battery technology there are several 

electrochemical systems that fundamentally differ from current Lithium-ion technology, some of which are 

described in this thesis. 

Since ageing processes are complex and depend on many different factors there are a few methods used to 

estimate ageing process in a battery. In this thesis the model will use several methods to reach the goal of 

simulating life-time expectancy. The approach will be combining equivalent circuit modeling with 

performance-based approaches and analytical models with empirical fitting.  

The battery that is simulated in this thesis is a fictional battery with parameters adjusted to characteristic 

data as well as degradation data to better mimic the behavior of a real battery. 

Several simplifications and assumptions had to be made to complete this project and thus the results 

should be seen only as rough estimates of how long a battery can be expected to live. With that said, the 

goal of capturing the characteristic degradation behavior was successfully achieved.  

This thesis barely scratched the surface regarding modeling battery behavior and degradation and several 

suggestions have been made for future work on this thesis.  
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Sammanfattning 

 
Ett sätt att minska koldioxidutsläppen från transportsektorn är att minska användningen av fossila bränslen. 
Elektrifieringstekniker såsom Plug-in hybrider finns idag och på senare tid har elfordon med endast batteri 
som strömkälla kommit in på marknaden. Omfattande forskning och utveckling av dessa tekniker sker inom 
bilindustrin, men de tunga fordonen släpar efter på grund av högre hållbarhetskrav, kostnadskänslighet och 
högre energitäthetskrav. Alla dessa är faktorer som kräver ytterligare batteriutveckling. 
 
Det finns ett antal batteritekniker som används idag men en har varit föremål för omfattande forskning på 
grund av dess energitäthet, livslängd och kapacitet, nämligen Litiumjonbatteriet. 
 
För att veta hur ett batteri beter sig måste flera provningar göras. För att uppnå pålitliga data tar provningen 
flera år. För att ytterligare komplicera saker är varje batteri unikt eftersom batterier inte blir exakt likadana i 
tillverkningsprocessen. För att undvika denna kostsamma och tidskrävande process kan batterisimulering 
användas. Ett sätt att bygga en simuleringsmodell är att använda provdata. Provningarna görs på en enda 
cell för att få karakteristiska celldata, detta görs ofta med pulsladdning och urladdning vid olika temperature. 
 
Batteriers kapacitetsförlust över tid kallas degradering eller åldrande. Eftersom uppförandet av 
degraderingsfenomenet är komplext och påverkas av många faktorer är det mycket svårt att simulera och 
tydliggör vikten av precisa simuleringar. 
 
Syftet med detta examensarbete är att analysera den nuvarande batteritekniker som används i el- och 
hybridfordon, förklara degraderingsfenomenen för batterier och göra en utblick över lovande 
batteritekniker. Kunskapen från litteraturstudien kommer att användas för att förbättra en befintlig 
drivlinjemodell genom att skapa ett mer komplext batteriblock och lägga till en degraderingsmodell. Denna 
modell kommer att användas för att uppskatta livslängden för ett litiumjonbatteri som används i en 
hybriddrivlina för en tung lastbil med olika batteripaketstorlekar. 
 
För närvarande utgör litiumjonbatterier basen av bärbar elektronik och kan inom kort även göra det för 
eltransport och smarta nät. I framtida utveckling av batteriteknik finns flera elektrokemiska system som 
fundamentalt skiljer sig från dagens litiumjonteknik, av vilka några beskrivs i denna rapport. 
 
Eftersom degraderingsprocesserna är komplexa och beror på många olika faktorer finns det några metoder 
som används för att uppskatta degraderingsprocessen i ett batteri. Modellen i denna rapport använder flera 
metoder för att nå målet att simulera batterilivslängd. Tillvägagångssättet kommer att kombinera ekvivalent 
kretsmodellering med prestandabaserade metoder och analysbaserade modeller med empirisk anpassning. 
 
Batteriet som simuleras i denna avhandling är ett fiktivt batteri med parametrar anpassade till karakteristiska 
data samt degraderingssdata för att bättre efterlikna beteendet hos ett riktigt batteri 
 
Flera förenklingar och antaganden måste göras för att slutföra detta projekt, och resultaten bör endast ses 
som en grov uppskattning av hur länge ett batteri kan förväntas leva. Med detta sagt lyckades det 
karakteristiska degraderingssbeteendet fångas. 
 
Detta examensarbete skrapade bara på ytan av modellering av batteriets beteende och degradering, flera 
förslag har gjorts för framtida arbete med denna modell.  
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Nomenclature 

Symbol Designation Unit 

𝒏𝒄𝒉/𝒅𝒔 Charge/discharge efficiency - 

𝒏𝒃𝒂𝒕 Coulombic efficiency - 

𝑪 C-rate (discharge rate) - 

𝒏𝒑𝒂𝒓𝒂𝒍𝒍𝒆𝒍 Number of parallel connections in battery 

pack 

- 

𝒏𝒔𝒆𝒓𝒊𝒆𝒔 Number of cells connected in series - 

𝒏𝒕𝒐𝒕 Total number of cells - 

𝑷𝒕𝒐𝒕 Total capacity of battery pack kWh 

𝑼𝒐𝒄,𝒕𝒐𝒕 Total open-circuit voltage of battery pack V 

𝑸𝒕𝒐𝒕 Total Capacity of battery pack Ah 

𝒎𝒕𝒐𝒕 Total mass of battery pack kg 

𝑰𝒎𝒂𝒙 Maximum allowed current A 

𝑰𝒎𝒂𝒙,𝒄𝒆𝒍𝒍 Maximum theoretical current per cell A 

𝜟𝑰𝒕𝒐𝒕 Difference in total current A 

𝑹𝒐𝒉𝒎 Static resistance mΩ 

𝑹𝒅𝒚𝒏 Dynamic resistance mΩ 

𝑪𝒅𝒚𝒏 Dynamic capacitance kF 

𝑰𝑹𝒅𝒚𝒏 Current through dynamic resistance A 

𝑼𝒕𝒆𝒓𝒎 Terminal voltage V 

𝑼𝑶𝑪 Open-circuit voltage V 

𝑼𝒅𝒚𝒏 Voltage over dynamic resistance V 

𝑼𝒐𝒉𝒎 Voltage over static resistance V 

𝑰𝒕𝒐𝒕 Total current in battery pack A 

𝑰𝑪𝒅𝒚𝒏 Current Through dynamic capacitance A 

∆𝑼𝟎 Instant voltage-drop when current load 

changes 

V 

𝑪𝒂𝒑𝑨𝒉𝒓 Capacity of cell Ah 

𝑷𝒃𝒂𝒕 Power demand from Electric motor W 
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𝑷𝒄𝒆𝒍𝒍 Power supply of each ell W 

∆𝐐 Total capacity-drop until end of life Ah 

𝑸𝟎,𝒊𝒏𝒊𝒕𝒊𝒂𝒍 Initial capacity of cell Ah 

𝑬𝑶𝑳𝒄𝒓𝒊𝒕 End of life criterion - 

𝑸𝟎,𝒄𝒓𝒊𝒕 Capacity at EOL Ah 

𝐭𝐭𝐨𝐭 Total time for drive cycle in seconds s 

𝐓𝐭𝐨𝐭 Time in hours for equivalent Depth of 

discharge 

h 

𝐂𝒄𝒉𝒂𝒓𝒈𝒆 Charging rate - 

𝑪𝒅𝒊𝒔𝒄𝒉𝒂𝒓𝒈𝒆 Discharging rate - 

𝐍𝐥𝐞𝐟𝐭 Cycles left until EOL - 

𝐍𝐦𝐚𝐱 Initial estimation of cycle life - 

𝐧 Number of iterations - 

𝐍𝐬𝐭𝐞𝐩 Step size - 

𝐐𝟎 Initial capacity Ah 

𝒄𝒑𝒎 Specific energy density Wh/kg 

𝑷𝟎,𝒕𝒐𝒕 Initial capacity Wh 

𝑷𝟎,𝒄𝒆𝒍𝒍 Initial capacity of cell Wh 

𝒎𝒄𝒆𝒍𝒍 Mass of cell kg 

𝒏𝒄𝒆𝒍𝒍,𝒕𝒐𝒕 Total number of cells in battery pack . 

𝑹𝒊 Inner resistance Ω 

𝑰𝒎𝒂𝒙,𝒔𝒊𝒎 Maximum possible charge current through 

each cell during simulation 

A 

𝑰𝒎𝒊𝒏,𝒔𝒊𝒎 Maximum possible discharge current 

through each cell during simulation 

A 

𝑺𝑶𝑪𝒎𝒂𝒙 Maximum State of charge during drive cycle % 

𝑺𝑶𝑪𝒎𝒊𝒏 Minimum State of charge during drive cycle % 
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Abbreviations 

C-rate Discharge rate 

SEI Solid electrolyte interphase 

SOC State of charge 

DOD Depth of discharge 

EOL  End of life 

LIB Lithium Ion battery 

EV Electric vehicle  

GHG Greenhouse gas 

EU28 28 member nations of the EU 

PHEV Plug-in hybrid electric vehicle 

HEV Hybrid electric vehicle 

BEV Battery electric vehicle 

BMS Battery management system 

OEM Original equipment manufacturer 

OCV  Open circuit voltage 

ICE Internal combustion engine 

PC Propylene carbonate 

DMC Dimethyl carbonate 

DEC Diethyl carbonate 

MEC Methyl ethyl carbonate 

HF Hydrogen fluoride 

 

 

 

 

LiF Lithium fluoride 

LiOH Lithium hydroxide 

HCCP Hybrid pule power characterization 

SOH State of health 

SOF State of function 

LFP Lithium iron phosphate 

LMO Lithium manganese oxide 

NMC Lithium nickel manganese cobalt oxide 

LCO Lithium cobalt oxide 

NCA Lithium nickel cobalt aluminum oxide 

DST Dynamic stress test 

ODE Ordinary differential equation 

EPACS Electric assisted pedal cycles 

VRLA Valve regulated sealed lead acid 

SLI Start-lighting-ignition 

ZEBRA Sodium metal chloride 

VCU Vehicle control unit 

BCU Battery control unit 

BMU Battery measurement unit 

EIS Electrochemical impedance spectroscopy 

ANN Artificial neural networks 
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1 Introduction 

The increase of GHG in the atmosphere increases the global warming effect. In the pre-industrial era the 

concentration of CO2 in the atmosphere was 280 ppm. In 2015 the average concentration of CO2 was  

399 ppm, which corresponds to approximately 40% increase since the mid-1800s. In the last ten years the 

average increase of CO2 has been 2 ppm per year. The Global emission from fuel combustion can be seen 

in figure 1-1 below with the transport sector emitting 23% of total CO2 emissions in 2014. (IEA, 2016) From 

1995 to 2015 the world-wide concentration of CO2 has increased by more than one quarter to 435 ppm 

(IEA2, 2015). 

 

Figure 1-1. World CO2 emissions from fuel combustion by sector in 2014 (IEA, 2016) 

In the EU28 the transport sector stands for more than one fifth (21%) of the CO2 emissions in Europe 

(EEA, 2016) and in Sweden the domestic transport emits 28.4% of total CO2 emissions. (Naturvårdsverket, 

2016). The domestic transport sector in Sweden is in turn divided into several sectors as can be seen in  

figure 1-2 below. 

 

Figure 1-2. CO2 Emissions from domestic transport in Sweden in 2014 (Trafikverket, 2016) 

59.7% of the domestic transport emissions in Sweden is produces by cars, followed by heavy trucks at 

20.9%. (Trafikverket, 2016). As can be seen by the facts presented above the transport sector stands for a 

large part of the CO2 emissions in the world and offers great potential to reduce CO2 concentration in the 

air by reducing CO2 emissions in the transport sector.  
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One way to reduce transport emissions is to reduce the use of fossil fuels. Hybrid technologies such as Plug-

in hybrid electric vehicles (PHEVs) and hybrid electric vehicles (HEVs) already exist and recently battery 

electric vehicles (BEVs) with only a battery as power source are on the rise. These technologies are described 

further in chapter 2.2. These solutions have been subject to extensive research in the car industry but the 

heavy vehicles are lagging behind because of higher durability requirements, cost sensitivity and power 

density requirements.  All are factors that require further battery development. 

To future proof the energy production, for the inevitable depletion of fossil fuels as a power source, several 

different power generation technologies such as solar, wind and hydroelectric have been developed. Most 

of these technologies cannot generate electricity continuously, this is where the need for electricity storage 

comes in. Electrochemical energy storage devices such as batteries and fuel cells are emerging as a promising 

alternative or complement to the previously mentioned power generation technologies. Batteries are used 

in a variety of ways, in mobile devices, households, industrial applications etc. and have recently surged as a 

power source for electric vehicles (EVs). The fuel cell technology still has issues such as cost, size, durability, 

air/thermal/water management and heat recovery (Shin, 2015). Until these issues are solved the battery 

technology will be the primary option for energy storage.  

There are a number of battery technologies that are used today but one has been subject to extensive 

research due to its energy density, life-time and capacity, namely the Lithium-ion battery (LIB), see chapter 

2.2.3. The battery technology has been developed rapidly over the past decades, however the technology 

needs further improvement to replace fossil fuels as a power source.  

For the EV to succeed an energy storage system that delivers high energy density, long life-time and good 

power capabilities at relatively low costs has to be used. Of current battery technologies LIBs meet those 

requirements. (Birkl, 2014)  

In order to know how a battery performs, several time-consuming tests have to be made. To further 

complicate things, each battery is unique since batteries cannot be made exactly the same in manufacturing. 

To be absolutely certain if a battery will last for example 10 years a charge/discharge test has got be run for 

10 years, as some of the degradation mechanisms are caused by time, see chapter 2.1.4, which will not be 

captured fully in accelerated life testing. That means testing of a battery for 10 years before starting to sell 

it, and by that time the battery technology in question might be obsolete. 

To avoid this costly and time-consuming process, battery simulation can be used. One way of building a 

simulation model is to use test data to form a battery model. The tests are made on a single cell to get 

characteristic cell data; this is often done with pulse charge/discharge at different temperatures. The data is 

then used to fine-tune the simulation model for a more accurate simulation of the battery in question. 

There is however a limit to this type of battery modelling, the model assumes that the battery behaves the 

same regardless of age, idle time, usage patterns etc. but in reality, this is not the case. A battery’s loss in 

capacity over time is called degradation or ageing, see chapter 2.1.4. Since the behavior of the degradation 

phenomenon is complex and is affected by many factors it is very difficult to simulate and further highlights 

the importance of accurate simulations.  

Batteries lose their capacity over time caused by factors such as cycling, temperature, charge/discharge 

patterns, non-usage etc. To avoid LIBs degrading faster or catching on fire, a battery management system 

(BMS), further described in chapter 2.3.4 is implemented to monitor crucial parameters and ensure safe 

operation. The BMS also must keep track of internal battery states such as the state of charge (SOC), the 

total useful capacity and electric power capability that can be delivered at any point during operation (See 

chapter 2.1.2 for further explanation of these states). This information is in turn provided to higher level 

systems in the vehicle. (Birkl, 2014) 

To advance the state of the art in BMS development several objectives should be addressed, namely: 

Estimation of current useful battery capacity and power, prediction of remaining battery life and possible 

battery failure. To make LIBs safer and more reliable for energy storage in EVs it is necessary to quantify 

the symptoms of battery degradation and their causes. (Birkl, 2014) 
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1.1 Purpose 

The purpose of this project is to analyses the current battery technology used in electric and hybrid vehicles, 

explain the degradation phenomenon of batteries and make an outlook of promising battery technologies. 

The knowledge gathered from the literature study will be used to improve an existing powertrain model, by 

making the battery block in the model more advanced and add a degradation model.  

1.2 Aim of the thesis 

Simulate a battery for a heavy-duty HEV in Matlab Simulink using equivalent-circuit modeling (ECM), with 

a degradation model for cyclical aging and estimate life expectancy for one LIB using different battery sizes 

in the simulation model. 

Key goals to reach the aim are: 

• Determine what kind of battery technology shows promise for future development of hybrid 

vehicles. 

• Improve battery the block of an existing powertrain model 

• Use the model to determine how well a specific battery type will perform in the existing power-

train model. 

• The thesis should be useful for future work and collaboration between local/international divisions 

of AVL regarding battery technology. 

1.3 Objective 

To achieve the aim of the thesis, the objective is to examine the following questions: 

• How does the whole hybrid driveline work? 

• What factors are driving degradation of battery life? 

• What kind of battery technologies are used today and how are they working? 

• What kind of battery technologies does a big OEM such as Scania, Volvo, Daimler, Tesla use? 

• What is the outlook of these technologies? 

• Which technology would be better to invest in? 

• Where and to what extent does AVL have knowledge of battery technology and degradation? 

• What kind of methods for simulating battery performance are used today? 

1.4 Problem formulation 

When designing the energy storage system for EVs the battery life expectancy is of great importance. To 

estimate how long a battery will last, one solution is to use simulation tools when deciding which battery 

should be used for a specific application. This is time efficient but demands a model, which accurately 

describes the real situation. Degradation is a phenomenon of great importance to include in simulation 

models to more accurately simulate life expectancy. As mentioned in chapter 1, the heavy vehicle sector is 

lagging behind the car sector in electrification of vehicles and is therefore the focus of this thesis.  

In this thesis, a degradation model will be implemented into a powertrain model and used to estimate life 

expectancy of a LIB used in a hybrid electric heavy-duty long hauler with different battery pack sizes. 

1.5 Expected results 

The expected outcome of this master thesis are to successfully capture the degradation behavior of a battery 

and create a model which can be used to compare different battery designs with regard to degradation. The 

model created should be a base of which to improve upon to eventually create a complete model that can 

be used as a tool for comparing different powertrain configurations.  
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2 Literature study 

The following is a literature study of past and present battery technologies, EV technologies and simulation 

of battery performance and degradation. 

2.1 Batteries 

Batteries are assemblies of a single or several galvanic cells. Each galvanic cell contains two electron-

conducting electrodes which are in contact with an ion-conducting electrolyte. Batteries convert energy from a 

chemical reaction between the solid electrodes into electric energy. An electric current is created between 

two electrodes with different values of electrode potential (positive and negative) when the circuit is closed. 

In each cell a voltage of typically 0.5-4V is generated depending on class of the cell. To increase the voltage 

output, a number of cells are connected in series which forms a galvanic battery. (Bagotsky, o.a., 2015) 

This section is dedicated to batteries. Different definitions are used when talking about batteries and the 

technology itself. This section will set clear what kind of definitions and classifications will be used in this 

thesis to avoid confusion. Also, different applications of batteries will be discussed. The thesis focus is on 

secondary (rechargeable) batteries but the history of battery technology all started with primary (non-

rechargeable) batteries and one cannot skip that entirely before talking about secondary batteries. A brief 

history of both primary and secondary batteries is included in this section.  

2.1.1 History  

The word “battery” was originally used for groups of cannons in artillery units but in approximately 1950 

the word was used for the first time to describe the connection of Leyden jar capacitors by Benjamin 

Franklin. In 1801, the term was used to describe an assembly of galvanic cells. In 1808 Cruikshank used the 

word “cell” to describe the compartment of a battery. This would mean that the definition of a battery is an 

assembly of cells, in series of parallel, but in reality, the term “battery” is used for even single cells. 

(Kordesch, o.a., 2009) 

The invention of batteries may have happened more than 2 000 years ago. A mysterious vessel was found 

in Mesopotamia by archeologist Koening. He suggested that the vessel could have operated like a galvanic 

cell consisting of copper and iron tubes in acidic fruit juices, but no actual performance data were found. 

(Kordesch, o.a., 2009) 

Primary batteries 

The first experimental development of voltage producing systems was made in the end of the eighteenth 

century by Galvani (1737-1798) and Volta (1745-1827). The discovery that different metals in different 

solutions produced varying voltages led to more effective progress in the field. The Faraday laws, description 

of electrode reactions and the discovery of polarization created the field known today as electrochemistry. 

(Kordesch, o.a., 2009) 

In the end of the eighteenth-century Luigi Galvani performed an experiment that showed that muscle 

contraction of a frog leg occurred when two different metals touched the exposed nerve. Galvani called this 

phenomenon “animal electricity” but later a scientist named Alessandro Volta showed that this galvanic 

effect was produced by two metals connected by muscle tissue. Volta examined the experiment and created 

a device now known as the “Volta pile” which was the first example of an electrochemical power source, a 

battery. The OCV (open circuit voltage) of a single cell in the stack was approximately 0.4 V, if higher 

voltages and higher discharge current was needed very large batteries had to be built. The Volta pile was a 

significant development because the phenomenon of continuous flow of charges was realized for the first 

time.  

Following this, a number of improvements was made in the nineteenth century. Scientists began to develop 

batteries with special oxidizers (positive), reducers (negative) and electrolytes (liquid or solidified). The 
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Leclanché cell was a “dry” battery, simple to manufacture and reliable. This led to mass production of 

batteries. (Bagotsky, o.a., 2015) 

Below in table 2-1 some important historical developments of primary batteries are listed. 

Table 2-1. Historical primary battery development (Julien, o.a., 2016) 

Date Inventor Cell design 

1000BC Baghdad cell Jar containing an iron rod surrounded by a copper cylinder 

1782 Volta Stack of zinc and silver disks 

1813 Davy First public demonstration of electric lighting 

1836 Daniell Zn/ZnSO4/CuSO4/Cu 

1839 Grove Nitric acid battery 

1866 G. Leclanché Zinc/manganese dioxide cell 

1878 Zinc air cell Zn/NaOH/O2 

1945 Ruben and Mallroy Mercury button-type cell 

1949 Lew Urry Alkaline dry cell commercialized by Eveready Batteries Co. 

1961 Silver-zinc cell Zn/KOH/Ag2O 

1970-1980 Lithium-iodine Li/Li/I2 developed by pace-maker 

Coin cell Li/aprotic electrolyte/MnO2 

Li soluable cathode Li/SOCl2 

 

Secondary batteries 

Around 1802 a German physicist named Johann Wilhelm Ritter combined a stack of discs, much like the 

Volta pile. The “Ritter pile” was made by copper discs with cardboard soaked in brine of table salt and 

could be charged and discharged tough the discharge current was short-lived. The secondary battery was 

born. Ritter made a statement “The system of electricity will be the system of chemistry and vice versa” 

which makes him the founding father of electrochemistry before Faraday established scientific 

electrochemistry. (Kruzweil, 2009) 

Another advance in battery technology was the development of secondary batteries, also known as 

rechargeable batteries. In 1859, a French scientist named Gaston Planté made a prototype of the lead-acid 

battery, first of its kind. Swedish engineer Waldemar Jungner made an alkaline nickel-cadmium cell in 1899 

and two years later American Thomas A. Edison invented the nickel-iron battery. 

Following the appearance of the Volta pile and improved versions of batteries, other scientists started 

investigating the new phenomenon of a continuous electrical current. This made it possible for different 

properties to be established: 

• 1820 Ampère’s law of interaction between electrical currents 

• 1827 Ohm’s law of proportionality between voltage and current 

• 1831 Joule’s law of the thermal effect of electrical current 

• 1831 Faraday’s law of electromagnetic induction   

After the invention of electromagnetic generator electricity production on a large scale became possible. 

Despite the worldwide expansion of electricity grids, the battery still retained its significance as a power 

source to this day. (Bagotsky, o.a., 2015) 

When Morse’s electric telegraph was invented, the need to produce batteries on an industrial scale and by 

the end of the nineteenth century dynamos and lightbulbs had been invented. This ensured a need, which 

was increasing, for storage of electric energy and companies producing secondary batteries were established 

in industrialized countries all over the world. (Kruzweil, 2009) 
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In table 2-2 below a number of important historical developments of secondary batteries are listed. 

Table 2-2. Historical development of secondary batteries (Julien, o.a., 2016) 

Date Inventor Cell design 

1859 Planté Pb/O2/dilute H2SO4/Pb 

1899 Waldemar Jungner Nickel-cadmium cell Ni/2NiOOH/Cd 

1905 Edison Nickel-iron cell Ni/2NiOOH/Fe 

1049 Lew Urry Alkaline dry cell commercialized by Eveready Batteries Co. 

1959 Francis Bacon First practical fuel cell using Ni electrodes 

1960s Volkswagen Nickel-metal hydride cell with LaNi5 or ZrNi hydrogen sponges 

1965 Ford Beta cell Na/β-Al2O3/S 

1980s Li polymer Li/PEO-LiClO4/Ic (Ic=V6O13, TiS2, V2O5)* 

Microbattery Li/Li+ fast ion conductor/TiS2 

1990s Sony Corp. Lithium-ion cell based on graphite/LiCoO2 electrodes 

*Ic, insertion compound 

2.1.2 Definitions 

To understand terminology used to describe, classify and compare batteries for hybrid, plug-in hybrid and 

electric vehicles in this report and to avoid confusion, certain definitions are listed and explained in this 

chapter. 

Accumulator 

An electric accumulator stores energy by converting electrical energy to chemical energy and then supplies 

energy by converting chemical energy to electrical energy. It is basically a reversible generator. A more 

common term for accumulators are secondary batteries. 

Active material 

The chemical products involved in the chemical reactions occurring during charge or discharge of the 

material are normally referred to as “active material”. The “inactive material” is all the components that are 

not involved in the electrochemical reactions during charge or discharge, such as the casing, electrical 

connections, insulators and separators etc.  

Element, elementary cell, electrolyte 

An element or elementary cell consists of two electrodes immersed in an electrolyte (liquid, porous, solid). 

The electrodes are usually in solid state and the electrolyte in liquid form. The materials for the electrodes 

are diluted and separated by a solid membrane.  

Electrode 

In an elementary cell, one of the electrodes is positive and one is negative. The term cathode and anode 

should be avoided when talking about secondary batteries because each electrode changes its role depending 

if the element is being charged or discharged.  

Oxidation, reduction, anode, cathode 

Oxidation is a reaction when an atom or ion loses one or more electrons and reduction is when an atom or 

ion gains one or more electrons. A reaction when atoms or ions loses, and gains electrons is called a redox 

(reduction/oxidation) reaction.  

The anode is the electrode where the oxidation reaction takes place and the cathode is where the reduction 

reaction tales place. The use of the terms anode/cathode will not be used in this thesis to avoid confusion, 

instead the terms positive/negative electrode will be used. The confusion stems from the fact that the 
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electrodes will switch the role of anode/cathode depending on the direction of the current, i.e. charging or 

discharging. Table 2-3 below provides an overview of the change in behavior of the electrodes. See also 

chapter 2.1.2 Chemical reaction.  

Table 2-3. Behavior of the electrodes in a charge and discharge process (Glaize, o.a., 2013) 

 Charge Discharge 

Positive electrode Anode Cathode 

Negative electrode Cathode Anode 

 

Modules, packs, BMS 

Batteries usually have a cell voltage between 0.5-4V but in for example energy storage in electrical vehicles 

the voltage needs to be higher. In order to increase the voltage several elements can be connected in series 

and to increase the capacity they can be connected in parallel. This connection of several elements is called 

a module. A connection of several elements or modules in series and/or parallel is a battery pack, which 

often contains a BMS (battery management system). The BMS gauges the autonomy, state of health, 

balances voltage between elements etc.  

Nominal voltage 

The nominal voltage of a battery is a value that indicates the operational voltage during discharge. The 

nominal voltage represents a value of the average voltage observed during discharge. The nominal voltage 

is less than the open circuit voltage (OCV). This is the reference voltage, sometimes thought of as the 

“normal” voltage of the battery. 

Cut-off voltage 

The minimum voltage over the battery terminals before the BMS “cuts-off” the current delivered by the 

battery. This voltage defines the voltage of an “empty battery”.  

Terminal voltage 

The voltage between the battery terminals when load is applied. Terminal voltage varies with SOC and 

charge/discharge current. 

Open-circuit voltage 

OCV of a cell is defined as the difference in chemical potential between the negative and positive electrode. 

(Shin, 2015). Hence, the OCV represents the voltage between the battery terminals when no load is applied. 

This voltage decreases with decreased SOC and vice versa.  

Theoretical capacity 

The term capacity represents the amount of electricity a secondary battery is able to release during discharge. 

Capacity is measured in Ah (Ampere-hours)  

The theoretical capacity is the amount of charge which would be delivered during discharge from full charge 

to complete discharge (all active material has reacted). The theoretical capacity depends solely on the amount 

of active material and not the conditions of discharge. This reveals the maximum limit of a battery’s capacity 

and therefore the maximum mass- and volumetric capacities. (Glaize, o.a., 2013) 

Nominal capacity 

The total Ampere-hours available when discharging, with a certain discharge rate (C-rate, explained below) 

from 100% SOC to cut-off voltage (MIT, 2008). In contrast to the theoretical capacity the nominal capacity 

depends on the conditions of discharge, which includes: discharge current, temperature, degradation, cut 
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off voltage etc. Because of all those factors one can define several different capacities for the same battery 

depending on usage conditions.  

The nominal, sometimes referred to as the rated, capacity is calculated by multiplying the discharge current 

with the discharge time and decreases with increasing C-rate. This capacity is given by the manufacturers of 

a new battery and defines the capacity for clearly determined discharge conditions. (Glaize, o.a., 2013) 

C- and E- rate 

A C-rate is the rate of which the battery is discharged with relative to its maximum capacity. 1C means that 

the battery is fully discharged in 1 hour. 2C means that the battery is discharged twice as fast, i.e. 30 minutes. 

The C-rate affects the discharge current. A battery a capacity of 100 Ah that is discharged at 1C would lead 

to a discharge current of 100 A. If the discharge rate is 2C for the same battery the discharge current would 

be 200A, 3C would increase the discharge current to 300A etc. The discharge rate can also be less than one, 

for example, C/2 will fully discharge the battery in 2 hours, C/10 will discharge the battery in 10 hours etc. 

The discharge current will decrease when the discharge rate decreases, for example C/2 for a 100 Ah battery 

will have a discharge current of 50 A, a C/10 will have a discharge current of 10A etc.  

The E-rate is similar to the C-rate but represents the discharge power. A 1E rate is the discharge power to 

fully discharge the battery in 1 hour. (MIT, 2008) 

Depth of discharge 

The depth of discharge (DOD) is the amount of capacity that has been used during discharge, expressed as 

a percentage of the maximum nominal capacity. A DOD of at least 80% is referred to as a deep discharge. In 

this case, 80% means that only 20% of the battery’s capacity remains after the discharge.  

State of charge 

State of charge (SOC) is the present capacity in the battery expressed as a percentage of the maximum 

nominal capacity. In the example above with a DOD of 80% means that the SOC after that discharge is 

20%. The SOC is generally calculated using current integration to determine the change in battery capacity 

over time.  

State of energy 

Similar to the SOC the state of energy (SOE) is the ratio between the amount of energy still available to the 

total amount of energy stored. 

End of life 

The aging of batteries results in decrease in capacity, power and increase in internal resistance. When the 

mentioned parameters reach a certain level when the battery no longer can fulfill the function of which it 

was intended is has reached its end of life (EOL). That does not mean the battery has stopped working. A 

common threshold used as an EOL-criterion is when its state of health has reached 80% of initial capacity. 

State of health 

State of health (SOH) is an indicator of the state of aging. It can be evaluated as the measure of electricity 

is measured during a complete discharge in relation to the nominal capacity. It is usually expressed as a 

percentage of initial capacity.  

State of function 

The state of function (SOF) gives an indication of the battery’s ability to provide the service for the intended 

application. This state is solely based on the application for which the battery is intended. The definition 

may be binary or analog. (Glaize, o.a., 2013) 
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Cycle life 

The number of discharge/charge cycles, with specific conditions, a battery can be subjected to before it fails 

to meet a specific performance criterium. The life-time of the battery is affected by conditions such as 

temperature, humidity, rate and DOD of discharge/charge cycles. The higher the DOD the lower the cycle 

life. One cycle refers to one loop from complete charge to complete discharge of the battery. 

Internal resistance 

The resistance within the battery, which generally is different while charging/discharging and depends on 

the SOC of the battery. When the internal resistance increases the efficiency of the battery decreases and 

the thermal stability is decreased. Increase in internal resistance converts the charging energy to heat at a 

higher rate.  

Nominal energy 

The energy capacity in Wh when battery is discharged with a certain C-rate, from 100% SOC to cut-off 

voltage. It is a fixed value for a given C-rate, which decreases with increasing C-rate and vice versa. The 

energy capacity is calculated by multiplying the discharge power by the discharge time. 

Specific energy density 

The term specific energy of a battery does not set a clear line between gravimetric energy density and 

volumetric energy density. To know what kind of energy density that is referred to one has to look at the 

units. In this report the terms specific energy density will refer to the gravimetric energy density i.e. Wh/kg.  

The specific energy density is the nominal energy of a battery per unit mass; it is a characteristic of the 

battery chemistry and packaging. Together with the energy consumption of an electric vehicle, this 

determines the weight of the battery pack in order to accomplish a certain range. 

Specific power density 

Similar to the specific energy density, specific power density is the maximum power of the battery per unit 

mass. This determines the battery weight needed to achieve certain performance. 

Volumetric energy density 

Similar to the specific energy density, the volumetric energy density is the nominal energy of the battery per 

unit volume i.e. Wh/dm3. Together with the energy consumption for an electric vehicle, this determines the 

size of the battery pack in order to achieve a certain range.   

Volumetric power density 

Volumetric power density is the maximum available power of a battery per unit volume. Determines the 

battery size to achieve a certain performance.  

Maximum continuous discharge current 

The maximum continuous discharge current is a limit of the amplitude of the discharge current, defined by 

manufacturers to prevent excessive discharge rates that would damage or reduce capacity of the battery. 

Together with the continuous power of the motor, this determines the acceleration- and top sustainable 

speed for an electric vehicle.  

Maximum 30-sec discharge pulse current 

The maximum 30-sec discharge pulse current is a limit of the amplitude of the discharge current during 

pulses up to 30 seconds, defined by manufacturers to prevent damage and reduced capacity of the battery. 
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Together with the peak power of the motor, this determines the acceleration performance (0-100km/h time) 

for an electric vehicle. 

Charge voltage 

Charge voltage is the voltage at which the battery is charged to full capacity. Charging schemes generally use 

constant current charging until the battery voltage reaches the charge voltage. When the charge voltage level 

has been reached constant voltage charging is instead used, allowing the current to decrease until it is very 

small. 

Float voltage 

The float voltage is the voltage that is maintained after the battery reaches 100% SOC. This is to compensate 

for self-discharge of the battery. 

Recommended charge current 

The recommended charge current is the ideal current for charging a battery to approximately 70% SOC 

before transitioning to constant voltage charging.  

(MIT, 2008) 

Self-discharge 

Most batteries discharge even when they are not in use, which means batteries cannot be left for long periods 

of time. This effect is known as self-discharge and the rate of self-discharge varies with battery type. The 

rate of self-discharge is also affected by temperature. (Larminie, o.a., 2012)  

Primary cells (single-discharge) 

A primary cell irreversibly transforms chemical energy to electrical energy, but when the finite reactive 

material is exhausted the reaction stops and the battery dies. When this has occurred, the energy cannot be 

restored to the electrochemical cell by electrical means. (Julien, o.a., 2016) 

Secondary cells (multiple charge-discharge cycles) 

A secondary cell can have the electrochemical reaction reversed by electrical means, restoring the original 

composition.  This means the cell can be discharged and then recharged several times. (Julien, o.a., 2016) 

Fuel cells 

In fuel cells, new reactants are always inserted and reaction products are always removed. This means that 

fuel cells can deliver current for a continuous period of time depending heavily on external reactant storage 

capacity. 

Classification 

The classification into primary and secondary cells is general in nature because given certain conditions, 

primary batteries may be recharged and secondary cells are sometimes discarded after single use.  

Batteries may also be classified by the chemical composition of the reactants. A battery with silver as positive 

electrode and zinc as negative electrode is called “silver-zinc battery”. 

Sometimes batteries are classified accordingly to application (stationary or mobile), shape (cylindrical, 

prismatic, disk-shaped), size (small, medium, large), electrolyte type (alkaline, acidic, neutral, liquid, solid), 

voltage (low or high), power generation (low or high) etc. (Bagotsky, o.a., 2015) 
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2.1.3 Chemical reaction 

The chemical reactions in batteries are complex but can be described through the basic understanding of 

ion transport. This is just a general explanation of the chemical reaction in one cell. A cell consists of two 

electrodes, one positive and one negative, submerged in an electrolyte which in turn is sealed by a casing.  

The reaction is essentially ion transport. In one end, there is an excess of electrons and on one side there is 

a deficit of electrons. Electrons are negatively charged thus the side with the excess of electrons is the 

negative electrode and the side with a deficit of electrons is the positive electrode. Between the electrodes a 

separator of porous material is placed, which lets through the ions created by electrolysis. The chemical 

reaction occurs as follows while discharging the cell, see figure 2-1 below. 

 

Figure 2-1. Basic transport cycle for ions and electrons in a cell during charge/discharge (Nanostructured anode materials for lithium ion batteries, 2015) 

Once the positive and negative electrodes are connected by a conductor the electrons at the negative 

electrode move through the conductor to the positive electrode. Meanwhile the positive ions (cations) 

moves through the separator to the other side to the positive electrode. This continues until the excess of 

electrons and ions, created between the electrolyte and the negative electrode, are exhausted. I.e. the active 

material in the cell is consumed.  

The loss of electrons is called oxidation and the gain of electrons is called reduction. The current produced 

by connecting the conductor makes the electrode and electrolyte to react with each other. This is called 

electrolysis. When charging the cell, an external power source is connected and the reaction is reversed.  

The current pushes the electrons from the positive electrode to the negative electrode. Electricity drives the 

chemical reaction and is thus converted into chemical energy. The electrons gather at the negative electrode 

and the cations move through the separator to the negative electrode. Once the reaction is complete, the 

battery is fully charged. 

Think of the battery as a dam that is filled by pumping water up to the reservoir. This is the charging of the 

battery.  In this metaphor, the water is the energy stored. To fill the reservoir, a pump is connected and fills 

the dam. Once the hatch is opened, the water flows out until there is no more water left. This is discharging 

the battery. Opening the hatch is analogous with placing a load over the battery's negative and positive 

electrode. 

The decision of which electrode materials should be used is based on that the chemical reaction between 

them is spontaneous and the standard reduction potential of each material. The standard reduction 

potentials for different materials is included in Appendix 3. Basically, the greater the difference in reduction 

potential between each electrode material the greater the “will” of the electrons to move from one electrode 

to the other once a conductor is connecting them. In the analogy of the dam, the electrode potential 

difference is the height difference between the water surface in the dam and the hatch that lets out the water. 

The greater the height the more pressure is applied to the water at the bottom and when the hatch opens, a 

load is connected, there will be a greater flow.    



-23- 
 

2.1.4 Degradation 

The success of replacing ICE-vehicles with EVs is not only dependent on the power- and energy densities 

of batteries but also on lifecycle. Portable devices require good battery performance for 3-4 years (500-1000 

cycles) small EVs (cars) require them to work for at least 10 years (3000 cycles). As opposed to laptops and 

mobile devices the batteries in EVs are subject to a diverse environment e.g. extreme low and high 

temperatures, voltages and currents which could accelerate the degradation. (Shin, 2015) 

Degradation, also known as aging, of batteries means that the capacity of the battery decreases from its 

initial capacity over time and with use. The degradation is more significant when the battery is used beyond 

the operational conditions it was designed to handle. Degradation happens because of many different 

reasons. (Glaize, o.a., 2013) Some degradation mechanisms interact with each other, further worsening and 

complicating the situation. Since the causes and interactions depend on many factors, it is difficult to predict 

the degradation of a battery precisely. (Shin, 2015) 

The mechanisms responsible for degradation depend on factors such as battery chemistry, operating 

conditions, usage history etc. (Birkl, 2014). The complexity and interdependence make these mechanisms 

very hard to model and predict battery degradation. However, it is an important task as some of the 

degradation processes such as lithium plating and dendrite growth can cause short circuit and possible harm 

to people in proximity. 

Figure 2-2 illustrates different causes and interactions between degradation processes in a Lithium-ion cell. 

These processes will be discussed further into this chapter.  

 

Figure 2-2. An illustration of degradation mechanisms in a Lithium-ion battery. (Degradation diagnostics for lithium ion cells, 2016) 

In general, the main degradation processes shown in figure 2-2 can be described as follows:  

Loss of active material 

Change in the crystalline structure of the electrodes during excessive charging. Un-bonding of particles 

because of contraction and expansion of the active material depending on the SOC and/or degradation of 

the binder (surrounding polymer). Secondary reactions of pollutant particles released over time that degrades 

the electrode/electrolyte interfaces (changed chemical composition of the SEI, pore-blocking, gas 

formation) and degrades the current collectors (corrosion). Causes such as low/high voltage and SOC, 

mechanical stresses, high/low current load, and high/low temperature will lead to loss of active material. 

Loss of lithium inventory 

Due to build-up and decomposition of the SEI (Solid electrolyte interphase). The SEI is a passivation layer 

of solid electrolyte that hinders the chemical reaction and traps lithium ions. This layer can build up over 

time, due to excessive discharge, high temperatures and if battery is kept at high SOC. Decomposition of 

this layer removes the lithium ions trapped in this layer and leads to decomposition of electrolyte, which is 

mainly caused by high charge/discharge current and high temperatures. Lithium plating on the negative 

electrode is caused by low temperatures, voltages, SOC and stoichiometry.  
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In summary 

High storage and operating temperatures and high cut off voltage shortens the life-time. A compromise 

between capacity and life-time has to be made for lithium batteries. The higher SOC the faster the aging. A 

greater DOD will degrade the battery faster. The extreme limits of the state of charge (highs/lows) during 

cycles are important factors for the life-time of a secondary battery. When going from a full charge to full 

discharge mechanical stress is put on the battery, which in turn results in loss of capacity. 

Secondary batteries also degrade when not in use, this is called calendar aging. The factors that influence 

this degradation the most is the temperature and the average SOC.  

(Glaize, o.a., 2013) 

Below in figure 2-3 is an illustrative description of cause and effect of the degradation processes. 

 

Figure 2-3. Illustration of cause and effect of degradation mechanisms. (Degradation diagnostics for lithium ion cells, 2016). 

Lithium-ion batteries 

Due to difference of degradation mechanism occurring in a LIB the mechanisms will be explained to a 

specific region. Due to the complexity of the degradation mechanism, the explanations are given for certain 

materials.  

Generally, capacity decrease and power fade does not occur from one single cause but from many various 

processes and their interactions as is illustrated in figure 2-2 and figure 2-3 above. One of the causes is the 

transformation of active material to inactive phases, which reduces cell capacity and operating voltage and 

increases the cell impedance (resistance). The degradation processes occurring at the positive and negative 

electrode are significantly different and are therefore discussed separately. Influence of electrolyte, separator, 

current collector and SOC and DOD will be considered. (Liu, o.a., 2012) 

When describing different degradation processes of the negative electrode graphite is used as an example.  

Graphite exfoliation and graphite particle cracking due to solvent co-intercalation, electrolyte reduction 

inside graphite, gas evolution inside graphite leads to a rapid degradation of the electrode. This can lead to 

contact loss (mechanical or electric) within the composite resulting in higher cell impedance and thus causing 

a serious energy-fading problem. Due do volume changes of the active electrode material, contact loss may 

begin between; carbon particles, current collector and carbon, binder and carbon or binder and current 
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collector. The volume change will also affect the electrode porosity, which is a key element for good 

performance as it makes the accessible active surface area bigger. The internal cell pressure will increase. 

Changes at the electrode-electrolyte interface due to reactions at the negative electrode is considered to be 

a major source of ageing of the negative electrode. The formation of a protective layer called the solid 

electrolyte interface (SEI) on the electrode in LIBs. Usually the formation of the SEI is accompanied by the 

release of gaseous electrolyte decomposition products. The amount of the irreversible charge capacity that 

is lost during formation is dependent on the specific surface area of the graphite and the conditions during 

formation. The SEI layer is permeable to cations and impermeable to other electrolyte components and 

electros. However, in some cases other charged and neutral species still diffuse through the SEI. Therefore, 

corrosion of LixC6 (leads to capacity loss), electrolyte decomposition (leads to electrolyte loss and further 

SEI formation) are inevitable. Another consequence of SEI formation is that the SEI penetrates the pores 

of the electrode and may penetrate the pores of the separator. This results in further decrease of accessible 

surface area of the electrode. Growth, changes in composition/morphology of the SEI also raises the 

impedance of the electrode and thus power fade of the cell. 

The ageing effect on the negative electrode are mainly attributed to the formation and growth of SEI, leading 

to impedance rise, graphite exfoliation and gradual contact loss within the composite electrode. (Liu, o.a., 

2012) 

The electrolyte in LIBs mainly includes solvents and supporting electrolyte. In general Lithium 

hexafluorophosphate LiPF6 is used as an electrolyte with different solvents such as propylene carbonate 

(PC), dimethyl carbonate (DMC), diethyl carbonate (DEC) and methyl ethyl carbonate (MEC) which 

contains oxygen, carbon and hydrogen. Remaining traces of O2, CO2 and H2O could cause disastrous effects 

for the electrolyte. H2O reacting with the electrolyte will produce hydrogen fluoride (HF), Lithium fluoride 

(LiF), Lithium hydroxide (LiOH) and so on. HF can destroy the stability of the SEI, deteriorating battery 

performance rapidly. O2 will cause oxidation of electrolyte and Li2CO3 impurities will result from CO2. 

Furthermore, high-oxidizing lithium materials can make electrolyte undergo oxidation. (Liu, o.a., 2012) 

Overcharge 

The state of charging/discharging the electrodes has a close relationship with the cycle performance of 

LIBs. 

When overcharging the negative electrode, the transportation of Li+ exceeds the rate of which the Li+ can 

be absorbed (intercalated) into the graphite of the negative electrode. Li+ reacts with electrons and generates 

metal lithium. This causes lithium plating on the electrode and hence diminishing the amount of active 

lithium in the electrolyte. The metal lithium could also react with trace amount of HF, which creates LiF 

impurities. Finally, the generated metal lithium will deposit around the separator, blocking the pores and 

thus increasing the internal resistance with poor battery performance as a result. 

Overcharging the positive electrode such as LiCoO2 will release oxygen, which will oxidize the electrolyte 

with deteriorating effect and produce impurities. The oxygen can react with metal lithium and generate Li2O. 

The oxygen may also produce impurities such as LiOH when traces of H2O is present in the electrolyte. 

(Liu, o.a., 2012) 

 

If electrolyte corrosion, overcharging of over discharging of battery occurs the current collector will undergo 

corrosion of dissolution and thereby affecting the electronic transmission. If active substance falls off, the 

contact resistance will increase and so will the total resistance. (Liu, o.a., 2012)   

2.1.5 Losses caused by inner resistance 

As mentioned before a battery consists of low-voltage elements called cells. A slight internal voltage loss of 

0.1 V in one cell affects the electrical characteristics of the whole battery. In modules with multiple cells 
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connected in series internal voltage losses of a cell can be distributed from one terminal to the other, also 

losses in the interconnections must be added to the total internal losses of all cells. 

There are two types of losses in battery cells, ohmic losses and polarization losses. The ohmic losses are 

proportional to the current and polarization losses has a complex variation with current, a variable value. 

The sum of these resistances is called the cells apparent resistance.  

In contrast to the previous mentioned resistances, the electrolyte resistance is dependent on temperature 

and is also increased when gas bubbles accumulate between electrodes. 

There is also a contact resistance between the clamp and the electrode. Dry clamped on contact have a low 

contact resistance but if the contact is loosened or wet the contact resistance increases rapidly because of 

surface oxidation and salt accumulation. With increased contact resistance heat is generated which 

accelerates the deterioration of the contact.  

2.1.6 Thermal processes in batteries 

The release of electrical energy through discharging also releases heat. The intensity if the heat released 

depends on the difference between 𝑈𝑜𝑐 and the real discharge voltage and as a consequence the heat 

evolution rises with lower discharge voltage. When overcharging sealed batteries there is no active material 

left to convert electricity to chemical energy, therefore all of the overcharging energy is converted to heat. 

Batteries have an allowed maximum temperature that can be characterized by a critical maximum 

current 𝐼𝑚𝑎𝑥. To increase 𝐼𝑚𝑎𝑥, a cooling system is needed. Another problem occurs when the ambient 

temperature is below the minimum operating temperature of the battery. The battery then needs to be 

heated up prior to use in order to not be damaged. (Bagotsky, o.a., 2015) 

 

2.2 Applications of secondary batteries 

Energy storage is used in many fields of application. These domains are characterized by specific operational 

profiles, different types and technologies of secondary batteries. The major domains of application can be 

divided in the following categories: 

• Starter Batteries 

• Traction batteries and on-board batteries 

• Stationary deep cycle batteries 

• Standby power batteries 

• Batteries for mobile devices 

(Glaize, o.a., 2013) 

2.2.1 Starter batteries 

Starter batteries, also known as “SLI” batteries (for Start, Lighting and Ignition), are used to fire up internal 

combustion engines as well as provide lighting and many other functions. These batteries can be used in 

cars, trucks, tractors, boats, airplanes etc.  

Typically, car batteries have a nominal voltage of 12V. Their capacity is usually between 40 and 80 Ah. Start 

currents can reach up to several hundred amperes. 

In a car with a combustion engine, the battery only supplies energy when the engine is turned off or running 

at slower speed. When the vehicle is moving, the alternator supplies the demands. When the battery is 

supplying electricity, it is usually recharged quickly by the alternator and is therefore subjected only to a 

micro cycle. In certain trucks, the battery may have to supply certain functions as raising/lowering of 

unloading tailgate, refrigeration, a crane etc. The battery is then subject to deeper discharges. (Glaize, o.a., 

2013) 



-27- 
 

2.2.2 Traction batteries  

There are a number of traction batteries: without brake energy recovery, with brake energy recovery, hybrid 

vehicle batteries, “plug-in” hybrid vehicle batteries, all electric vehicle batteries.  

Batteries without brake energy recovery  

These batteries are used in electrically motorized vehicles such as handling and lifting machines, wheelchairs, 

EAPCs (Electric assisted pedal cycles) etc. There batteries are going through a simple cycle, a greater or 

lesser discharge, followed by a complete charge. EAPCs have 24, 36 or 48V batteries with a capacity of 

approximately 10 Ah. Wheelchairs have 12 and 24V batteries with capacity about 20-40Ah. Handling 

vehicles such as forklifts have several 6V or 12V batteries connected in series with a unitary capacity of 

several hundred Ah 

Hybrid and electric vehicles use batteries that are sized and designed appropriately to the power demand of 

the vehicle to meet the usage profiles. In contrast to the batteries described above, energy is recovered when 

braking. Vehicles that use these batteries are golf buggies, electric karts etc. To differentiate against the 

battery type described above sometimes term “on-board batteries” are used.  

Batteries used in hybrid vehicles  

These batteries tend to be sized for power. This is because the battery needs to be able to deliver peak power 

when accelerating and then charge with high intensity while braking. These batteries are used as an energy 

buffer between the main power source, the combustion engine, and the running needs of the vehicle. The 

DOD (depth of discharge) is limited, to prevent the battery from reaching too high or too low SOC (state 

of charge) which can damage the NiMH batteries. The charge oscillates by a few percent and around an 

average SOC around 40-80%. The Toyota Prius 2001 for example has the battery’s SOC oscillating between 

54-56%. The BMS (battery management system) is controlling this, even with fully-electrical operation the 

SOC in Toyota Prius and Honda Insight never go below ~40% or reach a complete charge. 

Batteries in hybrids rechargeable though the electrical grid 

So-called “plug in” hybrids can be subjected to a deeper discharge. This is because the battery can be 

recharged with other means that braking, if a charging point is nearby. The batteries have to be able to 

withstand charges/discharges over a wider range of SOC (50-100%) in contrast to batteries in hybrid 

vehicles.  

Batteries for all-electric vehicles  

These batteries are sized for significant energy capacity to ensure a significant range for the end user. These 

batteries are subjected to cycles of near complete discharge to full charge every day of operation and must 

be designed to withstand that. Today there are EVs that are equipped with lead batteries or ZEBRA 

batteries, but the majority uses lithium-ion or lithium polymer metal batteries.  

2.2.3 Stationary batteries 

Stationary batteries are used in a variety of applications, such as: UPS (uninterrupted power supply), memory 

saving, decentralized power supply, grid support etc. Basically, these batteries are used to store energy which 

is later to be used when the main power supply dips or is eliminated. 

2.2.4 Batteries for mobile devices 

These are batteries with high specific energy and are used in cellular, wireless telephones, computers, music 

players, digital cameras, video players, cameras, games consoles, wireless equipment etc. Batteries used for 

mobile devices must have excellent power performance, volume- and mass energy density and ability to 

withstand many charge/discharge cycles.  
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In Table 2-4 below different applications, important design characteristics and technologies used or 

envisaged for each of the domains explained in this section. 

Table 2-4. Certain storage requirements and the appropriate technologies (Glaize, o.a., 2013) 

 Examples of 
application 

Characteristic important 
for the design 

Technologies used 
or envisaged 

SLI Automobiles, 
electrogen groups, etc. 

Cost, W/kg,  
no maintenance 

Fine-plates flooded 
lead-acid 

Trucks, tractors, etc. Cost, W/kg, Wh/kg Flooded lead-acid 

Boat engines Cost, Wh/kg Sealed lead-acid. 
Lithium-ion 

Traction Handling machinery, 
wheelchairs, EAPCs, 
etc. 

Cost, Wh/kg Tubular-plate 
flooded lead-acid. 
Reinforced flat plate 
flooded lead-acid. 
VRLA.  
Lithium polymer 

Electric vehicles: cars, 
scooters, golf buggies, 
go-karts 

Wh/kg, Wh/L, Wh/kg, 
cycleability, little or no 
maintenance 

Flooded lead-acid or 
VRLA.  
NiCd 
NiMH 
Lithium-ion 

Hybrid vehicles Wh/kg, W/kg,  
no maintenance 

NiMH 

“Plug-in” hybrid 
vehicles 

Wh/kg, W/kg,  
no maintenance 

NiMH. 
Lithium-ion 

“All-electric” vehicles Wh/kg, Wh/L, W/kg, 
little or no maintenance 

(Lead).  
Lithium-ion.  
Lithium metal 
polymer 

Stationary Inverts for grid 
support, emergency 
lighting 

W/kg, life-time in a 
floating engine 

Sealed lead.  
NiCd 

Storage for 
autonomous energy 
systems (solar, wind, 
telecommunications, 
pleasure boating) 

Wh/kg, cyclability with no 
maintenance 

Open-circuit lead. 
VRLA.  
NiCd.  
Lithium-ion 

Storage for grid-
connected energy 
systems 

Cost VRLA.  
Sodium-sulfur. 
Lithium-ion.  
Redox flow batteries 

Mobile Mobile devices, 
wireless tools, 
autonomous vacuum 
cleaners, memory 
preservation 

W/kg, cyclability with no 
maintenance 

(NiCd12). NiMH. 
Lithium-ion 

Aeronautics 

and space 

Autonomous onboard 
grid 

Wh/kg, cyclability with no 
maintenance 

NiCd 
Lithium-ion 

2.3 Electric vehicles 

This chapter will take a deeper look at the history of electric vehicles, which types of electric vehicles that 

are in use today and what kind of battery technologies that are used for energy storage in EVs. 

2.3.1 History 

The first electric motors capable of turning machinery was invented in 1832 by William Sturgeon thanks to 

the work of Michael Faraday in 1821. The first electric locomotive was built in 1837 by Robert Davidson 

and was powered by primary batteries. In 1895, the first use of electrification on a main line on a stretch of 

6.4 km on the Baltimore Belt Line in USA. (Larminie, o.a., 2012) This technique is still in use today for 

railway transport. 

The first tram service went into service in Lichterfelde in Germany and was produced by Siemens & Halske 

AG in 1881. By the start of the First World War trams were used in many cities throughout the world. 

(Larminie, o.a., 2012) 

By the end of the nineteenth century, the battery technology had developed sufficiently to be used in free-

range electric vehicles (electric cars). The first car to exceed the speed of 100km/h was a Baker Roundabout 
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in 1893.At the time, private cars was likely to be electric as were other vehicles such as taxis. (Larminie, o.a., 

2012) 

The electric car was preferred over the competitors of IC engines and steam engines. The vehicles with IC 

engines were unreliable, smelly and needed to be manually cranked to start. The steam engines needed 

lighting and had low thermal efficiency at the time. By 1920, several thousand electric vehicles had been 

produced, such as cars, vans, taxis, delivery vehicles and buses. (Larminie, o.a., 2012) 

2.3.2 Types of electric vehicles 

There are a number of different types of electric vehicles such as fuel cell powered EVs, EVs using supply 

lines, using flywheels or supercapacitors, solar powered vehicles. These types of vehicles are beyond the 

scope of this thesis and thus the main focus is on BEVs and HEVs. 

Battery electric vehicles 

The concept of the battery electric vehicle (BEV) is simple and is illustrated in figure 2-4 below. The vehicle 

has an electric battery for energy storage, an electric motor and a controller. The battery can be recharged 

from main electricity-grid via a plug and a battery charging unit. The controller normally controls the power 

supplied to the electric motor and therefore the speed of the vehicle in forwards and reverse. This is called 

a “two-quadrant controller”, controller of driving the vehicle forwards and backwards. When the controller 

allows regenerative braking in forward and reverse directions it is called “four-quadrant controller”. The 

quadrants being acceleration forwards and backwards and braking forwards and backwards. (Larminie, o.a., 

2012) 

 

Figure 2-4. General design of rechargeable BEV. (Larminie, o.a., 2012) 

Hybrid electric vehicles 

A hybrid electric vehicle (HEV) has two or more power sources and therefore comes in many different 

variants. The most common type uses an IC engine and a battery with electric motor and generator 

(Larminie, o.a., 2012). In contrast to the BEV, the HEV cannot be charged trough a main supply but relies 

on regenerative braking for recharging of the battery. However, there are hybrids that can be charged 

through a main supply and those are called plug-in hybrid electric vehicles (PHEVs). 

There are two main designs of HEVs: series- and parallel hybrid, which are shown in figure 2-5 and in           

figure 2-6 respectively. In the series design, the vehicle is can be driven by one or more electric motors 

supplied from the battery, either together with the IC engine driven generator or separately. Both series- 

and parallel designs allow for regenerative braking (Larminie, o.a., 2012). 
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Figure 2-5. General design of Series HEV. (Larminie, o.a., 2012) 

The series design is traditionally used in specialist applications such as the diesel-powered railway engine, 

some ships, and some all-terrain vehicles with separately controlled electric motors in each wheel. One 

disadvantage of series design is that the power from the ICE cannot be transmitted mechanically to the 

wheels but has to pass the generator and the electric motors, which leads to lower efficiency. (Larminie, o.a., 

2012) 

In the parallel design, the vehicle can be driven by the IC engine through a transmission system, by one or 

more electric motors working via the transmission or coupled directly to the wheels or by both power 

sources at the same time.  

 

Figure 2-6. Parallel design of a HEV with passive-recharge through generative breaking (Larminie, o.a., 2012). 
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Figure 2-7. Non-passive-rechargeable HEV design (Larminie, o.a., 2012). 

In contrast to the series hybrid, the parallel hybrid has a wide scope of applications. Because of the design, 

the electric machines do not have to convert all the energy to drive the vehicle. Because of this, the electric 

machines in a parallel design can be smaller than that of the series design, this allows for cheaper electric 

components. Parallel designs can run on electricity from the battery in cities and on the ICE outside the 

city. One alternative is to use the ICE and batteries in combination, continuously optimizing the efficiency 

of the ICE. For instance, the setup can be made so that the ICE supplies around 50% of the power demand 

and additional power needed is supplied by the electric motor and battery. The battery can be recharged 

from the engine generator when the battery is not needed using modern control techniques, which can 

minimize exhaust emissions and maximize fuel economy.  

2.3.3 Battery technology in electric vehicles 

The battery is a key component for making the electric vehicle possible. In this section, different battery 

technologies that are used in EVs will be described. 

Lead acid battery 

The lead acid batteries are widely used for starting internal combustion engines in vehicles and are best 

known for that fact. Another fact, that is not as known, is that more robust lead acid batteries, that can 

withstand deep discharge cycles, are using a gel- instead of a liquid electrolyte is used in EVs. The side effect 

is higher production cost compared to that of regular lead acid batteries.  

The lead acid battery consist of a negative electrode with spongy lead as the active material and the active 

material of the positive electrodes is lead dioxide. The electrolyte is a dilute of sulfuric acid. The chemical 

reaction producing electrical energy happens when the sulfuric acid combines with the lead and lead oxide 

and produces lead sulfate and water.  

The overall reaction is: 

𝑃𝑏 + 𝑃𝑏𝑂2 + 2𝐻2𝑆𝑂4 ↔ 2𝑃𝑏𝑆𝑂4 + 2𝐻2    2-1 

In figure 2-8 the chemical reactions in the battery is shown for discharge and charge. When discharging both 

electrodes react with the electrolyte and form lead sulfate. During discharge, the electrolyte gradually loses 

its sulfuric acid and becomes more diluted. While charging the battery the electrodes revert to lead and lead 

dioxide respectively and the electrolyte recovers the sulfuric acid, which makes the electrolyte concentrated.  

Lead acid batteries are the most commonly used battery technology of all other except in smaller systems 

for mobile phones, laptops etc. where Lithium-ion is mostly used. Lead acid batteries are popular because; 

the main components are cheap, it’s reliable performance, high voltage output (about 2V per cell) and very 
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small internal resistance. The low internal resistance means that the drop in voltage when a load is applied 

is very small (Larminie, o.a., 2012). A table of the characteristics can be seen in table 2-5 below.  

 

Figure 2-8. Chemical reactions in a lead acid battery during discharge and charge. (Larminie, o.a., 2012) 

Table 2-5. Nominal battery characteristics for lead acid batteries. (Larminie, o.a., 2012) 

 

The reaction in equation 2-1 is, however, not the only reaction that takes place in the battery. The lead and 

lead dioxide are not stable in the sulfuric acid, which causes them to react and this leads to self-discharge.  

At positive electrode: 

 2𝑃𝑏𝑂2 + 2𝐻2𝑆𝑂4 → 2𝑃𝑏𝑆𝑂4 + 2𝐻2𝑂 + 𝑂2     2-2 

At negative electrode: 

 𝑃𝑏 + 2𝐻2𝑆𝑂4 → 𝑃𝑏𝑆𝑂4 + 𝐻2     2-3 

The self-discharge rate depends on the temperature in the cell and on factors such as purity of the 

components and the alloys used to make the electrode supports. During discharge, the unwanted reactions 

in equation 2-2 and equation 2-3 also occur and generates gases of hydrogen and oxygen. Furthermore, the 

reactions occur faster with faster discharge rates, which leads to a reduction in capacity for the battery. The 

discharge reactions occur with different rates in different cells in the battery, which gives an unequal 

discharge across the cells. For the charging process of the battery, this means that some cells have to tolerate 

overcharging to make sure that all the cells are being fully charged. In figure 2-9 below the reactions occurring 

when a lead acid battery is being overcharged is shown. 
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Figure 2-9. The gas producing reactions that occur when a lead acid cell is being overcharged. 

 

As mentioned before, during charge the lead sulfate is reverted back to lead and lead oxide and the sulfuric 

acid returns to the electrolyte. When fully charged, there is no more lead sulfate left on the electrodes to 

absorb or reject the electrons. This leads to the charger starting electrolysis of the water in the electrolyte. 

The water is broken down into oxygen and hydrogen gas that start to leak out of the battery. This effect 

occurs when the cell is fully, or nearly fully charged. 

In older battery designs the oxygen and hydrogen produced by the unwanted reactions was simply vented 

out. This had to be countered by filling up these batteries with distilled water from time to time. Modern 

lead acid batteries are sealed which makes this counteraction unnecessary and impossible. The gases are 

trapped and will spontaneously reform to water, but if the gas is produced at high rates, the pressure in the 

battery will increase and eventually explode before the gas is reformed to water. To counter this, modern 

batteries have a valve that releases the gases when the pressure is too high, these batteries are called VRLA 

(valve regulated sealed lead acid) or “maintenance free” in layman’s terms. There is one negative 

consequence with this solution, the hydrogen and oxygen that leaves the battery module will not be able to 

return which leads to degradation. An effect of the dilution of the electrolyte is that the concentration of 

reactants lowers and as a consequence the voltage decreases slightly with the SOC. 

There is a wide use of lead acid batteries such as SLI batteries, batteries for emergency lighting, alarms etc. 

but these types are not useful for EVs.  Lead acid batteries of the traction and deep cycling type are suitable, 

but they are the most expensive. (Larminie, o.a., 2012) 

Nickel-based batteries 

Many battery technologies that uses nickel in the positive electrode have been developed including nickel 

iron, nickel zinc, nickel cadmium and NiMH batteries. The nickel zinc battery has good performance but 

has a limited life of 300 cycles (Larminie, o.a., 2012) which does not come close to the EV goals of around 

1 000 cycles until end of life. Thus, the nickel zinc battery is not discussed further. 

Nickel Cadmium 

NiCd batteries have nearly twice the specific power density than that of lead acid batteries, which made the 

technology the main competitor to lead acid batteries. The NiCd battery uses nickel oxyhydroxide for the 

positive electrode and metallic cadmium on the negative electrode. This generates electrical energy from the 

chemical reaction in equation 2-4 below: 

𝐶𝑑 + 2𝑁𝑖𝑂𝑂𝐻 + 2𝐻2𝑂 ↔ 𝐶𝑑(𝑂𝐻)2 + 2𝑁𝑖(𝑂𝐻)2    2-4 

In figure 2-10 below the reactions occurring inside the battery and electron transport is shown. In contrast 

to the lead acid battery, the electrolyte becomes more concentrated while discharging. 
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Figure 2-10. Reactions during discharge of NiCd battery, the reactions is reversed when charging. (Larminie, o.a., 2012) 

The overall characteristics of NiCd batteries are presented in table 2-6 below. NiCd batteries have the 

advantages of high specific power density, long life (up to 2 500 cycles), operating temperature range of -40 

to 80°C, low self-discharge rates and good long-term storage. These advantages are a result of a very stable 

system and the reactions during self-discharge happen very slowly. The batteries can be recharged within an 

hour, 60% SOC after 20 minutes. 

A negative aspect is the low (1.2V) operating voltage per cell, which increases the number of series 

connected cells to reach a certain voltage and therefore increases the production cost. Cd is more expensive 

than lead and is also environmentally harmful and carcinogenic. 

Table 2-6. Nominal battery parameters for NiCd batteries. 

 

It has been used successfully in electric version of Peugeot 106, Citroen AX and Renault Clio and Ford 

Th!nk. 

As for the lead acid battery, the NiCd battery cells are discharged at different rates as the operating 

conditions (temperature, impurities, corrosion etc.) may be different from cell to cell. This leads to an 

unequal SOC from cell to cell and leads to overcharging of cells to get all cells fully charged. The NiCd 

batteries have a surplus of cadmium hydroxide at the negative electrode, which deals with the problem of 

overcharging and will be explained by equation 2-5, 2-6, 2-7 below.  

A continuous charge over a cell that has reached 100% SOC will lead to oxygen production at the positive 

electrode. 

4𝑂𝐻− →  2𝐻2𝑂 +  𝑂2 + 4𝑒−     2-5 

The free oxygen and water molecules then diffuses to the negative electrode where they react with cadmium, 

which produces cadmium hydroxide. 

𝑂2 +  2𝐶𝑑 +  2𝐻2𝑂 →  𝐶𝑑(𝑂𝐻)2     2-6 

The normal charging reaction at the negative electrode also takes place  

2𝐶𝑑(𝑂𝐻)2  +  4𝑒
−  → 2𝐶𝑑 +  4𝑂𝐻−    2-7 
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Comparing these three equations the sum-total is zero, which means that this reaction can be sustained 

indefinitely without harm to the cell (Bagotsky, o.a., 2015). 

Nickel Metal Hydride Batteries 

NiMH has similar performance as the NiCd battery with the main difference that the negative electrode 

uses hydrogen, absorbed in a metal hydride, which is an advantage considering the negative health and 

environmental effects of cadmium. 

The overall chemical reaction is formulated in equation 2-8 below. 

𝑀𝐻 +  𝑁𝑖𝑂𝑂𝐻 ↔ 𝑀 + 𝑁𝑖(𝑂𝐻)2     2-8 

(Negative electrode behaves exactly like a fuel cell) 

The discharge reaction at the positive electrode is the same as for an NiCd cell but the reactions at the 

negative electrode is different. On the negative electrode, an alloy releases hydrogen, which reacts with 

hydroxide and produces water and electrons. The basic principle behind NiMH batteries is the reversible 

reaction of the metal alloy in which hydrogen is bonded to the metal and then released when required. In 

figure 2-11 below the chemical reactions in the cells during discharge is presented.  

 

Figure 2-11. Reactions when discharging a NiMH cell. When charging the reactions are reversed. (Larminie, o.a., 2012) 

NiMH cells have to be sealed to keep the hydrogen gas in the system and preventing the hydrogen absorbing 

alloys from reacting with air, which makes other molecules than hydrogen being absorbed. 

Battery characteristics can be seen in table 2-7 below, compared to NiCd the nominal specific energy density, 

volumetric energy density and maximum specific power is better. The nominal cell voltage is the same. 

Table 2-7. Nominal parameters for NiMH battery. (Larminie, o.a., 2012) 

 

The internal resistance creates heat as well as the exothermic reaction where hydrogen is bonded to the 

metal adjacent to the negative electrode. For larger batteries, the battery needs external cooling to counter 

the generation of heat in the battery.  
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The self-discharge properties of NiMH are notably worse than that of NiCd. Hydrogen diffuses through 

the electrolyte to the positive electrode and reacts, as seen in equation 2-9. Hydrogen is lost from the negative 

electrode and forms nickel hydroxide at the positive electrode, which results in quite rapid self-discharge. 

1

2
𝐻2  +  𝑁𝑖𝑂𝑂𝐻 → 𝑁𝑖(𝑂𝐻)2     2-9 

The composition of the electrolyte does not change during charge/discharge because water and OH- ions 

are created and used at the same rate. This results in a constant OCV and internal resistance during 

charge/discharge.   

NiMH batteries have been used in Toyota Prius.  

Sodium based batteries 

The sodium-based batteries uses one or more liquid electrodes and have a solid ceramic electrolyte. They 

also run at high temperatures which makes them only practical in large systems such as electric cars, this has 

however limited their market and commercial development. 

Sodium sulfur batteries 

Sodium sulfur batteries run at temperatures between 300 and 350°C. The negative electrode consists of 

molten sodium and the positive electrode consists of molten sulfur polysulfide. The electrolyte is a solid 

beta alumina ceramic that conducts the sodium ions and separates the electrodes. The electrical energy is 

generated by the following reaction in equation 2-10, sodium reacts with sulfur to form sodium sulfide.  

2𝑁𝑎 +  𝑥𝑆 ↔ 𝑁𝑎2𝑆𝑥     2-10 

To cut heat losses in the batteries the cells are enclosed in an evacuated casing. The specific energy density 

is six times that of lead acid cells, but the mass of the casing cuts the improvement by half. When in use, 

the battery is self-heating due to the heat created by the internal resistance and when not in use the battery 

needs to be kept hot by electrical heaters.  

Overall characteristics are given in table 2-8 below. 

Table 2-8. Nominal battery parameters for sodium sulfur batteries. (Larminie, o.a., 2012) 

 

Batteries of this type require good insulation, which makes small batteries impractical. The need for battery 

heating and cooling requires careful design and management. The safety worries of this technology have 

kept it from appearing on the commercial market. During vehicle trials, spontaneous fires erupted in the 

test vehicles.  

Sodium Metal Chloride (ZEBRA) Batteries 

The Zebra battery is similar to the sodium sulfur battery and has many of the advantages with the safety 

concerns eliminated. The reason for the greater safety of the Zebra cells is the use of solid positive electrode 

separated from the molten sodium metal by solid and liquid electrolytes. 
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The Zebra cell uses solid nickel chloride for the positive electrode and molten sodium for the negative 

electrode. The electrolytes are a beta ceramic electrolyte surrounding the negative electrode and a sodium-

aluminum chloride in the positive electrode chamber. The ions that pass through the electrolytes are chlorine 

ions. The electrical energy is generated when sodium and nickel chlorine react, which gives nickel and 

sodium chlorine, shown in equation 2-11 below. 

2𝑁𝑎 +  𝑁𝑖𝐶𝑙2  ↔ 𝑁𝑖 + 2𝑁𝑎𝐶𝑙     2-11 

The reaction shown in figure 2-12 occurs during the early and middle part of discharge and produces an OCV 

of 2.5 V per cell. In the later stages more complex reactions occur, involving aluminum ions from the 

electrolyte, which results in a lower voltage down to 1.6 V. The internal resistance also increases during 

discharge, but the specific energy density is very high as shown in table 2-9 as well as other characteristics. 

 

Figure 2-12. The reactions in a Zebra battery during discharge. (Larminie, o.a., 2012) 

As for the sodium sulfur batteries, the Zebra battery needs to operate at high temperature, approximately 

320°C. The insulation is made by a double-skinned box in stainless steel with 2.3cm of insulation material 

in-between with air removed from the insulation. When not in use for a few hours the battery need to be 

connected to a main supply to keep the battery hot.  

On the negative side the battery has a high discharge rate when not in use. Zebra batteries can be allowed 

to cool but have to be heated slowly during a 24h period 

Table 2-9. Nominal battery parameters for Zebra batteries. (Larminie, o.a., 2012) 

 

Lithium batteries 

The lithium batteries have greatly increased energy density compared to other rechargeable batteries but is 

a more expensive technology. Often used for mobile phones and laptops and recently used in electric 

vehicles. With the invention of lithium batteries, the development of useable batteries for EVs has increased. 

The technology is not fully developed but predictions of specific energy densities of 300Wh/kg by 2020 

would make it 10 times more energy dense than lead acid batteries.  

Lithium polymer battery 

Lithium polymer batteries uses lithium metal for the negative electrode and a transition metal intercalation 

oxide for the positive electrode. The overall reaction is presented in equation 2-12 below, when the battery is 

charged the reaction is reversed. Lithium is the reactant and the ion transferred between the electrodes.  
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𝑥𝐿𝑖 + 𝑀𝑦𝑂𝑧  ↔ 𝑁𝑖 + 𝐿𝑖𝑥𝑀𝑦𝑂𝑧     2-12 

However, the solid lithium negative electrode has caused safety difficulties and sometimes decrease of 

performance due to passivation. Because of this, these cells have been largely superseded by lithium ion 

batteries. 

Lithium-ion batteries 

Lithium ion batteries are a family of secondary batteries. Chemistry, performance, cost and safety vary across 

each type of Lithium ion batteries.  

The negative electrode is made from carbon, the positive electrode is a metal oxide and the electrolyte is a 

lithium salt in an organic solvent. Commercially, the most popular carbon for the negative electrode is 

graphite. For the positive electrode, generally three materials are chosen: a layered oxide (ex. lithium cobalt 

oxide), a polyanion (ex. Lithium iron phosphate) or spinel (ex. lithium manganese oxide). The electrolyte is 

typically a mixture of organic carbonates or a solid polymer. 

Depending of the choice of materials the voltage, capacity, life and safety of a lithium ion battery can change 

dramatically. Pure lithium reacts violently with water, so a non-aqueous electrolyte has to be used and the 

battery pack is sealed by a water-resistant container. Lithium ion batteries are expensive but have many 

advantages such as; operational at a wider range of temperatures, higher energy densities, lighter and smaller. 

The overall chemical reaction is shown in equation 2-13. Lithium carbon reacts with lithium metal oxide and 

forms carbon and lithium metal oxide. 

𝐿𝑖𝑥 + 𝑀𝑦𝑂𝑧  ↔ 6𝐶 + 𝐿𝑖𝑥𝑀𝑦𝑂𝑧     2-13 

When it comes to charging of lithium ion batteries, an accurate control of voltage is needed. If the voltage 

is slightly too high the battery will be damaged and if too low the battery will not be charged sufficiently. 

Because of the variation between different types of lithium ion batteries specific battery chargers have to be 

developed along with each battery.  

LIB has a big advantage regarding weight compared to other battery technologies and a specific energy 

density approximately three times that of lead acid batteries makes it attractive for use in EVs. Until recently 

the large batteries have been too expensive but with development and improved specific energy densities 

large companies are now producing EVs with this technology. 

Modern EVs such as Nissan Leaf, Mitsubishi MiEV, Tesla Roadster, Model S, Model X and the Chevrolet 

Volt uses LIBs. 

Below in table 2-10 the parameters of lithium ion batteries are presented. 

Table 2-10. Nominal properties of lithium ion batteries. (Larminie, o.a., 2012) 

 

2.3.4 Battery management system 

EVs operate in complex environments where the battery pack is subject to several variables such as 

temperature, humidity, load capacity, pressure corrosion, vibrations etc. These factors pose a great obstacle 

for LIBs to maintain their security, cycle life and usage. Therefor it is important to manage the battery to 

improve its ability to withstand the stresses to ensure safety and cycle life. In EVs the battery management 
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system (BMS) greatly impacts safe operation, optimization strategy, choice of charging mode and 

operational costs. The BMS should provide real-time monitoring, when in operation or while charging, of 

the battery states and fault diagnostics, this information is sent to the vehicle control unit (VCU) or charger. 

The VCU or charger then adopts a control strategy to achieve effective and safe use of the battery. Operating 

conditions of the battery pack are different for BEVs and HEVs. 

For BEVs the battery operates either in discharge mode or in feedback mode during operation. For a HEV 

the battery has various operation modes such as pure electric, charging, discharging and feedback modes. 

The BMS should include following functions to be able to manage the battery pack efficiently: 

• Measurement of: 

- Battery cell voltage 

- Battery temperature 

- Battery pack current 

- Battery total voltage 

- Insulation resistance 

• Thermal management 

• Battery pack SOH estimation 

• Battery pack SOC estimation 

• Analysis of battery faults and online alarm 

• Communication with: 

- On-board equipment 

- On-board monitoring equipment 

- Battery charger to realize safe charge 

• Evaluation of battery discreteness in each pack 

• Recording of charge/discharge times 

The BMS can use two different architectures, the centralized architecture and the distributed architecture. 

In the centralized architecture the functions of the BMS is run by the central processor and requires 

concentrated sample points. It has advantages such as simple connection, low cost and easy maintenance 

but for systems where the batteries are distributed at different areas in the EVs the architecture is not ideal. 

In the distributed architecture, there is a battery control unit (BCU) and several battery measurement units 

(BMU). The BCU is mainly used to process battery parameters from each BMU, estimate SOC, SOE, SOH, 

SOF for vehicle control and charge control and also to send control orders to the BMUs. The BMU is 

mainly used to measure cell voltage, total voltage, current, insulation resistance, temperature and execute 

control orders from the BCU (Jiang, o.a., 2015). 

2.3.5 Present state 

For manufacturers of long haulers and trucks the hybrid technology is a solution for the transition from 

fossil fuels to full electric vehicles. This section presents some of the solutions of leading OEMs. 

Volvo 

Volvo launched its hybrid solution in 2011 (Bjösne, 2011) the first hybrid solution of heavy vehicles in 1985 

and The Volvo FE Hybrid is their most recent development. With a total weight of up to 26 tons the electric 

motor is used during startup and acceleration up to 20 km/h. The diesel engine is shut off completely during 

electrical operation. (Trucks) The hybrid driveline is parallel solution and uses 600W Lithium-ion batteries 

with a capacity of 120kW. (Volvo, 2013) 

Scania 

Scania group in Sweden is currently working on delivering both hybrid electric buses and trucks. The 

manufacturer is currently using lithium-ion technology with a battery power of up to 1.1kWh. There is 
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however no detailed information about what battery chemistries are being developed and used but time will 

tell (Group, 2016). 

Daimler 

Daimler is also investing in electrification for heavy vehicles. Their urban e-truck, which uses modular packs 

of lithium-ion batteries, was revealed in 2016. The basic pack has a total power capacity of 212 kWh and is 

said to provide up to 200km of range. (Daimler, 2016) 

2.3.6 Future outlook 

At present LIBs have formed the base of portable electronic and may in the near future also do so for 

electric transport and smart grids. In future development of battery technology there are several 

electrochemical systems that fundamentally differ from current lithium ion technology with very high 

specific energy as can be seen in figure 2-13 below. 

 

Figure 2-13.Theoretical specific energy densities for different chemistries. (Scrosati, o.a., 2013) 

Lithium-Fluorine (LiF2) has the highest theoretical specific energy density possible but is an impractical 

system due to extreme reactivity of F2 and similarly practical implementation of Lithium-Chlorine (LiCl2) is 

difficult (Scrosati, o.a., 2013). There are other technologies, such as super capacitors and fuel cells (H2O2) 

that could compete with batteries in the future but these technologies are beyond the scope of this thesis. 

The two top contenders for future battery technologies are therefore lithium-air (LiO2) and lithium sulfur 

(LiS) batteries. 

Lithium-air batteries 

The concept of lithium-air batteries uses air as the active substance and if the air weight is not taken into 

account a lithium-oxygen system could theoretically have a specific energy density of 11 kWh/kg compared 

to current lithium ion batteries which have a specific energy density of 100-300 Wh/kg. However, the 

development of a reversible oxygen electrode is problematic, and cells have only been produced in 

laboratory conditions as of yet. (Bagotsky, o.a., 2015) 

Lithium-sulfur batteries 

The theoretical specific and volumetric energy densities of lithium-sulfur electrochemical systems is 2 500 

Wh/kg and 2 800 Wh/l respectively. This has made the technology very attractive for development as a 

power source. The SEI that is created on the negative electrode is enriched with polysulfides, which hinder 

dendrite formation but reduction of polysulfides on the negative electrode is equivalent to internal short 

circuit and decreases the coulombic efficiency under cycling and leads to self-discharge during storage. The 
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chemical processes in lithium-sulfide batteries are of great complexity and have prevented 

commercialization. There are lithium-sulfur batteries at the pilot stage with capacities of several ampere-

hours and specific energy densities of 350-400 Wh/kg. (Bagotsky, o.a., 2015) 

2.4 Simulation of battery performance 

Simulation or modelling of a system is useful and can be done for different reasons. Models can be used to 

study the effect of changing the composition of a system. For example, a battery model which will predict 

the effect of changing the electrode material. These models rely heavily on fundamental chemistry, 

combined with the power of modern computers, this allows these models to be efficient with good 

predictions. 

Other models are made to predict behavior of a particular make and model of a battery at different 

circumstances. This type of model relies more on analysis of real performance data that fundamental 

chemistry. (Larminie, o.a., 2012) 

This thesis will use the latter one to try to predict ageing behavior. In the following chapter, a more detailed 

description of different modeling approaches is presented.   

2.4.1 Models 

Since ageing processes are complex and depend on many different factors there are a few methods used to 

estimate ageing process in a battery. This is a description of the foundation of the different approaches to 

degradation modeling. There are a number of different equations for each of these modelling methods using 

different approaches to determine how certain factors are related. (SOC, OCV, SOH etc.) 

Electrochemical models 

Electrochemical models detail and model the phenomena occurring inside the battery due to electrochemical 

reactions.   

These models estimate the energies related to solvent decomposition or to lithium salt dissolutions and 

molecular dynamics. The reactions inside the cells are used to model degradation of active materials, the 

aging of graphite electrodes, SEI evolution and how the decrease in electrode active surface is related to 

SEI formation during cycles. 

The models gives a dynamic description of the cell, which could be independent of the electrode materials. 

Atomistic/molecular models uses thermodynamic quantities related to electrode structure, surfaces, 

electrolytes, activation barriers or reaction mechanisms. This makes it possible to model degradation 

mechanisms related to material properties.  

The impact of the ageing process on cell performance can be translated to physical equations fitting the 

parameters with the help of macroscopic observations. This in turn leads to the possibility to identify the 

occurring physio-chemical processes depending on materials and evaluate their effect on the battery with 

use of atomistic equations. (A review on lithium-ion battery ageing mechanisms and estimations for 

automotive applications, 2013) 

The electrochemical models use complex nonlinear equations to express the fundamental electrochemical 

reactions occurring inside the battery. These models can accurately model the characteristics of the battery 

but requires extensive computational power to solve the equations. This makes the models suitable for 

battery design rather than system level simulation. (Improved Battery Parameter Estimation Method 

Considering Operating Scenarios for HEV/EV Applications, 2016) 
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Equivalent circuit based models 

These models use an equivalent circuit to model battery degradation. The equivalent circuit is a theoretical 

circuit that represents the batteries which makes it easier to calculate but these equivalent circuits have 

defined definitions. 

To estimate battery ageing the parameters such as internal battery parameters and resistance ageing 

parameters has to be identified. The parameters can be identified from measurements or from more 

complex approaches which require a large diverse data set obtained during time consuming tests. (A review 

on lithium-ion battery ageing mechanisms and estimations for automotive applications, 2013) An equivalent 

circuit is normally used to model the relationship between current and voltage at the battery’s terminals. 

(Liu, 2013) 

In contrast to the electrochemical models, the ECM uses simple electrical components to characterize the 

electrochemical reactions which makes the models ideal for circuit simulation software. The accuracy 

depends on the model structure and model parameters. In theory, a higher order ECM generates a more 

accurate voltage estimation but requires more computational power (Improved Battery Parameter 

Estimation Method Considering Operating Scenarios for HEV/EV Applications, 2016). In a comparative 

study between different simulation models results show that RC models give accurate estimations but adding 

more complexity above the second order RC does not justify the accuracy with increased computational 

power needed. (A comparative study of equivalent corcuit models for Li-ion batteries, 2012) 

Performance based models 

These models use simple correlations between stress factors, capacity fade/impedance increase. The 

correlations are obtained from ageing tests performed under several conditions. These methods try to 

quantify the impact of ageing factors and obtain a descriptive expression of battery performance over time. 

Most studies observe both calendar and cycle ageing, independently taking capacity, resistance and 

equivalent circuit into account. (A review on lithium-ion battery ageing mechanisms and estimations for 

automotive applications, 2013) 

Analytical models with empirical fitting 

This type of models uses empirical data to determine model parameters, but the main trouble is lack of data 

and measuring accuracy. The most popular method is “coulomb counting” which uses integration of current 

over time to estimate SOC. The major inconvenience of this method is to repeat the counting at the same 

external condition (temperature), which requires recalibration with regular intervals and cannot be done in 

real-time. Fuzzy logic is another method where an input-output relationship is fixed based on expertise. 

Using data from EIS (Electrochemical Impedance spectroscopy) is extremely hard to implement due to the 

EIS requirements. Fuzzy logic can add significant errors due to expertise assumptions. State observation 

can be used in tandem with an equations system. The model is consequentially adjusted to accommodate 

the observations.  

ANN (artificially neural networks or Neural networks) are used for SOC predictions and SOH estimations. 

Such studies take input variables such as, voltage, discharge current, discharge capacity, regenerative capacity 

and temperature into account. This method requires only easily obtainable values, but performs despite 

multi-dependencies and is easy to adapt to other battery technologies. (A review on lithium-ion battery 

ageing mechanisms and estimations for automotive applications, 2013) 

Statistical approach 

This method only uses statistical data and does not require a prior knowledge of the aging mechanisms. 

There are no hypotheses made on factors and furthermore, chemical or physical formulations are not used.  

This method requires a large data pool with full battery characterization. It can only be used for one battery 
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at a time because the difference in degradation depends on battery usage conditions. (A review on lithium-

ion battery ageing mechanisms and estimations for automotive applications, 2013) 

3 Method of attack 

 

This chapter will describe the method that will be used in this thesis. A flowchart of the overarching working 

path is described in figure 3-1. Each step of the method is described in more detail in the following sections 

of this chapter. 

 

Figure 3-1. Flowchart of the working path. 
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3.1 Literature study 

A literature study will be performed to get an understanding of how battery technology works, what the 

main causes of degradation in batteries are, what kind of powertrain solutions are there for EVs, what kind 

of simulation approaches exist for batteries and how battery behavior and degradation can be simulated. All 

of this information will then be used to determine how the simulation process will be carried out.  

In figure 3-5 a schematic overview of the simulation creation process is shown and will be described further 

in the following sections. 

3.2 Choice of battery technology 

The first decision was to simulate Lithium-ion battery. This is because the technology’s advantages such as 

high specific- and volumetric energy densities, which is illustrated in figure 3-2 below. Furthermore, it is an 

established technology, which makes finding data easier. It also has high potential for improvement.  

 

Figure 3-2. Energy density for different battery technologies. (Moore, 2016) 

Another aspect for the choice of using a LIB is that the price of the technology has been decreasing year 

over year for several years, which can be seen in figure 3-3 below. The 2020 estimate puts the price in the 

150 $/kWh which is considered the threshold for full commercialization of the technology.   

 

Figure 3-3. Average price of LIB-packs. (Lambert, 2017) 

There are two major downsides to this technology which is the sensitivity to high/low temperatures and 

that many different chemistries exists, which can lead to dramatic changes of voltage, capacity, life and safety 
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described in chapter 2.1.4. To narrow the search for data, the top five LIB chemistries by demand, see figure 

3-4, were chosen as primary configurations for further evaluation.  

 

Figure 3-4. Global demand of lithium ion batteries in 2015. (Holdings, 2016) 

3.3 Approach 

The approach for building the model is based on the information gathered during the literature study. The 

model will be a combination of several modeling approaches described in chapter 2.3.2. The approach will 

be combining ECM and performance based approaches together with analytical based model with empirical 

fitting.  

 

Figure 3-5. Schematic overview of simulation creation process. 

3.4 Cell data 

The most important factor when using data is that the data in question has to be from the same exact battery. 

This is hard to find and the confidentiality surrounding test data for batteries makes it even harder. The 

solution to this problem was to use different data sets. One for the cell behavior and one for the degradation 

of the same cell chemistry. This leads to a fictional battery that is assumed to have the characteristic behavior 

and life-time of the two independent data sets. The data found was for the LFP (LiFePO4) chemistry so the 

simulation will be of a fictional LFP battery pack. SOC vs OCV, pulse-test data and capacity data were taken 

from (Behavior data of battery and battery pack SOC estimation under different working conditions, 2016). 

The degradation data was taken from (Power, 2015)  

In the following sections a breakdown of what data was used is described. 

3.4.1 SOC vs OCV data 

SOC vs OCV data is needed to calculate the Open circuit voltage at different SOC. In the previous model 

OCV was assumed constant but in reality, it is not. It’s assumption of constant OCV (not dependent on 
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SOC) for certain battery chemistries is a simplification of reality for certain intervals of SOC. This is because 

the curve is almost horizontal for a certain SOC interval, which makes constant OCV a fair simplification 

if the battery is only used in this SOC interval. However, for other chemistries this is not the case. The data 

found is shown in figure 3-6 below, and the SOC vs OCV is not horizontal for this battery chemistry.  

 

Figure 3-6. SOC vs OCV (Behavior data of battery and battery pack SOC estimation under different working conditions, 2016) 

3.4.2 Pulse test data 

The pulse data is needed to calculate the unknown parameters of the ECM. These parameters are; 𝑅𝑜ℎ𝑚, 

𝑅𝑑𝑦𝑛, 𝐶𝑑𝑦𝑛, and 𝑈𝑜𝑐 . A description of how these parameters were calculated is presented in chapter 5.1. The 

parameters are needed to simulate the behavior of the battery for different current loads at different SOC. 

Once these parameters are known that specific battery can be simulated with the same characteristic 

behavior. 

In figure 3-7 below a piece of the pulse-test data is presented. The choice of using pulse data is that the 

battery in a HEV is subjected to a similar pattern of charge/discharges and this data therefore fits the 

simulation environment the battery will be used in. 

 

Figure 3-7. Pulse test data (Voltage). (Behavior data of battery and battery pack SOC estimation under different working conditions, 2016) 

In figure 3-8, the corresponding current load is presented for the voltage curve in figure 3-7. There are 

discharge currents of -22.9A, -5.8A, -2.3A and charging currents of 2.3A, 5.8A, 11.5A. The battery is 

assumed to have a maximum allowed current of 30A.  
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Figure 3-8. Pulse data for the current. (Behavior data of battery and battery pack SOC estimation under different working conditions, 2016) 

The capacity data used in this thesis is shown in table 3-1 below. There were three tests (first, second, third) 

done for 3 cells (cell number). This was done to get an average capacity for each cell to adjust for measuring 

errors. The capacity used in this thesis was chosen to be the total average to represent the fictional LFP 

battery cell. This is because the simulation will represent a fictional battery of a general LFP chemistry. 

Table 3-1. Capacity for the three batteries. 

 

 The capacity used in the simulation was the average capacity of the 3 pulse tests, 9.563 Ah. 

3.4.3 Test conditions and information 

All the tests were conducted in 25 °C. Three batteries, which were connected in series, constituted a battery 

pack. The data includes every cell voltage, battery pack voltage, sampling time, load currents (discharge load 

current was negative and charge load current was positive). The type of the LFP battery used was 

IFP1865140. SOC was calculated with coulomb counting. 

The three batteries were fully charged, and then the battery pack was discharged under dynamic stress test 

(DST) conditions until the battery pack was fully discharged. (Behavior data of battery and battery pack 

SOC estimation under different working conditions, 2016) 

3.4.4 Life-time estimation data 

Degradation data is needed to simulate the capacity fade over time. The data gives degradation rate for 

different c-rates and DOD. The strategy of how to simulate capacity loss over time is described in (Shi, o.a., 

2017). 

The paper uses rain flow counting algorithm to determine the total cyclical ΔSOC and then used a DOD vs 

Number of cycles for different C-rates until EOL. One such graph for the selected battery chemistry was 

found and can be seen below in figure 3-9. 



-48- 
 

 

Figure 3-9. Cycle life vs DOD at different C-rates. (Power, 2015) 

The test-conditions to get this data-curve is unknown despite trying to reach the manufacturer for 

information. Therefore, the test-conditions are assumed to be the same as for the pulse-test data. It is 

assumed that the EOL criterion is set to 80% of initial capacity. The assumption is that the C- and E-rates 

are the same. 

3.5 Parameterization 

The parameterization was done using OCV vs SOC data chart. The problem with using the chart was the 

method of graphically determining the data points. This results in an error in the data used for the 

parameterization but could not be avoided as that was the only form the data was in. A decision to use a 

10th degree polynomial to fit to the data points was used to parameterize the model. The data for the pulse 

tests for the 3 cells were averaged to get an estimate of behavior of cells connected in series. The average 

voltage was 3.403 V. And as can be seen in figure 3-10 that voltage corresponds to approximately 98% SOC. 

The parameterization was therefore started at 98% SOC.  

 

Figure 3-10. OCV vs SOC data and estimation used. 

The data points and polynomic estimate between 88 - 98 % SOC can be seen in figure 3-11 below.  
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Figure 3-11. Uoc between 90 and 98% SOC. 

The parameterization was then done with differential equations of the ECM-equations with the 

parameters, explained in chapter 5.1. In figure 3-12 the parameterized model for the first 1000 seconds is 

shown. The fit is good until this point but as the parameterization continues, the error becomes bigger. 

This is because of the limitation of the data that was used.  

 

Figure 3-12. Uterm with parameterization model compared to experimental data. 

The 10th degree polynomial was not a good approximation of the OCV v SOC curve when SOC starts to 

go below 88.5%. Figure 3-13 shows the SOC for the time interval of figure 3-12. A conscious decision was to 

use the parameters calculated from the parameterization and assume they were not dependent on SOC. 
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Figure 3-13. SOC during parameterization modelling 

The parameterization model did not include the phenomenon of diffusion, a slow voltage increase which 

reaches OCV if the current is kept at 0 for longer periods of time (hours). In the powertrain model the 

battery is constantly charging/discharging and therefore this effect was not included. Furthermore, as can 

be seen in figure 3-14 below the impact on the terminal voltage 𝑈𝑡𝑒𝑟𝑚 is neglectable.  

 

Figure 3-14. Simulation limits no diffusion. If I=0 then Uterm stays the same. 

There was occasional non-convergence for the parameterization model shown in figure 3-15. However, this 

non-convergence occurred 4-5 times for the given time-interval where approximately 60 charges/discharges 

were carried out. Overall the parameterization was good enough for the purpose of this thesis at this stage 

and a decision to moving on to the battery model was made. Since the benefit of getting a better fit, 

compared to the time it would take to improve the parameterization, could not be motivated.  
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Figure 3-15. Some errors in parameterization model makes the lines go straight when they should be exponential. 

3.6 Battery modeling 

The battery will be simulated using ECM since it is an effective way to model battery behavior with few 

unknown parameters using simple equations. The ECM could also be adapted to other battery chemistries 

if data is available.  

For simplification assumption of no losses between battery pack and EM were made, this leads to the charge 

discharge efficiency 𝑛𝑐ℎ/𝑑𝑠  is set to 1. The columbic efficiency varies with temperature cycling as can be 

seen in appendix 4. For simplification, the coulombic efficiency is set to 1 as figure A-4 shows an almost 

constant 𝑛𝑏𝑎𝑡 for more than five cycles. 

A simple ECM- model with one RC-pair, illustrated in figure 5-1, was chosen. This is to capture the battery 

behavior described in chapter 3.5 with medium complexity, requiring simple differential equations to be 

solved within the given timeframe of the project.  

The parameters were used in look-up tables illustrated in figure 3-16 below. The parameters were assumed 

to only depend on current because of two reasons. Primarily because of time constraints and secondly 

because the parameterization data that was used was not of a large enough interval to generate a relationship 

between parameters and SOC in a meaningful way. Furthermore, a second assumption had to be made 

because of limitations in both data and parameterization model, the parameters were assumed to linearly 

increase/decrease between -2.3 – 2.3 A. This is evident in figure 3-16. 
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Figure 3-16. Look up tables for the parameters used to model the battery. Only dependent on current. 

The parameters will be fitted to experimental data using ECM-equations described in chapter 5.2. The 

analytical model used for the battery will be coulomb counting since it was used in the previous model and 

it is a fast and easy to use. The downside is that several assumptions have to be made based on test 

conditions.  

As can be seen in figure 3-17 below, the estimation of OCV between 60-40% SOC is hard because of small 

changes in OCV but large changes in SOC. An approximation of linear relationship between 95-10% SOC 

was made represented by the red line. OCV at 55% SOC is easy to estimate to 3.3V as the data point is 

clearly positioned on a vertical line. In addition, that SOC point is close to the middle of the spectrum that 

has been assumed to follow a linear condition. Therefore, the initial and final SOC will be set to 55%. 

 

Figure 3-17. Straight line between 95% and 10% SOC to make an easier estimation of Uoc. 

3.7 Degradation modeling 

The degradation model will be based on experimental degradation data on capacity fade over number of 

cycles. However, as mentioned in chapter 3.4.4 above, the information about how the test conditions and 

how the life-time estimate was made is unknown. The decision to simulate two cases was made.  

The first case which will be called conservative case, is a worst-case scenario where the life-time tests were 

only done for a low number of cycles at specific DODs and then degradation was assumed to be linear to 

get the final number of cycles until EOL. In reality, however, the degradation is not linear. That assumption 

will lead to an over estimation of number of cycles until EOL.  
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The second case, a best-case scenario, is if the tests were carried out for several years with continuous 

charging/discharging until the battery reached the EOL criterion. This means that the cycle numbers stated 

in the data chart will be accurate and that all of the degradation will be represented by the data. This case is 

called the optimistic case. 

The simulation will be carried out for these two cases for each battery design. Figure 3-18 illustrates how the 

simulation was done with design #2 as an example. The characteristic degradation behavior with convex 

shape can be observed. 

 

Figure 3-18. Conservative and optimistic estimate of life-time of battery design #2. 

The battery will be subjected to several charges/discharges during one drive-cycle and a method of replacing 

all charges/discharges with one equivalent charge/discharge is described in (Shi, o.a., 2017). To calculate 

the DOD of this equivalent cycle, a rainflow counting algorithm will be used. The rainflow counting 

algorithm described in Appendix 2 will be the base of the algorithm used in this thesis. That rainflow 

algorithm did not account for small differences in SOC which will be the case for a powertrain with the 

ECSM control method described in chapter 3.8 below. The algorithm had to be modified to be able to pick 

up small changes in SOC. A description of the algorithm can be found below. 

Data: SOC profile with finite number of local extrema 𝑆 =  {𝑠1, 𝑠2, 𝑠3, … }. 

Result: Set of charging depths 𝑉 =  {𝑣1, 𝑣2, 𝑣3, … } and set of discharging depths 𝑊 = {𝑤1, 𝑤2, 𝑤3, … }. 

Start from beginning of profile. 

While S is not empty  

| If There are more than one points in S then 

| | if 𝑠1 > 𝑠2 then 

| | | Calculate 𝛥𝑠 = |𝑠1 − 𝑠2| 

| | | Add 𝛥𝑠 to 𝑊  

| | | Remove 𝑠1 from profile. 

| | | Set 𝑆 =  {𝑠2, 𝑠3, 𝑠4, 𝑠5…} and loop again 

| | else if 𝑠1 > 𝑠2 then 

| | | Calculate 𝛥𝑠 = |𝑠2 − 𝑠1| 

| | | Add 𝛥𝑠 to 𝑉  

| | | Remove 𝑠1 from profile. 

| | | Set 𝑆 =  {𝑠2, 𝑠3, 𝑠4, 𝑠5…} and loop again 

| | end 

| else if only one point remain in S 

| | Set S to empty.    

| end 

end  
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As can be seen in the data chart the number of cycles is dependent on two factors, DOD and C-rate, which 

are both connected to SOC and capacity-fade. The calculations made for the degradation model is presented 

in chapter 5.3 

The degradation was simulated with a 1500 cycle step in order to speed up the simulation process and 

therefor the degradation was assumed linear between each step. At each step the DOD and C-rate is 

calculated to find the number of cycles left until EOL from the data-chart. The size of the cycle step made 

the simulation pass EOL threshold line before stopping. A 1st degree polynomial was then used to find the 

intersection point to present the estimated number of cycles until EOL. The number of cycles is in this case 

the number of drive cycles the battery was subjected to until EOL. 

 

Figure 3-19. Sample of polynomial fit for each C-rate line in the degradation data chart.  

In figure 3-19, the first three degradation lines from figure 3-9, together with approximations for other 

degradation lines are presented. The assumption was that the relationship between the first three lines was 

continued for every halving of C-rate. This needed to be done for the optimistic estimate to be possible. 

The fit for the 10th degree polynomial is good until 55% DOD is reached but, as the initial SOC is 55%, it 

is not possible to discharge the battery any deeper. 

Table 3-2. Example of how degradation is assumed based upon c-rate.  

Calculated c-rate “x” each iteration 

Degradation line Interval 

𝟏

𝟑𝟐
𝑪 

1

32
𝐶 ≥ 𝑥 >

1

64
𝐶 

𝟏

𝟏𝟔
𝑪 

1

16
𝐶 ≥ 𝑥 >

1

32
𝐶 

𝟏

𝟖
𝑪 

1

8
𝐶 ≥ 𝑥 >

1

16
𝐶 

𝟏

𝟒
𝑪 

1

4
𝐶 ≥ 𝑥 >

1

8
𝐶 

𝟏

𝟐
𝑪 

1

2
𝐶 ≥ 𝑥 >

1

4
𝐶 

𝟏𝑪 
1𝐶 ≥ 𝑥 >

1

2
𝐶 
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Furthermore, as shown in table 3-2, the calculated C-rate for every iteration had to be approximated to one 

of these lines. The degradation line used for each of the calculated C-rates was in the given intervals. A 

graphic presentation of the intervals can be seen in figure 3-20. 

 

Figure 3-20. C-rate interval for each curve. If a C-rate was lower than the lower limit, the Degradation was assumed to be the same as for the lower 

limit. 

In reality as the capacity fades for each cycle the same discharge current is actually bigger. What started as a 

0.25C-rate may end up as 0.5C-rate, which has to be taken into account. This leads to a deeper DOD and 

what started as a 10% DOD may end up as 15% DOD, which also needs to be accounted for.  

3.8 Powertrain model 

The powertrain model that this thesis is based on was made in another thesis by Tommie Eriksson and in 

this chapter some information about the powertrain model is presented. Since required power is the input 

and the battery model will be using a slightly more complicated ECM the current calculations have to be 

rewritten to fit the new EC.  

 

Figure 3-21. Illustration of Powertrain model used in this thesis. 

The whole powertrain model can be seen in figure 3-18 above which gives an idea of how everything is 

connected in the model. The focus in this thesis however is the battery block in the power train model. 
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Figure 3-22. Torque- and power curve for the 13L diesel engine. (Eriksson, 2015) 

Figure 3-22 and 3-23 shows the combustion engine (CE) and the electric motor (EM) used in the powertrain 

model. The CE is a 13L diesel engine with a maximum torque of 2 700Nm at 1 400 RPM. The EM has a 

maximum torque of 600Nm at 1 400 RPM. 

 

Figure 3-23. Torque- and power curve for the electrical motor used in this thesis. (Eriksson, 2015) 

The drive cycle used is this thesis is for Lyon-Clermont with at maximum 375m altitude with a distance of 

202 km, which takes about 2.5 hours to complete. The CE and EM are designed to be used with this drive 

cycle as maximum limit. The drive cycle is run from only one way each iteration. 
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Figure 3-24. Drive cycle Clermont-Lyon with maximum altitude of 375m was used in this thesis. (Eriksson, 2015) 

3.8.1 Controller 

The controller uses an equivalent minimization consumption strategy (ECMS) with charge sustain. The 

controller uses an equivalence factor to convert battery power to the equivalent amount of fuel to keep a 

charge sustaining control strategy. This means that the final SOC will be the same as the starting SOC. 

(Eriksson, 2015) This is good since each drive cycle then will have the same SOC profile and thus the same 

equivalent rain flow DOD and C-rate.  

Time constraints were the main reason for this choice. The new calculated battery parameters were inserted 

but the controller in general was unchanged. This however led to problems, the SOC was not exactly the 

same at the completion of the drive cycle and had to be “hard coded” to starting value in order to simulate 

thousands of drive cycles. 

3.8.2 Battery 

The battery will be dimensioned according to the previous parameters in the powertrain model. This is to 

avoid having to change other elements in the powertrain model that are adjusted for these parameters. I.e. 

the electric motor. If a battery with higher capacity is used, the electric motor might need changing. The 

battery capacity is chosen so that the battery can deliver a maximum current of 300 A for 20 minutes before 

SOC reaches 0. The new calculated battery pack parameters are shown in chapter 6. 

Table 3-3. Battery parameters from the existing powertrain model. (Eriksson, 2015) 
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3.9 Simulation 

The simulation was done in two steps, first the conservative estimation and then the optimistic estimation 

as mentioned in chapter 3.7. The optimistic estimation relied on simulation results from the conservative 

estimation such as initial DOD and C-rate and final number of cycles for the conservative estimation. Then 

the simulation was run and compared to the degradation data. If not close, another guess was made until 

the simulation matched the data. The simulation was carried out with same drive cycle, Lyon-

Clermont, with different battery designs. Each iteration degradation data was used with the assumption 

that capacity would fade linearly for 1500 cycles. The next iteration the drive cycle was run again with a 

lower capacity and the process was repeated until Capacity reached EOL-criterion. All simulation data was 

saved, then another drive cycle was run.  The results from the simulation can be seen in chapter 6.3. 

Table 3-4. The battery designs used to simulate degradation. 

Parameters Design 

 #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 

𝒏𝒑𝒂𝒓𝒂𝒍𝒍𝒆𝒍 11 9 7 5 11 9 7 5 11 9 7 5 

𝒏𝒔𝒆𝒓𝒊𝒆𝒔 177 177 177 177 150 150 150 150 130 130 130 130 

𝒏𝒕𝒐𝒕 1947 1593 1239 885 1650 1350 1050 750 1430 1170 910 650 

 Calculations 

𝑷𝒕𝒐𝒕 [𝒌𝑾𝒉] 63.4 51.8 40.3 28.8 53.7 43.9 34.2 24.4 46.5 38.1 29.6 21.2 

𝑼𝒐𝒄,𝒕𝒐𝒕 [𝑽] 602.3 602.3 602.3 602.3 510.4 510.4 510.4 510.4 442.4 442.4 442.4 442.4 

𝑸𝒕𝒐𝒕 [𝑨𝒉] 105.2 86.1 66.9 47.8 105.2 86.1 66.9 47.8 105.2 86.1 66.9 47.8 

𝒎𝒕𝒐𝒕 [𝒌𝒈] 352 288 224 160 298 244 190 136 258 211 164 117 

𝑰𝒎𝒂𝒙 [𝑨] 300 300 300 300 300 300 300 300 300 300 300 300 

𝑰𝒎𝒂𝒙,𝒄𝒆𝒍𝒍 [𝑨] 27.3 33.3 42.9 60 27.3 33.3 42.9 60 27.3 33.3 42.9 60 

 

In table 3-4, the different battery designs used to simulate battery degradation is shown. An illustration of 

how the battery designs were changes is shown in figure 3-25. 

 

Figure 3-25. Schematic of how the battery designs were changed. 
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The drive cycle that was used in the simulation was selected to 375m because that drive cycle led to more 

extensive use of the battery in the powertrain model. This can be seen in table 3-5. 

Table 3-5. DOD for different drive cycles. 

 Drive cycle: Lyon-Clermont Unit 

Top Altitude 375 280 235 190 m 

DOD 12.9 8.12 4.7   1.31 % 

 

3.10 Summary of assumptions and simplifications 

Some assumptions must be made to avoid complicated modeling and to complete the thesis in reasonable 

time. The following is a summary of all assumptions and simplifications detailed in chapter 3. 

1. The temperature of all cells in battery pack will be assumed to 25°C with perfect heat transfer. 

2. The battery will consist of several cells connected in series and parallel. 

3. All cells have the same SOC, Q0 and OCV across the battery i.e. perfect balancing/equalization 

4. Columbic efficiency will be set to constant value of 1 

5. The charge/discharge efficiency of the battery is set to 1 assuming no losses from battery to EM. 

6. The charging and discharging will be made with the same C-rate as degradation data implies. 

7. The sum of all charges and discharges during drive cycle can be replaced with one big charge/discharge cycle. 

8. The charge/discharge parameters from 98% to 88% SOC is the same as between 58% to 48% SOC. 

9. Average of pulse test data is the data for fictional cell used in this thesis. 

10. Parameters were calculated made independent of SOC with average values for each current load 

11. For resting periods during pule test (I=0) Parameters were assumed to linearly increase/decrease. 

12. Parameters only dependent on current. 

13. Calculating current from Pbat was chosen one of the two solutions, because the other was not feasible 

14. Method of control was chosen to ECMS  

15. Rainflow counting algorithm was modified to accommodate small changes in SOC 

16. Simulation was done in 1500 cycle steps to save time. Between each step the degradation was assumed linear. 

17. Degradation only took into consideration cyclical degradation during constant temperature and no losses. 

18. Data is considered to come from the exact same cell. 

19. Final SOC in each cycle is assumed to be equal to initial SOC. 

20. SOC initial set to 55% because reliable data for that point and middle of interval. 

21. Capacity used in simulation was average of the three cells average. 

22. Assumed EOL-criterion to 80% of initial capacity. 

23. Diffusion not simulated in parameterization model 

24. Assume degradation curve for everything above 0.25 to be the same, and so on for 0.5C and 1C. 

25. Limitation of approximation of data from chart 

26. Degradation for different C-rates fitted with 10th degree polynomial. 

27. Conservative and optimistic estimation with worst-case and best-case assumptions, based on degradation data. 

28. Assume same relationship between 1C and 0-5C and 0.25C line for 0.125C line and 0.0625C line. 

29. Drive cycle is run from only one way each iteration of the simulation. 
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4 Simulation models  

This chapter describes how the battery- and degradation model were designed and includes a brief 

description of how both these models are working. 

4.1 Battery model 

Figure 4-1 shows a schematic overview of the battery model which, will be further described below. 

 

Figure 4-1. Battery model. 

Each zone in figure 4-2 represent different stages of the battery model. The battery model input is the required 

power that the electrical motor needs each second during drive cycle. 

 

Figure 4-2. Schematic overview of the battery model divided into zones. 

Below is a brief explanation of each zone in the battery model, which simulates only for one cell.  

1. This is done by dividing the demanded power for each cell and using that power per cell to calculate 

the corresponding current in each parallel connection. 

2. Calculation of current with look up tables and ECM equations described in chapter 6 in two 

iterations to ensure reliable value of the current. 

3. Check if the current is above the cell current limit. If the current is above the limit, the simulation 

is stopped. 

4. Coulomb counting, together with the capacity calculated by the degradation model the SOC is 

calculated. 

5. At the same time, the calculated current is used to calculate 𝑈𝑡𝑒𝑟𝑚that is then used in next guess 

for 𝐼𝑡𝑜𝑡 the next time step of the simulation. 
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6. When SOC is calculated, the Uoc is found through a look up with the linear approximation of SOC 

vs Uoc data chart. 

 

The number of iterations was set to two because the current converges very rapidly. In figure 4-3 the 

difference between integration 1 and 2 can be seen and in figure 4-4 the difference between iteration 2 and 7 

can be seen.  

 

Figure 4-3. ΔItot between iteration 1 and 2. 

The big difference in current is for the current peaks during drive cycle and is not that big to begin with for 

the two iterations. However, investigation of up to 7 iterations shows that the difference between having 

two iterations and up to 7 is minimal.  

 

Figure 4-4.ΔItot for iteration 2 and 7 during drive cycle. 

Therefore, the number of iterations was set to 2 in order to increase speed of simulation.  

4.2 Degradation model  

As described in chapter 3 the degradation model uses a rainflow counting algorithm to calculate the equivalent 

DOD cycle for a completed drive cycle. This procedure is illustrated in figure 4-5 below. 
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Figure 4-5. Illustration of rain flow-algorithm works 

The red line represents the equivalent DOD cycle that the rainflow algorithm calculates from the SOC 

profile. The red and green circles depict the minima and maxima from the SOC profile that the rainflow 

counting algorithm uses as input. This is however only for the first drive cycle. In figure 4-6, the difference 

between SOC profiles from first to last iteration with corresponding DOD profiles is shown. 

 

Figure 4-6. DOD profiles for initial SOC profile and last SOC profile before EOL for design #2 using rainflow. 

The dotted blue line represents the initial SOC profile and the solid blue is the SOC profile for the last 

iteration before EOL. The same representation is true for the red lines. The capacity fade together with the 

same required power for the drive cycle leads to a deeper DOD. This in turn leads to an increased C-rate. 

The changed DOD and C-rate are changed to gather estimated number of cycles that are left before EOL 

from degradation data chart. 
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5 Calculations 

The following is the calculations made to find parameters for battery cell, calculations to simulate battery 

behavior with parameters and degradation calculations used with data to simulate the degradation rate when 

battery is used in long hauler configuration. 

5.1 Parameterization with stress test data 

 

Figure 5-1. Equivalent circuit model of battery cell (Liu, 2013). 

The EC above is describing the battery behavior as an electrical circuit. The parameters that will be 

determined are; 𝑅𝑜ℎ𝑚, 𝑅𝑑𝑦𝑛, 𝐶𝑑𝑦𝑛. However, the current 𝐼𝑅𝑑𝑦𝑛 is a variable that needs to be determined 

before determining the parameters. 𝐼𝑅𝑑𝑦𝑛is not constant even if the total current is. To find an expression 

of 𝐼𝑅𝑑𝑦𝑛using the equivalent circuit approach described in chapter 2.3.2, following equations are used:   

(Plett, 2016) 

The cell voltage is modelled as: 

𝑈𝑡𝑒𝑟𝑚(𝑡) = 𝑈𝑂𝐶(𝑆𝑂𝐶(𝑡)) − 𝑈𝑑𝑦𝑛(𝑡) − 𝑈𝑜ℎ𝑚(𝑡)    5-1 

Rewritten with element currents: 

𝑈𝑡𝑒𝑟𝑚(𝑡) = 𝑈𝑂𝐶(𝑆𝑂𝐶(𝑡)) − 𝑅𝑑𝑦𝑛𝐼𝑅𝑑𝑦𝑛(𝑡) − 𝑅𝑜ℎ𝑚𝐼𝑡𝑜𝑡(𝑡)   5-2 

The current throng 𝑅𝑑𝑦𝑛 plus the current through Cdyn must be equal to 𝐼𝑡𝑜𝑡: 

𝐼𝑡𝑜𝑡(𝑡) = 𝐼𝑅𝑑𝑦𝑛(𝑡) + 𝐼𝐶𝑑𝑦𝑛(𝑡)     5-3 

Further: 

𝐼𝐶𝑑𝑦𝑛(𝑡) = 𝐶𝑑𝑦𝑛�̇�𝐶𝑑𝑦𝑛(𝑡)     5-4

  

𝑉𝐶𝑑𝑦𝑛(𝑡) = 𝑅𝑑𝑦𝑛𝐼𝑅𝑑𝑦𝑛(𝑡)     5-5

    

Equation 4-4 & 4-5 in 4-3 gives: 

𝐼𝑡𝑜𝑡(𝑡) = 𝐼𝑅𝑑𝑦𝑛(𝑡) + 𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
𝑑𝐼𝑅𝑑𝑦𝑛(𝑡)

𝑑𝑡
    5-6 

This gives differential equation: 

𝑑𝐼𝑅𝑑𝑦𝑛(𝑡)

𝑑𝑡
=  −

1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
𝐼𝑅𝑑𝑦𝑛(𝑡) + 

1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
𝐼𝑡𝑜𝑡(𝑡)    5-7 
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Equation 4-7 above is expressed in continuous times as an ordinary differential equation (ODE). However, 

this needs to be converted to discrete-time ODE for easier use in MATLAB. To save time and get to the 

important equation, several steps are skipped. The complete solution can be found in (Plett, 2016). 

Consider using generic ODE: 

�̇�(𝑡) = 𝑎𝑥(𝑡) + 𝑏𝑢(𝑡)     5-8 

𝑥(𝑡) = 𝑒𝑎𝑡𝑥(0) + ∫ 𝑒𝑎(𝑡−𝜏)𝑏𝑢(𝜏)𝑑𝜏
𝑡

0
    5-9 

We wish to evaluate x(t) at discrete times x[k]=x(kΔt). Which gives: 

𝑥[𝑘 + 1] = 𝑥((𝑘 + 1)∆𝑡     5-10 

𝑥[𝑘 + 1] = 𝑒𝑎(𝑘+1)∆𝑡𝑥(0) + ∫ 𝑒𝑎((𝑘+1)∆𝑡−𝜏)𝑏𝑢(𝜏)𝑑𝜏
(𝑘+1)∆𝑡

0
   5-11 

… 

𝑥[𝑘 + 1] = 𝑒𝑎∆𝑡𝑥[𝑘] + ∫ 𝑒𝑎((𝑘+1)∆𝑡−𝜏)𝑏𝑢(𝜏)𝑑𝜏
(𝑘+1)∆𝑡

𝑘∆𝑡
   5-12 

Assume u(τ) is constant from kΔt to (k+1)Δt and equal to u(kΔt): 

𝑥[𝑘 + 1] = 𝑒𝑎∆𝑡𝑥[𝑘] + 𝑒𝑎(𝑘+1)∆𝑡 (∫ 𝑒−𝑎𝜏𝑑𝜏
(𝑘+1)∆𝑡

𝑘∆𝑡
) 𝑏𝑢[𝑘]   5-13 

… 

𝑥[𝑘 + 1] = 𝑒𝑎∆𝑡𝑥[𝑘] + 
1

𝑎
(𝑒𝑎∆𝑡 − 1)𝑏𝑢[𝑘]    5-14 

To use the generic ODE in equation 4-14 above for the RC-circuit the constants needs to be substituted with: 

𝑎 = −
1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
 , 𝑏 =  

1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
 , 𝑥[𝑘] = 𝐼𝑅𝑑𝑦𝑛[𝑘] 𝑎𝑛𝑑 𝑢[𝑘] = 𝐼𝑡𝑜𝑡[𝑘]   

Substituting these above values in equation 4-14 gives: 

𝐼𝑅𝑑𝑦𝑛[𝑘 + 1] = 𝑒
(−

∆𝑡

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
𝐼𝑅𝑑𝑦𝑛[𝑘] + (−𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛) (𝑒

(−
∆𝑡

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
− 1)(

1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
) 𝐼𝑡𝑜𝑡[𝑘] 5-15 

𝐼𝑅𝑑𝑦𝑛[𝑘 + 1] = 𝑒
(−

∆𝑡

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
𝐼𝑅𝑑𝑦𝑛[𝑘] + (1 − 𝑒

(−
∆𝑡

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
) 𝐼𝑡𝑜𝑡[𝑘]   5-16 

The goal of this equation is to find parameters 𝑅𝑜ℎ𝑚, 𝑅𝑑𝑦𝑛, 𝐶𝑑𝑦𝑛 for different charge/discharge currents 

𝐼𝑡𝑜𝑡 at varying SOC to generate a look-up table that will be used in the battery model. 

A modification to equation 4-16 is made and time step is one second (i.e. Δt = 1) gives this equation: 

𝐼𝑅𝑑𝑦𝑛 = 𝐴𝑒
(− 

1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
+ (1 − 𝑒

(− 
1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
) 𝐼𝑡𝑜𝑡    5-17 

Where A is a constant that also will be determined during look-up generation. 

Equation 4-17 in 4-2 with Δt = 1 gives: 

𝑈𝑡𝑒𝑟𝑚 = 𝑈𝑂𝐶(𝑆𝑂𝐶) − 𝑅𝑑𝑦𝑛 [𝐴𝑒
(− 

1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
+ (1 − 𝑒

(− 
1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
) 𝐼𝑡𝑜𝑡] − 𝑅𝑜ℎ𝑚𝐼𝑡𝑜𝑡  5-18 

Equation 4-18 expresses the terminal voltage, 𝑈𝑡𝑒𝑟𝑚, each second. 

The estimation of Rohm is made with a simple equation 

∆𝑈0 =  𝑅𝑜ℎ𝑚∆𝐼𝑡𝑜𝑡      5-19 
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Where 𝛥𝑈0 is the immediate jump/drop in voltage for a pulse charge/discharge current with difference 

𝛥𝐼𝑡𝑜𝑡 over one second. 

The simulation will find 𝑅𝑜ℎ𝑚𝑅𝑑𝑦𝑛, 𝐶𝑑𝑦𝑛, 𝐴 for discharge currents at different SOC. 

5.2 Battery model 

When compared to electrochemical models (which may have in excess of 88 parameters that must be 

defined) the attraction of the ECM approach to cell modeling is further reinforced. This is particularly the 

case when the cell model is embedded within an optimization algorithm, such as within management systems 

to predict runtimes and dynamic power estimations. (An Acasual Li-ion Battery Pack Model for Automotive 

Applications, 2014) 

According to the EC in figure 5-1 above the voltage and current can be expressed with the following 

equations 

Terminal voltage 

𝑈𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 = 𝑈𝑂𝐶 + 𝑈𝑜ℎ𝑚 + 𝑈𝑑𝑦𝑛𝑎𝑚𝑖𝑐    5-20 

Open-circuit voltage 

𝑈𝑜𝑐 = 𝑓(𝑆𝑂𝐶, 𝑇)      5-21 

Voltage on ohmic resistor 

𝑈𝑜ℎ𝑚 = 𝐼 ∙  𝑅𝑜ℎ𝑚 = 𝐼 ∙  𝑅𝑜ℎ𝑚(𝑆𝑂𝐶, 𝑇)    5-22 

Dynamic current is expressed as: 

𝐼𝑅𝑑𝑦𝑛 =  
𝑉𝑑𝑦𝑛𝑎𝑚𝑖𝑐

𝑅𝑑𝑦𝑛(𝑆𝑂𝐶,𝑇)
      5-23

  

𝐼𝐶𝑑𝑦𝑛 = 𝐶𝑑𝑦𝑛(𝑆𝑂𝐶, 𝑇)
𝑑𝑉𝑑𝑦𝑛

𝑑𝑡
      5-24 

 
𝐼 =  𝐼𝑅𝑑𝑦𝑛 + 𝐼𝐶𝑑𝑦𝑛     5-25

  

The dynamic voltage can be described by the differential equation: 

𝑑𝑈𝑑𝑦𝑛𝑎𝑚𝑖𝑐

𝑑𝑡
+ 

𝑈𝑑𝑦𝑛𝑎𝑚𝑖𝑐

𝑅𝑑𝑦𝑛(𝑆𝑂𝐶,𝑇) 𝐶𝑑𝑦𝑛(𝑆𝑂𝐶,𝑇)
=  

𝐼

𝐶𝑑𝑦𝑛(𝑆𝑂𝐶,𝑇)
    5-26 

The overall differential equation of the electrical circuit is 

𝑑𝑈𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙

𝑑𝑡
+ 

𝑈𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
= 𝑅𝑜ℎ𝑚

𝑑𝐼

𝑑𝑡
+ 

𝑅𝑑𝑦𝑛+ 𝑅𝑜ℎ𝑚

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
𝐼 + 

𝑈𝑜𝑐

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
   5-27 

Where I is the battery system current, 𝑈𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 is the battery system terminal voltage, 𝑇 is the battery 

temperature, and 𝑈𝑜𝑐 , 𝑅𝑜ℎ𝑚, 𝑅𝑑𝑦𝑛, and 𝐶𝑑𝑦𝑛 are circuit model parameters which are functions of 𝑇 and 

SOC and can be extracted based on special tests such as the HCCP test seen in Appendix 1. (Liu, 2013) 

For hybrid vehicle systems performance analysis and simulation as well as design, battery SOC can be 

implemented from the following current integration (coulomb counting) 

𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(𝑡𝑖) + 
1

𝐶𝑎𝑝𝐴ℎ𝑟∙3600
∫ 𝐼(𝑡)𝜂𝑏𝑎𝑡(𝑆𝑂𝐶, 𝑇, 𝑠𝑖𝑔𝑛[𝐼(𝑡)])𝑑𝑡
𝑡

𝑡𝑖
   5-28 

𝑆𝑂𝐶(𝑡𝑖) =  𝑆𝑂𝐶𝑖 (Initial SOC) 

Where 𝑛𝑏𝑎𝑡 is the Coulombic efficiency (assumed to 1 in chapter 3) of the battery and 𝐶𝑎𝑝𝐴ℎ𝑟 is the capacity 

in Ampere-hours 
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5.2.1 Fitting into existing model 

The existing model has input of required power from battery, 𝑃𝑏𝑎𝑡. To fit the existing model with the above 

equations the calculations has to be done using 𝑃𝑏𝑎𝑡 as input as described in chapter 3. 

One simple rule is: 

𝑃 = 𝑈 ∙ 𝐼      5-29 

For the simulation model the total power that the battery has to deliver to the electric motor is: 

𝑃𝑏𝑎𝑡 =  𝑈𝑡𝑒𝑟𝑚 ∙ 𝐼𝑡𝑜𝑡     5-30 

Equation 4-18 in 4-28 gives: 

𝑃𝑏𝑎𝑡 = {𝑈𝑂𝐶(𝑆𝑂𝐶) − 𝑅𝑑𝑦𝑛 [𝐴𝑒
(− 

1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
+ (1 − 𝑒

(− 
1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
) 𝐼𝑡𝑜𝑡] − 𝑅𝑜ℎ𝑚𝐼𝑡𝑜𝑡} 𝐼𝑡𝑜𝑡  5-31 

However, the look-up table is based on current 𝐼𝑡𝑜𝑡, hence equation 4-29 must be solved for 𝐼𝑡𝑜𝑡 and when 

accounting for discharge current as negative we get: 

𝑃𝑏𝑎𝑡 = 𝑈𝑂𝐶(𝑆𝑂𝐶) 𝐼𝑡𝑜𝑡 + 𝑅𝑑𝑦𝑛 𝐼𝑡𝑜𝑡 [𝐴𝑒
(− 

1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
+ (1 − 𝑒

(− 
1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
) 𝐼𝑡𝑜𝑡] + 𝑅𝑜ℎ𝑚𝐼𝑡𝑜𝑡

2    

𝑃𝑏𝑎𝑡 = 𝑈𝑂𝐶(𝑆𝑂𝐶) 𝐼𝑡𝑜𝑡 + 𝑅𝑑𝑦𝑛 𝐼𝑡𝑜𝑡𝐴𝑒
(− 

1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
+ 𝑅𝑑𝑦𝑛 𝐼𝑡𝑜𝑡

2 (1 − 𝑒
(− 

1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
) + 𝑅𝑜ℎ𝑚𝐼𝑡𝑜𝑡

2   

𝑃𝑏𝑎𝑡 = [𝑈𝑂𝐶(𝑆𝑂𝐶) + 𝑅𝑑𝑦𝑛𝐴𝑒
(− 

1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
] 𝐼𝑡𝑜𝑡 + [𝑅𝑑𝑦𝑛 (1 − 𝑒

(− 
1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
) + 𝑅𝑜ℎ𝑚] 𝐼𝑡𝑜𝑡

2   

 

𝐼𝑡𝑜𝑡
2 + 

𝑈𝑜𝑐(𝑆𝑂𝐶)+𝑅𝑑𝑦𝑛𝐴𝑒
(− 

1
𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛

)

𝑅𝑑𝑦𝑛(1−𝑒
(− 

1
𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛

)
)+𝑅𝑜ℎ𝑚

𝐼𝑡𝑜𝑡 − 
𝑃

𝑅𝑑𝑦𝑛(1−𝑒
(− 

1
𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛

)
)+𝑅𝑜ℎ𝑚

= 0  

𝐼𝑡𝑜𝑡 = − 
𝑈𝑜𝑐(𝑆𝑂𝐶)+𝑅𝑑𝑦𝑛𝐴𝑒

(− 
1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)

2(𝑅𝑑𝑦𝑛(1−𝑒
(− 

1
𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛

)
)+𝑅𝑜ℎ𝑚)

±

√
  
  
  
  
 

 

[
 
 
 
 

𝑈𝑜𝑐(𝑆𝑂𝐶)+𝑅𝑑𝑦𝑛𝐴𝑒
(− 

1
𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛

)

2(𝑅𝑑𝑦𝑛(1−𝑒
(− 

1
𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛

)
)+𝑅𝑜ℎ𝑚)

]
 
 
 
 
2

+ 
𝑃

𝑅𝑑𝑦𝑛(1−𝑒
(− 

1
𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛

)
)+𝑅𝑜ℎ𝑚

    

𝐼𝑡𝑜𝑡 =  − 
𝑈𝑜𝑐(𝑆𝑂𝐶)+𝑅𝑑𝑦𝑛𝐴𝑒

(− 
1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)

2(𝑅𝑑𝑦𝑛(1−𝑒
(− 

1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
)+𝑅𝑜ℎ𝑚)

+ √ [
𝑈𝑜𝑐(𝑆𝑂𝐶)+𝑅𝑑𝑦𝑛𝐴𝑒

(− 
1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)

2(𝑅𝑑𝑦𝑛(1−𝑒
(− 

1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
)+𝑅𝑜ℎ𝑚)

]

2

+ 
𝑃

𝑅𝑑𝑦𝑛(1−𝑒
(− 

1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛
)
)+𝑅𝑜ℎ𝑚

 5-32 

Calculating current from 𝑃𝑖𝑛was choosen one of the two solutions, because the other was not feasible (out 

of boundaries) I=400A instead of 0.3 per cell. 

For hybrid vehicle systems performance analysis and simulation as well as design, battery SOC can be 

implemented from the following current integration (coulomb counting) 

𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(𝑡𝑖) + 
1

𝐶𝑎𝑝𝐴ℎ𝑟∙3600
∫ 𝐼(𝑡)𝜂𝑏𝑎𝑡(𝑆𝑂𝐶, 𝑇, 𝑠𝑖𝑔𝑛[𝐼(𝑡)])𝑑𝑡
𝑡

𝑡𝑖
   5-33 

Where 𝑛𝑏𝑎𝑡 is the columbic efficiency of the battery, assumed to be equal to 1 in chapter 3 and 𝑆𝑂𝐶(𝑡𝑖) is 

initial SOC and 𝐶𝑎𝑝𝐴ℎ𝑟  is the capacity in ampere hours 
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Equation 4-31 with assumptions,  𝑛𝑏𝑎𝑡 = 1, and timestep one second gives: 

𝑆𝑂𝐶(1) = 𝑆𝑂𝐶(0) + 
1

𝐶𝑎𝑝∙3600
∫ 𝐼(𝑡)𝑑𝑡
1

0
    5-34 

The SOC is then used to find corresponding 𝑈𝑜𝑐 from look up table with linear relationship, as explained 

in chapter 3.  

The calculation of 𝑈𝑡𝑒𝑟𝑚 is made with the following ECM equation: 

𝑈𝑡𝑒𝑟𝑚 = 𝑈𝑜𝑐 + 𝑅𝑜ℎ𝑚 (𝐴𝑒
1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛 + 𝐼 (1 − 𝑒

1

𝑅𝑑𝑦𝑛𝐶𝑑𝑦𝑛)) + 𝑅𝑜ℎ𝑚𝐼   5-35 

This will be used to guess initial 𝐼𝑡𝑜𝑡 for next iteration according to: 

𝐼𝑡𝑜𝑡,𝑔𝑢𝑒𝑠𝑠 =
𝑃𝑏𝑎𝑡

𝑈𝑜𝑐
      5-36 

The power the battery has to deliver is calculated for one cell. However, the input is the total power needed. 

This has to be scaled down to corresponding power each cell has to deliver with equation below 

𝑃𝑐𝑒𝑙𝑙 =
𝑃𝑏𝑎𝑡 

𝑛𝑐𝑒𝑙𝑙,𝑡𝑜𝑡
       5-37 

5.3 Degradation model 

The total charges/discharges for each drive cycle is calculated by the rainflow counting algorithm. This can 

be expressed as follows: 

(𝑣, 𝑤) = 𝑅𝑎𝑖𝑛𝑓𝑙𝑜𝑤(𝑥)     5-38 

Where v is the vector for charging half cycles and w is the vector of discharging half cycles. 

The total loss of capacity expressed with the equation below 

∆𝑄(𝑣, 𝑤) = ∑
𝛷(𝑣𝑖)

2

|𝑣|
𝑖=1 +∑

𝛷(𝑤𝑖)

2

|𝑤|
𝑖=0      5-39 

Where Φ is the cycle depth stress function for a given C-rate. This is the degradation data in figure 3-9. 

The capacity loss ∆𝐿 corresponds to a number of cycles until EOL 

∆𝑄 ∙ 𝑁𝑚𝑎𝑥 = ∆𝑄𝑡𝑜𝑡 = 𝑄0,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝐸𝑂𝐿𝑐𝑟𝑖𝑡 ∙ 𝑄0,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 𝑄0,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑄0,𝑐𝑟𝑖𝑡   5-40 

Where 𝑁𝑚𝑎𝑥 is the number of cycler until EOL. 

The C-rate corresponding to the calculated ∆𝐿 is calculated with: 

𝑇𝑡𝑜𝑡 =
𝑡𝑡𝑜𝑡

2∙3600
      5-41 

Where 𝑇𝑡𝑜𝑡 is the time is takes for one half of drive cycle to be completed in hours and 𝑡𝑡𝑜𝑡 is the time in 

seconds. 

𝐶𝑐ℎ𝑎𝑟𝑔𝑒  =  
|𝑣|

𝑇𝑡𝑜𝑡
, 𝐶𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 

|𝑤|

𝑇𝑡𝑜𝑡
    5-42 

As the simulation uses a cycle step, 𝑁𝑠𝑡𝑒𝑝 of 1500 the number of cycles left after each run can be expressed 

as 

𝑁𝑙𝑒𝑓𝑡 = 𝑁𝑚𝑎𝑥 − 𝑛 ∙ 𝑁𝑠𝑡𝑒𝑝     5-43 

Where 𝑛 is the iteration 

∆𝑄0 =
∆𝑄𝑡𝑜𝑡

𝑁𝑙𝑒𝑓𝑡
      5-44 
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∆𝑄0,𝑡𝑜𝑡 = ∆𝑄0 ∙ 𝑁𝑠𝑡𝑒𝑝     5-45 

𝑄0,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 𝑄0 − ∆𝑄0,𝑡𝑜𝑡      5-46 

 

5.4 Determining size of battery pack 

In Table 3-3 above are the parameters for the battery used in the old model are listed. 

Using these parameters to determine the size of the new battery pack with known parameters 

𝑄0,𝑐𝑒𝑙𝑙= 9.563 Ah 

𝑈𝑜𝑐,𝑐𝑒𝑙𝑙= 3.403 V 

Using old parameters from table 3-3 above. 

The 𝑐𝑝𝑚can be calculated with 

𝑐𝑝𝑚 = 
𝑈𝑜𝑐,𝑡𝑜𝑡∙𝑄0,𝑡𝑜𝑡

𝑚𝑏𝑎𝑡
     5-47 

And the total capacity in Wh can be calculated 

𝑄0,𝑡𝑜𝑡,𝑊ℎ =  𝑈𝑜𝑐,𝑡𝑜𝑡 ∙  𝑄0,𝑡𝑜𝑡 [𝑊ℎ]     5-48 

Calculating battery capacity from Ah to power Wh for easier comparison. 

𝑃0,𝑐𝑒𝑙𝑙 = 𝑈𝑜𝑐,𝑐𝑒𝑙𝑙 ∙ 𝑄0,𝑐𝑒𝑙𝑙      5-49 

To calculate mass per cell 

𝑚𝑐𝑒𝑙𝑙 = 
𝑄0,𝑐𝑒𝑙𝑙

𝑐𝑝𝑚
      5-50 

To calculate how many cells that are needed to achieve total capacity 𝑄0,𝑡𝑜𝑡 

𝑛𝑐𝑒𝑙𝑙𝑠,𝑡𝑜𝑡 =
𝑃𝑡𝑜𝑡

𝑃𝑐𝑒𝑙𝑙
        5-51 

To know how many cells that are needed per parallel connection to get desired 𝑈𝑜𝑐,𝑡𝑜𝑡 

𝑛𝑐𝑒𝑙𝑙,𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = 
𝑈𝑜𝑐,𝑡𝑜𝑡

𝑈𝑜𝑐,𝑐𝑒𝑙𝑙
     5-52 

To calculate how many parallel rows that are needed 

𝑛𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = 
𝑛𝑐𝑒𝑙𝑙,𝑡𝑜𝑡

𝑛𝑐𝑒𝑙𝑙,𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
     5-53 

Results from these calculations can be seen in table 6-2 in the next chapter. 
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6 Results 

This chapter contains results from parameterization, battery pack designs and simulation, which will be 

presented and briefly explained. Discussion about the results will follow in chapter 7. 

6.1 Parameterization 

Through the method mentioned above the calculated parameters are listed in table 6-1. These parameters 

were used to create look up tables for the Simulink model. 

Table 6-1. Parameters for tested currents. 

 Parameters 

Current  [A] 𝑅𝑜ℎ𝑚 𝑅𝑑𝑦𝑛 𝐶𝑑𝑦𝑛 𝐴 

-22.9 8.597 3.619 1.581 -11.51 

-14.3 8.050 6.686 4.433 -12.55 

-5.7 8.669 12.10 7.425 -4.708 

-2.9 8.728 18.00 1.586 -2.09 

0 7.639 - - - 

2.9 7.257 18.45 4.517 -4.240 

5.7 7.251 6.439 5.676 -14.06 

11.5 6.626 4.593 7.706 -14.98 

Unit mΩ mΩ kF - 

 

The look-up tables can be seen in figure 6-1. The look-up tables are used to iteratively calculate the current 

passing through each parallel connection using the equation described in chapter 5.1. 

 

Figure 6-1. Illustration of parameters varying with current. 
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6.2 Battery pack size 

Using equations in chapter 5-4 with the Capacity data, 𝑈𝑜𝑐 and  𝑐𝑝𝑚 of 180 Wh/kg to calculate the battery 

design for the more advanced EC to match the old battery parameters. Table 6-2 shows the old parameters 

for the whole battery pack and data for the fictional battery cell that is going to be used in the new battery 

pack. The number of cells in series and number of parallel connections is not possible in real life so the new 

battery pack has to be either oversized or undersized.  

Table 6-2. Parameters for old battery and new cell parameters 

Old battery New cell Unit 

Parameters Value Parameters Value  

𝑼𝒐𝒄 600 𝑼𝒐𝒄,𝒄𝒆𝒍𝒍 3.403 V 

𝑰𝒎𝒂𝒙 300 𝑰𝒎𝒂𝒙,𝒄𝒆𝒍𝒍 30 A 

𝑸𝟎 100 𝑸𝒐,𝒄𝒆𝒍𝒍 9.563 Ah 

𝑺𝑶𝑪𝒊 60 𝑺𝑶𝑪𝒊 55 % 

𝒄𝒑𝒎 180 𝒄𝒑𝒎 180 Wh/kg 

𝑹𝑰 0.75 𝑹𝒊 - Ω 

  Calculations  

𝑷𝟎 60000 𝑷𝟎,𝒄𝒆𝒍𝒍 32.543 Wh 

m 330 𝒎𝒄𝒆𝒍𝒍 0.181 kg 

𝒏𝒕𝒐𝒕 - 𝑛𝑡𝑜𝑡 1843.7 - 

𝒏𝒔𝒆𝒓𝒊𝒆𝒔 - 𝑛𝑠𝑒𝑟𝑖𝑒𝑠 176.3 - 

𝒏𝒑𝒂𝒓𝒂𝒍𝒍𝒆𝒍 - 𝑛𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 10.46 - 

 

Table 6-3 shows the dimensions of the battery pack with both under- and oversizing. 10 parallel connections 

are possible but the tradeoff for that is that the capacity will be 95.6 instead of the 100 Ah for the old battery 

pack, also current will reach maximum om 30 A which is not good for the cells. Oversizing is with a total 

open circuit voltage of 602V, capacity of 105.2Ah and a maximum current of 27.3 A is a good margin to 

start with. 
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Table 6-3. Table of dimensioning battery pack to match the old battery parameters. 

Parameters Old battery Oversizing Undersizing Unit 

𝒏𝒑𝒂𝒓𝒂𝒍𝒍𝒆𝒍 - 11 10 - 

𝒏𝒔𝒆𝒓𝒊𝒆𝒔 - 177 176 - 

𝒏𝒕𝒐𝒕 - 1947 1760 - 

  Calculations  

𝑷𝟎,𝒕𝒐𝒕 60000 63361 57275 Wh 

𝑼𝒐𝒄,𝒕𝒐𝒕 600 602 599 V 

𝑸𝒐,𝒕𝒐𝒕 100 105.2 95.6 Ah 

𝒎𝒕𝒐𝒕 330 352 318 Kg 

𝑰𝒎𝒂𝒙 300 300 300 A 

𝑰𝒎𝒂𝒙,𝒅𝒆𝒔𝒊𝒈𝒏 - 27.27 30 A 

 

6.3 Simulation 

As mentioned in chapter 3 the simulation will be carried out for different battery designs with different 

number of parallel connections and cells in series to simulate smaller batteries with lower voltage and 

capacity.  

6.3.1 Battery pack design 

The design with corresponding parameters is tabulated in table 6-4 below.  

Table 6-4. Different size of battery simulated 

Parameters Design Unit 

Design #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12  

𝒏𝒑𝒂𝒓𝒂𝒍𝒍𝒆𝒍 11 9 7 5 11 9 7 5 11 9 7 5 - 

𝒏𝒔𝒆𝒓𝒊𝒆𝒔 177 177 177 177 150 150 150 150 130 130 130 130 - 

𝒏𝒕𝒐𝒕 1947 1593 1239 885 1650 1350 1050 750 1430 1170 910 650 - 

 Calculations  

𝑷𝒕𝒐𝒕 63.4 51.8 40.3 28.8 53.7 43.9 34.2 24.4 46.5 38.1 29.6 21.2 kWh 

𝑼𝒐𝒄,𝒕𝒐𝒕 602.3 602.3 602.3 602.3 510.4 510.4 510.4 510.4 442.4 442.4 442.4 442.4 V 

𝑸𝒕𝒐𝒕 105.2 86.1 66.9 47.8 105.2 86.1 66.9 47.8 105.2 86.1 66.9 47.8 Ah 

𝒎𝒕𝒐𝒕 352 288 224 160 298 244 190 136 258 211 164 117 kg 

𝑰𝒎𝒂𝒙 300 300 300 300 300 300 300 300 300 300 300 300 A 

𝑰𝒎𝒂𝒙,𝒄𝒆𝒍𝒍 27.3 33.3 42.9 60 27.3 33.3 42.9 60 27.3 33.3 42.9 60 A 
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6.3.2 Capacity fade 

In figure 6-2 the degradation behavior for design #2 as an example. The blue line represents the capacity fade 

over a number of iterations. Each iteration represents 1500 cycles and between each iteration linear 

degradation is assumed. The red line shows the EOL threshold. In this example, the EOL criterion is 

reached between the 29th and 30th iteration. 

 

Figure 6-2. Example of characteristic behavior of degradation. 

Figure 6-3 shows the capacity loss that between each iteration. That is assumed linear for 1500 drive cycles 

until recalculated. In the figure capacity loss for design #2 is shown. 

 

 

Figure 6-3. Example of capacity loss during simulation. 

The simplification made in chapter 3 about using one degradation line for an interval of C-rate shows its 

limitations in figure 6-4, where capacity loss for design #5 is shown. The “jump” between two different 

degradation lines is clearly visible and occurs between the 12th and 13th iteration.  
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Figure 6-4. Capacity loss for design #5 with visible change of c-rate according to the given assumptions and simplifications I chapter 3. 

6.3.3 Current-profiles 

The current that the battery has to deliver to the electric motor is illustrated in figure 6-5, using current profile 

for design #2. Negative current is discharge current and positive current in charge current.  

 

 

Figure 6-5. Current profile during drive-cycle for design #2. 

In table 6-5 the values of simulated charge/discharge current are shown and in figure 6-6 a graphic 

representation of these values is depicted. 

Table 6-5. Maximum and minimum current each cell was subjected to for different designs of battery pack during drive-cycle. 

 Maximum and minimum currents for each design Unit 

Design #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12  

𝑰𝒎𝒂𝒙,𝒔𝒊𝒎 7.98 9.83 12.76 18.03 9.47 11.66 15.10 21.36 10.98 13.50 17.46 24.85 A 

𝑰𝒎𝒊𝒏,𝒔𝒊𝒎 -10.68 -12.84 -16.19 -22.11 -12.43 -14.96 -18.87 -25.76 -14.18 -17.07 -21.54 -29.4 A 
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Figure 6-6. Charges and discharge currents per cell for each design simulated 

6.3.4 State of charge 

The SOC profile for design #2 is illustrated in figure 6-7. The change in SOC because of the degreased 

capacity can be seen. The blue line represents the SOC profile for the first cycle without degradation effect. 

The orange line represents the SOC profile during the last iteration before reaching EOL.  

 

Figure 6-7. Illustration of SOC profile change over time during life, design #2. 

The maximum variation of SOC is shown in table 6-6 for the conservative estimate and in table 6-7 for the 

optimistic estimate. A graphic representation of these values is illustrated in figure 6-8.  

Table 6-6. SOC minimum and maximum for the conservative estimate for different designs 

 Conservative estimate Unit 

Design #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12  

𝑺𝑶𝑪𝒎𝒂𝒙 57.96 58.72 59.93 61.9 63.19 65.09 67.99 72.93 67.69 70.56 74.35 82.93 % 

𝑺𝑶𝑪𝒎𝒊𝒏 49.13 47.84 45.89 42.76 51.59 50.78 49.79 48.02 53.52 53.23 52.85 52.07 % 
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Table 6-7. SOC min and max for optimistic estimate for different designs 

 Optimistic estimate Unit 

Design #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12  

𝑺𝑶𝑪𝒎𝒂𝒙 57.93 58.71 59.8 61.65 63.01 64.95 67.75 72.32 67.67 70.13 73.7 81.09 % 

𝑺𝑶𝑪𝒎𝒊𝒏 49.18 47.86 46.12 43.2 51.66 50.93 49.89 48.25 53.52 53.27 52.92 52.26 % 

 

The SOC maximums and minimums is shown in figure 6-8. The dark/light blue bars are the maximum SOC 

reached during simulation of the conservative and optimistic estimations. The dark/light orange bars are 

the minimum SOC levels the battery pack reached during simulation of the conservative and optimistic 

estimation respectively. Each design is shown with the corresponding capacity in Ah and open-circuit 

voltage in V.  

 

Figure 6-8. Maximum and minimum SOC for each battery pack design 

6.3.5 Open-circuit voltage and rainflow SOC-profiles 

The open circuit voltage during simulation of design #2 is shown in figure 6-9. The blue line represents the 

OCV profile during the first cycle and the orange line represents the OCV during the last drive cycle before 

EOL.  
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Figure 6-9. Illustation of OCV profile change during life, design #2 

An illustration of how the equivalent rainflow SOC varies is seen in figure 6-10. The dotted lines are the SOC 

profile and the equivalent rainflow SOC profile during first drive cycle. The solid lines represent the last 

SOC profile with equivalent rainflow SOC profile during last drive cycle before EOL. 

 

Figure 6-10. Rainflow equivalent SOC and SOC profiles during life design #2. 

6.3.6 Depth of discharge & C-rates 

The DOD for each battery pack design, calculated from the equivalent rainflow SOC profile is presented 

in table 6-8. 1st iteration, last iteration for the conservative estimate and last iteration for the optimistic 

estimate is shown for each of the battery designs. 

Table 6-8. DOD for each design during 1st iteration, last iteration (conservative estimate) and last iteration (optimistic estimate) 

 DOD for each design, 1st iteration compared to last iteration for conservative and optimistic estimate Unit 

Design #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12  

1st iteration 12.9 15.9 20.5 29 15.3 18.8 24.3 34.2 17.7 21.7 28 35.5 % 

Last (Cons) 15.9 19.69 24.7 33.2 18.6 23 29.2 39.2 21.8 25.9 31.9 39.7 % 
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Last (Opt) 16.1 19.73 25.3 33.4 19.1 23.3 29.7 40.6 21.9 26.7 33 47.3 % 

 

A corresponding graph of the values presented in table 6-8 is shown in figure 6-11. The battery designs are 

depicted with the corresponding capacity and open circuit voltage for easier interpretation. Blue bar is DOD 

for the first drive cycle, orange bar is the DOD for the last drive cycle before EOL for conservative estimate 

and grey bar is DOD for last cycle before EOL for the optimistic estimate.  

 

Figure 6-11. DOD for different designs simulated 

The C-rates corresponding to the DODs can be seen in table 6-9. C-rates for each design with during three 

drive cycles namely, 1st drive cycle, last before EOL (conservative) and last before EOL (optimistic).  

Table 6-9. C-rates for each design C-rate1 is conservative and C-rate2 is optimistic. 

 C-rates for each design Unit 

Design #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12  

1st iteration 0.104 0.128 0.165 0.233 0.123 0.151 0.195 0.276 0.142 0.175 0.226 0.319 - 

Last (cons) 0.128 0.158 0.199 0.267 0.150 0.185 0.235 0.315 0.1759 0.209 0.257 0.355 - 

Last (opt) 0.130 0.159 0.204 0.277 0.154 0.188 0.239 0.327 0.176 0.215 0.266 0.380 - 

 

In figure 6-12 the C-rates are presented in bar diagrams, where the designs are represented by the capacity 

and open circuit voltage for each design respectively. Blue bar is C-rate for 1st cycle, orange bar is C-rate for 

last drive cycle before EOL (conservative) and grey is C-rate for last drive cycle before EOL (optimistic). 
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Figure 6-12. C-rates for the different designs simulated. 

6.3.7 Life-time expectancy 

When the process of running simulations for each of the designs shown in table 6-4 was completed, the data 

was arranged, as can be seen, in table 6-10 and table 6-11 below. One with a conservative and one with an 

optimistic estimation of life-time with different capacities and voltages.  

Table 6-10. Conservative life-time estimates. 

Conservative 

𝑸𝟎,𝒕𝒐𝒕 [Ah] 
Number of drive cycles until EOL 

105.2 65503 46437 33411 

86.1 42309 29192 20845 

66.9 23767 15731 9819 

47.9 8492 5539 4227 

𝑼𝒐𝒄  [V] 
602.3 510.5 442.4 

 

Table 6-11. Optimistic life-time estimates. 

Optimistic 

𝑸𝟎,𝒕𝒐𝒕 [A] 
Number of drive cycles until EOL 

105.2 134351 112656 68651 

86.1 86767 63577 48860 

66.9 54801 36499 25231 

47.9 21957 11777 9826 

𝑼𝒐𝒄  [V] 
602.3 510.5 442.4 
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Together these data tables show the degradation profile illustrated in figure 6-13 below. Dotted lines are 

optimistic estimates for the corresponding color and solid lines are the conservative estimates for the 

corresponding color. Voltages are as follows; Blue 602V, Red 510V and Magenta 442 V. 

 

Figure 6-13. 2D plot of life-time estimates for different OCV and Capacities (different designs). 

To make the results easier to interpret the life-time estimations for the conservative and optimistic 

estimations have been plotted in a 3D plot as can be seen in figure 6-14. The transparent plane is the 

optimistic estimation and the solid plane is the conservative estimation of life-time.  

 

Figure 6-14. Illustration of number of drive-cycles the battery can take with different Uoc and Capacity. 

For further opportunity to interpret the range of the estimated life-time, this has been calculated to both 

time in years and distance in km, tabulated in table 6-12. The time has been calculated with assumption of 

continuous driving 24h per day for 365 days per year. 
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Table 6-12. Life-time estimation ranges in cycles, years and km. 

 Conservative life-time estimation Optimistic life-time estimation Unit 

 Max Min Max Min  

Drive cycles 65503 4227 134251 9826 - 

Time 18.6 1.2 38.1 2.8 years 

Distance 13 281 000 857 000 27 241 000 1 992 000 km 
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6.4 Sensitivity analysis 

To evaluate the model a sensitivity analysis was made. The main parameters that could be tested within 

reasonable time limits were the following: 

• 𝑅𝑜ℎ𝑚 

• 𝑅𝑑𝑦𝑛 

• 𝐶𝑑𝑦𝑛 

• A 

• Step size 

• 𝑛𝑐ℎ
𝑑𝑠

 

• 𝑛𝑏𝑎𝑡 

The parameters were all tested for battery design #4, for the conservative estimate to save time and are 

presented in table 6-13. 

Table 6-13. Results from the sensitivity analysis compared to the set parameters for design #4, with number of cycles compared. 

Parameter Value Cycles ΔCycles Unit 

𝒏𝒃𝒂𝒕 

0.9 13263 56.2 % 

0.8 17761 109.2 % 

𝒏𝒄𝒉/𝒅𝒔 
0.9 13381 57.6 % 

0.8 18027 112.3 % 

𝑵𝒔𝒕𝒆𝒑 
1650 8499 0.08 % 

1350 8611 1.40 % 

𝑹𝒐𝒉𝒎 
+10% 8407 -1.00 % 

-10% 8578 1.01 % 

𝑹𝒅𝒚𝒏 
+10% 8447 -0.53 % 

-10% 8537 0.53 % 

𝑪𝒅𝒚𝒏 
+10% 8492 0 % 

-10% 8491 -0.01 % 

A 
+10% 8449 -0.51 % 

-10% 8535 0.51 % 

𝑹𝒐𝒉𝒎, 𝑹𝒅𝒚𝒏 

𝑪𝒅𝒚𝒏, 𝑨 

+10% 8320 -2.03 % 

-10% 9014 6.17 % 
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7 Discussion 

This chapter is dedicated to discussing and analyzing the results from the parameterization and simulation. 

In addition, a reflection of challenges encountered during the work of this thesis and an evaluation of 

environmental impact will be presented. 

7.1 Results 

The results are heavily reliant on the data. Data such as SOC vs OCV and degradation data was extracted 

by reading the values of a graph. This is not a reliable way of using data, but since the raw data was not 

attainable, it had to be done. The simulation model could however be useful if sufficient data is available.   

The downside is that experimental data is needed to get an accurate model, which have become clear 

working on this thesis, is hard to find. However, this is not a problem for companies that have battery 

testing in-house. 

7.1.1 Powertrain model 

The powertrain model which makes the base for the developed simulation model in this thesis and 

limitations in that model further limits the battery model. The batteries were tested between 602V and 442V 

because any lower voltage causes the model to not function, as the limiting parameter is the EM. In addition, 

the control strategy needs to be adjusted to use more power from the battery. The initial parameters in     

table 3-3 were oversized for the application it was designed for.  

The battery seems to be under-utilized when using ECMS-controller which used charge sustain strategy for 

the battery. A rule-based controller using SOC could be a better alternative, but due to time constraints that 

was not explored in this thesis. Furthermore, a question that must be asked is how realistic is the control 

method and with what accuracy can the current, SOC and OCV be measured. This is beyond the scope of 

this study.  

The author of the previous thesis also mentioned areas of improvement to the powertrain model (Eriksson, 

2015), which should be investigated further.  

7.1.2 Parameterization 

The limitation of the parameterization model which could not calculate parameters 𝑅𝑜ℎ𝑚, 𝑅𝑑𝑦𝑛 and 𝐶𝑑𝑦𝑛 

when current is 0. Therefore, as can be seen in figure 6-1, the parameters are assumed do vary linearly from 

-2.9 to 2.9 A. The majority of time the current will lie between these values at approximately -0.4 A as can 

be seen in figure 6-5. The value of these parameters in this interval is therefore crucial for getting a good 

estimate of current. The parameters are also dependent on SOC but since the parameterization model was 

limited to current loads ≠ 0 this could not be done. 

7.1.3 Pack size 

In table 6-4 the battery designs are tabulated. One thing worth noting is that the maximum current 𝐼𝑚𝑎𝑥,𝑐𝑒𝑙𝑙  is 

larger than the set maximum of each cell 𝐼𝑚𝑎𝑥 design in table 6-3. This means that if the EM required a 

current of 300A the current load on each cell will be greater than the allowed 𝐼𝑚𝑎𝑥,𝑑𝑒𝑠𝑖𝑔𝑛. This can be 

dangerous and therefore it is extremely important to test these battery designs with other driving conditions, 

controls and torque splits. 

7.1.4 Capacity fade 

In figure 6-2, the characteristic degradation behavior with a convex shape is captured. This is why the EOL 

criterion is 80% of original capacity. The rate of which the battery degrades increases much faster after this 

point 
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Figure 6-3 shows the jump between the 10th degree polynomials that are an assumption of degradation lines 

as explained in chapter 3. This is not truly how the battery degrades in reality but with project time constraints, 

this was a necessary simplification in order to limit the work. This simplification should not have to be made 

if raw data for degradation had been accessible.   

7.1.5 Current-profiles 

As can be seen in figure 6-5, there are a lot more charging peaks than there are discharging peaks but as 

mentioned earlier there is a constant discharge current of about 0.4A in between these peaks. The battery is 

constantly being discharged/charged.  

One important note is that the current does not vary, the current load is exactly the same each iteration 

because the drive cycle is the same. However, when another design is simulated the current load changes in 

magnitude. 

As mentioned before the maximum current the cells can be subjected to overreaches the maximum allowed 

current. However, the current for each design never surpasses 30 A as is evident from table 6-6. Maximum 

charge current 22.5 and maximum discharge current is 29.7 A.  

The look up tables are limited to a maximum charge current of 11.5 A and 22.9, parameter extraction from 

look up tables beyond that range is extrapolated linearly. This unknown can either be eliminated by control 

or by having a broader pulse-test made for the cell.  

When examining table 6-5 and figure 6-6, the charge and discharge current profile only changes in magnitude 

because of the relationship between battery power with current and voltage. When the battery pack is made 

smaller with fewer cells connected in series the power is decreased compared to the larger battery pack. The 

powertrain model splits the torque between CE and EM based on the battery’s total power. This leads to a 

decreased power demand for the electric motor, which in turn leads to a decreased current load. However, 

the number of parallel connections in the battery pack increases the current per cell with a larger magnitude 

than is decreased by the voltage. Therefore, the current load magnitude is increased with different designs. 

7.1.6 State of charge 

The variation of SOC is larger when the battery is smaller. The major effect on the SOC is the decrease in 

capacity. This leads to a higher DOD with a higher C-rate which is responsible for the SOC. 

 

In figure 6-8, it can be noted that the SOC increases much more on the charge side for smaller battery packs. 

The main reason for this is the ECMS controller with charge sustain. The controller does not rely on a 

continuously degreasing OCV, which is the base for the power calculation for the battery. This leads to a 

higher charging than it would have, if the change of OCV was accounted for. Furthermore, a resistance of 

𝑅𝑖 is used to calculate power for the battery by the controller which is not the basis for the ECM model. 

The resistance is in the ECM if for one ohmic resistor and one dynamic parallel to a capacitor. Because of 

project time constraints the controller could not be adapted to the new ECM and is subject for future work. 

7.1.7 Open-circuit voltage & rainflow SOC-profiles 

When comparing figure 6-7 and figure 6-9, the linear relationship with open-circuit voltage can be clearly seen, 

which is in accordance with the assumption that was made in chapter 3. The rainflow equivalent SOC curve 

follows the SOC for the drive cycle which was expected 

7.1.8 Depth of discharge & C-rates 

The results presented in table 6-8, table 6-9, figure 6-11 and figure 6-12 states that an increased DOD leads to 

an increased C-rate. This is consistent with the conducted literature study. The current profile for each 

design is constant and with decreasing capacity that current would result in higher DOD and C-rate. The 

increase in DOD increases more rapidly for smaller batteries and is dependent on both voltage and capacity. 
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A similar increase in C-rate can also be seen. This increase in both DOD and C-rate shows that the 

assumptions and simplifications made in chapter 3 is taken into account.    

7.1.9 Life time expectancy 

The life-time expectancy estimations are in accordance with conventional wisdom. The larger the batter the 

longer the life for the same load. This range that is given is a large one, but this range comes from an 

extremely conservative estimation of assumed linear degradation from data chart and an optimistic 

estimation of degradation data. 

With detailed battery and degradation data the simulation model could be tailored to that specific battery 

and give a much better approximation of life-time expectancy for that battery. The battery simulated is a 

fictional one with a mix of different data from different batteries and the results should be taken as rough 

estimates. 

The size of cycle step, for battery designs with fewer cycles until EOL, should be made smaller to ensure 

accurate results.   

7.1.10 Sensitivity analysis 

The sensitivity analysis examined parameters that might have a big impact on the results. The parameters 

were tested with an increase and decrease of ±10%. The ECM parameters were first changed one by one 

and finally all parameters were raised 10% and then lowered 10% together.  

The first tested parameter was the columbic efficiency. This was assumed to a constant value of 1, therefore 

the analysis was done through lowering the efficiency with two 10 percent intervals. This resulted in a 56 

and 109% increase in life-time expectancy. This dramatic change in efficiency in not likely to occur. As can 

be seen in Appendix 3 the efficiency is hovering around efficiency of 1 with very slight changes. Even so the 

columbic efficiency is an important parameter that can heavily affect the outcome of this model. Therefore, 

a varying columbic efficiency should be implemented into the model. This could be modeled using columbic 

efficiency in Appendix 3, varying efficiency with number of cycles. The same can be said for the 

charge/discharge efficiency, which had a similar impact on the results.  

As for the cycle step size, this had an effect on the results, which was expected. To get a precise estimate of 

life-time expectancy the step size as close to 1 should be used. However, this would make the simulation 

take several hours if not days to complete one single estimation. If time is abundant then this should be 

explored further. For smaller battery sizes, the step size could be decreased with much lower impact on 

simulation time.  

The ECM parameters when changed individually did not change the outcome in any meaningful way. This 

was expected as the parameters are all affecting each other. This would not happen when using ECM. All 

parameters are linked together with the ECM equations and therefore should not be a problem. But when 

the parameters were all changed together that affected the results quite much. A 10% decrease of all 

parameters raised the life-time estimation by 6%. The parameters would not behave that way, when some 

parameters would be lowered others would be raised, as they are interlinked. This stresses the need for a 

good parameterization model. The parameterization model should therefore be refined to get better 

parameters and parameters should also be made dependent on SOC.  
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7.2 Challenges 

7.2.1 Determining the method 

As can be understood by the literature study several methods and approaches for modeling battery behavior 

and degradation can be used. To determine the method used in this thesis countless hours have gone to 

researching this. To be able to put the pieces together, create a modelling approach, to reach the goal of this 

thesis was very hard. Even though extensive research was made, I felt I was only scratching the surface. 

7.2.2 Finding raw data for same chemistry 

To find raw data for the same battery chemistry was impossible. Finding pulse data tests and degradation 

data from separate sources however was attainable. However, the data that was given in this study was far 

from complete, and several assumptions had to be made on the test conditions alone.  

7.2.3 Confidentiality 

The current climate of battery technology and electrification of vehicles is a closely guarded secret. This 

made gathering of data and information of how to simulate a battery very challenging. Even information of 

which battery technologies are used by companies is kept to a minimum and does not include in-depth 

information.  

7.2.4 Time constraints 

As with all projects, time constraints are always an issue. The initial goal for this project was set very high 

but as time went by that goal was abandoned for a more realistic one. Time constraints together with the 

lack of data led to most of the assumptions made in this thesis. 

7.3 Evaluation of sustainable impact 

The model developed during this master thesis could be improved to be used as a tool for companies 

interested in evaluating the cost benefit of electrification of their transport solutions. This will in turn 

make it possible to reduce CO2 emissions as well as other emissions. This makes for a low environmental 

impact but furthermore the batteries themselves need to be recyclable in order to prevent chemical waste 

into the environment when batteries have degraded.  
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8 Conclusions 

Conclusions to be drawn from this thesis are that simulation of batteries in general, and degradation in 

particular, is a very complicated endeavor. There are many ways of simulating battery behavior, some of 

which have been discussed in this thesis and only a few have been used to reach the result. Several 

simplifications and assumptions had to be made to complete this project and thus the results should be seen 

only as a rough estimate of how long a battery can be expected to live. The characteristic degradation 

behavior was successfully achieved.  

The battery simulated is a fictional one, with a mix of data for the same chemistry, but this is not reliable. 

To be certain of the life expectancy, raw data must be accessible with very detailed information about test 

conditions and how the tests were carried out. It is of great importance to know how these tests were made 

to make the right decisions for the model. One of the problems that occurred during degradation modeling 

was how to interpret the life-time vs DOD graph. This problem was tackled by assuming the worst/best 

case scenario with a conservative and optimistic estimate. This kind of databased simulation can be used by 

companies that have their own battery testing labs or close collaboration with a 3rd party lab.  

The parameterization of the battery relied on detailed pulse-test data but unfortunately very rough Uoc vs 

SOC data. This made the parameterization possible only for a certain interval of SOC and made the look-

up table for these parameters limited. The parameters are dependent on both SOC and charge/discharge 

current but with the limited number of combinations available, an assumption was made that the parameters 

would be independent of SOC, i.e. constant for all SOC values.    

Some of the assumptions made in this thesis cannot be reflected in reality but had to be made to come to 

any result. Some of these assumptions is that the temperature on the surface and inside the battery pack 

between the cells and inside the cells are all constant. This would require perfect cooling and heat transfer. 

Temperature greatly influence the rate of degradation. The model does not consider any movement/shaking 

of the battery, it is assumed to be completely still as in a laboratory. This is of course not the case for a 

moving vehicle.  

The simulation in general is just a framework to be refined in several steps until it can be used to simulate 

reality. The model of the driveline that was used as a base for the battery model that was created in this 

thesis also needs to be refined.  

With improvements on the above stated limitations of the simulation, the model can be used to compare 

different battery designs for a given long hauler and drive-cycle. The ability to compare investment costs vs 

life-time expectancy is also a possibility. As stated earlier, databased simulation relies heavily on detailed data 

which makes this simulation ideal for companies with close collaboration with test labs. Companies with 

expertise in powertrain solutions would be able to utilize their knowledge together with the simulation to 

accurately assess different powertrain configurations. The simulation could be used for initial proof of 

concepts or for projects early in development. Configurations could be simulated with customer demands 

in mind, such as; range requirements, life-time, service intervals, load volume etc. Depending on usage 

conditions such as; drive-cycles, operating temperature, weather conditions etc, the model would be able to 

provide what kind of combination (battery, transmission, EM, ICE etc.) would be optimal to meet the 

demands. For a consultant company, this information together with cost vs performance comparison would 

be an effective package to deliver to costumers. 

The results from the sensitivity analysis indicates that the columbic efficiency and charge/discharge 

efficiency are important parameters that can heavily affect the outcome of this model. As expected the 

parameters affect the outcome greatly when all of them were changed at once. This stresses the need for a 

good parameterization model and the suggestion is to refine the parameterization model used in this thesis. 

Parameters should also be made dependent on SOC. A small as possible step size should be used to get 

results that are more accurate, especially for smaller battery packs. 
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8.1 Future work 

This thesis barely scratched the surface regarding modeling battery behavior and degradation. The following 

are some suggestions of what can further fine-tune this model.  

8.1.1 Changing setup 

The model would be improved if it were possible to change drive-cycle, Combustion engine, Electric motor 

and battery chemistry. For example, the inclusion of several drive-cycles, combustion engines and electric 

motors as well as batteries that could be changed with ease would be a welcome addition. 

8.1.2 Controller 

The controller must be updated to be able to use a non-constant Uoc and power calculation has to be 

remade to work in synchrony with the battery model. Alternatively, a resistance based degradation model 

could be used to better fit controller equations. Then the EOL criterion could be based on internal 

resistance increase, or a combination of both capacity-fade and resistance increase. 

8.1.3 Parameterization 

The parameterization model was accurate but limited to a certain interval of SOC. The assumption made 

was that the parameter would be independent of SOC, which is not the case. The parameterization could 

be made accurate for a bigger interval if the data is there and a better curve fit is used to express the Uoc vs 

SOC relationship.  

8.1.4 Battery 

The battery model can be made more complete using a more advanced version of ECM. Either with more 

RC pairs or with Warburg impedances. The model should also add a temperature element as SOC and OCV 

are greatly affected by this. This a very important factor that affects both battery behavior and degradation 

and should be implemented into the model.  

8.1.5 Degradation 

Degradation could be simulated in other ways than using data. The data fitting is the easiest method. 

However, to truly simulate degradation a chemical model or perhaps fatigue model could be a better 

alternative. This, however, requires deep understanding of battery chemistry and the degradation processes 

on a molecular level and would perhaps be more appropriate in cell development processes.  
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Appendix 1 - HPPC test 

The parameters of the EC are generally identified with test data such as hybrid pulse power characterization 

(HCCP). The HCCP test is designed to demonstrate the battery’s charge/discharge power capabilities for a 

HEV battery in a short period of time. The charge/discharge current it pulsed for 2 or 10 seconds at various 

SOC levels and temperatures of the battery. Figure A-1 below illustrates a HCCP test profile where the 

voltages at the end-point of each resting period establishes the OCV. (Liu, 2013) 

 

Figure A-1. Illustration of HCCP test profile. (Liu, 2013) 
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Appendix 2 - Rainflow counting algorithm 

Data: SOC profile with finite number of local extrema 𝑆 =  {𝑠1, 𝑠2, 𝑠3, … }. 

Result: Set of charging depths 𝑉 =  {𝑣1, 𝑣2, 𝑣3, … } and set of discharging depths 𝑊 = {𝑤1, 𝑤2, 𝑤3, … }. 

Start from beginning of profile. 

While S is not empty  

| Read from S to obtain 𝑠1, 𝑠2, 𝑠3… 

| If There are more than three points in S then 

| | Calculate 𝛥𝑠3 = |𝑠1 − 𝑠2|, 𝛥𝑠2 = |𝑠2 − 𝑠3|, 𝛥𝑠3 = |𝑠3 − 𝑠4|  

| | If 𝛥𝑠2 ≤ 𝛥𝑠1 𝑎𝑛𝑑 𝛥𝑠2 ≤ 𝛥𝑠3 

| | | A full cycle of depth 𝛥𝑠2 associated with 𝑠2 has been                   

| | | identified. Add 𝛥𝑠2 to both V and W 

| | | Remove 𝑠2 and 𝑠3 from profile. 

| | | Set 𝑆 =  {𝑠1, 𝑠2, 𝑠4, 𝑠5, 𝑠6…}  

| | else Shift the identification forward and repeat 

| | | with 𝑆 =  {𝑠1, 𝑠3, 𝑠4, 𝑠5, 𝑠6…}   

| | end    

| else     

| | if  𝑠1 ≤ 𝑠2 ≤ 𝑠3then 

| | | Add 𝑠3 − 𝑠1 to V 

| | else if 𝑠1 ≥ 𝑠2 ≥ 𝑠3then 

| | | Add 𝑠1 − 𝑠3 to W 

| | else if 𝑠1 ≥ 𝑠2 ≤ 𝑠3then 

| | | Add  𝑠3 − 𝑠2 to V, 𝑠1 − 𝑠2 to W 

| | else  

| | | Add  𝑠3 − 𝑠1 to V, 𝑠2 − 𝑠3 to W 

| | end 

| |  Set S to empty. 

| end 

end    (Shi, o.a., 2017) 

   



Master of Science Thesis 

KTH School of Industrial Engineering and Management 

Energy Technology EGI-2017-0103-MSC-EKV1225 

Division of Heat and Power Technology 

SE-100 44  STOCKHOLM 
 

Appendix 3 – Standard potential table 

 

 

 

(Texas, 2013) 
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Appendix 4 – Columbic efficiency for LFP cell 

 

Figure A-3. The columbic efficiency for a LFP battery. (Application of bis(trifluoromethanesulfonyl)imide lithium–N-methyl-Nbutylpiperidinium-
bis(trifluormethanesulfonyl)imide-poly(vinylidene difuoride-co-hexafluoropropylene) ionic gel polymer electrolytes in Li/LiFePO4 batteries at different 
temperatures, 2012) 


