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ABSTRAKT, KLÍ�OVÁ SLOVA

ABSTRAKT

Tato práce se zabývá problematikou battery pack�. V první �ásti popisuje návrh battery 
packu z hlediska volby baterií, jejich tvaru, velikosti, typu a konfigurace zapojení. Dále uvádí 
vliv t�chto charakteristik na výkonnost battery packu a jeho spolehlivost. Zabývá se 
problematikou termálního managementu battery pack� a jeho vlivu na �ivotní cyklus baterií. 
V druhé �ásti se zabývá praktickým návrhem konceptu battery packu pro Lithium-
polymerové baterie. Kalorimetricky je zde zji�t�no mno�ství produkovaného tepla p�i 
vybíjení, které je poté vyu�ito v CFD simulaci chlazení �lánku.  

KLÍ�OVÁ SLOVA

Battery pack, baterie, �lánky, termální management, kalorimetrie, CFD simulace chlazení.  

ABSTRACT

This thesis deals with battery pack problematic. In the first part, battery pack design is 
described according to cell selection, shape, size, type and interconnection configuration. 
Further on it describes the influence of these characteristics on battery pack performance and 
dependability. It covers battery pack thermal management and the influence on battery life 
cycle. The second part deals with practical battery pack design for Lithium-polymer cells. A 
calorimetric experiment is used to obtain the cell heat generation under discharging 
conditions that is subsequently used for CFD battery cooling simulation. 

KEYWORDS

Battery pack, battery, cell, thermal management, calorimetry, CFD cooling simulation. 
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INTRODUCTION

INTRODUCTION 

Today�s world full of unsustainable transportation powered by oil is starting to realize there is 
a need for an alternative. Whether the global warming arguments are a scientifically proven 
reality or marketing strategy, all the car companies are now intensively developing electric 
vehicles. A hundred year old idea, having a car powered by batteries has been resurrected. 
However, with a little exaggeration, the performance parameters of modern battery powered 
car are not quite different from battery powered cars that were developed 100 years ago. [2] 
As the science raced further during the last half a century, new ways to generate electricity 
were discovered. It was the fuel cell that provided vital energy as well as drinking water for 
the Gemini program spacecraft. Fuel cell is one of the most efficient ways of converting fuel 
into electrical energy. Compared to modern diesel engine, the fuel cells are up to 25% more 
efficient with a big development potential [3]. In today�s world it is a great leap forward. Also 
compared to battery powered cars, fuel cell technology allows rather fast refuelling, so 
important for consumers used to the gasoline powered cars. Fuel cells are a promising 
technology, but they are facing certain issues. The fuel cell cannot effectively cover the peak 
power demand and cannot store energy. Also the price of the fuel cells is still far from 
competitive. Therefore a proven approach is to make a hybrid vehicles combining more 
affordable technology with innovation. But over time the contribution of traditional 
technology usually drops in favour of the innovation, as can be seen on today�s hybrid vehicle 
market. Fuel cell technology seems to follow the same path, using battery packs as an energy 
storage device and peak power source. As the development of the fuel cell technology will 
advance, the need for batteries in such vehicles will change. Therefore the battery technology 
has to be flexible, provide options to easily modify the size and configuration of the battery 
pack. One way to go is through modular design of the battery pack. The target of this thesis is 
to design a flexible battery pack concept for a research Go-kart project, allowing for future 
scaling according to momentary needs.    

Figure 1 Historical e-car [2] Figure 2 Modern e-car [4] 
      

This thesis is divided into two main parts. The first part is theoretical and will serves as an 
introduction to the basics of battery technology. It will contain historical origins and the 
evolution of battery technology. Basic terms used in battery technology will be explained 
afterward. Further on, cell chemistries available on the market will be introduced together 
with their characteristics, focusing on leading cell chemistries. Cell failures will be explored 
to give the reader an idea of the boundaries of cell usage. These failures will be divided into 
groups to separate the failures relevant to a specific part of a battery pack. These failures will 
be subsequently addressed with an appropriate solution. Cell-related design considerations 
will be discussed, to support decision making in various areas of battery pack design. Thermal 
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management methods and principles will be sorted in order to get knowledge about their 
suitability for different applications. The theoretical section will conclude by an overview of 
current battery pack solutions in the industry. 

The practical section is divided into two subsections, mechanical and thermal design.  
In the mechanical part, requirements and demands are to be assembled, from which the initial 
concepts will be subsequently created. These concepts will be evaluated and the best concept 
developed further. The individual parts of the battery pack will be designed, prototyped and 
tested for fit and function. Materials for the individual parts will be selected and individual 
components of the battery pack analyzed analytically or using Finite Element Method. In the 
thermal design part, the plan is to experimentally measure the selected cell to get heat 
generation rate during extreme loading situations. This knowledge will be subsequently used 
for a cell cooling simulation. Results from the simulation will be used to optimize the 
parameters of the battery pack.  
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1 HISTORICAL OVERVIEW

Battery origins are believed to be around 2000 years old as the oldest battery-resembling 
device has been found near Baghdad. They were therefore nicknamed Baghdad batteries. Also 
known as Parthian Battery, it consisted of a clay jar, copper cylinder, iron bar and asphalt 
stopper as can be seen on the Figure 3. Combination of these components created what is 
nowadays known as a galvanic cell. [1]  

Figure 3 Baghdad battery [1] Figure 4 Galvani experiment [5] 

The next reference to batteries is somewhat younger. In 1780 Luigi Galvani observed 
electricity when dissecting a frog leg hanged on a copper hook. When he touched the leg with 
his steel scalpel, the leg twitched. He believed this was caused by the leg itself and therefore 
called it �Animal electricity.� [5] 

Later on Alessandro Volta reproduced his experiment and proved that Galvani was wrong, 
because the electricity was caused by two dissimilar metals connected together by a moist 
intermediary. Shortly after that, in 1800, Volta invented a Voltaic Pile, the first known 
battery. This �pile� consisted of copper and zinc discs placed in an alternating fashion on top 
of each other and separated with a cloth soaked in brine. The design had some flaws, resulting 
in electrolyte leakage and very short battery life. The Volta�s �pile� can be seen on the 
following figure. [6] 

Figure 5 Voltaic pile [6] Figure 6 Daniel cell [7] 
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Based on Volta�s work, John Frederic Daniell has built an improved battery in 1836. This so 
called Daniell cell incorporated a second electrolyte to consume hydrogen bubbles that caused 
poor battery life. The two electrolytes were separated by a porous earthenware  container. 
This design was successfully used in telegraph networks until the invention of Leclanché cells 
in 1860s. [7] 

In 1859, Gaston Planté invented the Lead-Acid battery, the first rechargeable battery ever. 
The reachargeability was achieved by passing a reverse current through the battery. Improved 
designs of lead-acid battery can be still found in today�s automobile batteries. [8] 

Figure 7 Lead-acid battery [8] Figure 8 Zinc-carbon cell [9] 

The next step forward was the first dry cell: the Zinc-Carbon cell. It was invented in 1886 
by Carl Gassner. The plaster of Paris was used to jellify and immobilize the electrolyte. The 
zinc-carbon batteries are still manufactured today. [9] 

In 1899, the first Alkaline battery: the nickel-cadmium (NiCd) battery was invented by 
Waldemar Junger, a Swedish scientist. It was the first battery to use an alkaline electrolyte 
(potassium hydroxide solution) as electrolyte. Its robustness and high energy density made it 
commercially successful.  

The first Nickel Metal-Hydride (NiMH) battery is a successor of the nickel hydrogen battery 
developed in the 1970s. Compared to NiCd, NiMH batteries have longer lifespan and, since 
they do not contain toxic cadmium, they are more environment friendly. 

The first Lithium batteries were introduced in 1970s. Their improved version, the Lithium-

ion batteries were sold in 1991. The improvements included improved stability and 
rechargeability of the batteries. 

The Lithium-polymer batteries were released in 1996. They improved the original lithium 
batteries even further. The electrolyte is contained in a solid polymer and the electrodes and 
separators are laminated to each other. The construction of the battery allows it to be custom 
shaped to fit the space of a particular device. This type of batteries enables even higher energy 
density. [10] 
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2 BATTERY TERMINOLOGY

The following text describes the main terms used to specify the battery properties. These 
properties can often be found in literature or battery producer specifications. These terms are 
divided into the following sections. [11] 

2.1 GENERAL DEFINITIONS

Cell: The basic electrochemical unit. Provides electrical energy converted from 
chemical reaction. The cell consists of electrodes, separators, electrolyte, container 
and terminals. 

Battery: Battery consists of multiple cells. The interconnection between the cells 
determines the resultant voltage or current levels. The battery sometimes includes 
ancillary components such as fuses, monitors, controls, diodes, cases, terminals 
and markings. 

2.2 CAPACITY-RELATED DEFINITIONS

Power density: The amount of power per unit volume. Expressed in Watt-hours per litre 
[W/l]. This characteristic is very important for space-constrained 
applications. 

Energy density: The amount of energy stored in a given system per unit volume. Expressed 
in Watt-hours per litre [Wh/l]. 

Rated capacity: The amount of electric charge that a specific battery can store. Expressed in 
Ampere-hours [Ah]. The capacity depends on the discharge conditions 
such as temperature, allowable terminal voltage and others. 

Specific energy: The amount of energy per unit mass. Expressed in Watt-hours per kilogram 
[Wh/kg]. 

Specific power: The amount of power per unit mass. Expressed in Watt per kilogram 
[W/kg]. 

Shelf-life: Time of storage under defined conditions, during which the cells keep their 
initial characteristics.  

State of charge: An analogy of a fuel gauge in a gasoline car. It indicates how much longer 
the battery will last before the next recharge. Usually indicated in 
percentage of charge left. 

State of health: The general condition of a battery and its ability to deliver specified 
performance compared to fresh battery. Commonly used in laptop 
computers. Often indicated in words e.g. excellent/good/bad. Also 
indicates when the battery should be replaced to keep consistent 
performance.  
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2.3 DESIGN-RELATED DEFINITIONS

Electrode: The basic building block of an electrochemical cell. Each cell has positive 
and negative electrode.  

Anode: An electrode at which oxidation occurs. Polarity of anode is determined by 
the operating mode. In discharging mode it is the negative terminal. In 
charging mode it is the positive terminal. 

Cathode: An electrode at which reduction occurs. As in anode, cathode polarity is 
determined by the operating mode. Contrary to anode, in discharging 
mode, cathode is the positive terminal and when charging, cathode is the 
negative terminal. 

Electrolyte: Substance containing free ions. Electrolyte provides electrical conductivity 
between electrodes.  

Separator: An ion permeable, electronically non-conductive material, that prevents 
short-circuiting between the electrodes.  

2.4 APPLICATION-RELATED DEFINITIONS

Cell voltage: The cell voltage is determined by the voltage difference between the two 
electrodes.  

C-rate: Charge or discharge current equal to the rated capacity. Expressed in 
Ampere. Multiples of C-rate expresses larger or smaller current. Example: 
C-rate of a 1000 mA battery is 100mA. C/2 rate is 500 mA.  

Cycle life: Number of complete charge-discharge cycles a battery can perform before 
its nominal capacity falls below 80% of its initial rated capacity. 

Cut-off voltage: Voltage at which the battery is considered fully discharged. A device 
should not be operated when the battery reached cut-off voltage. 

Self discharge: Self discharge states much capacity is lost when the battery is not in use. 
Self-discharge is strongly on the type of battery as well as ambient 
temperature and other factors. Primary batteries are much less prone to self 
discharge when not in use than secondary batteries.
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3 CELL CATEGORIES AND CHEMISTRIES

Essentially there are two kinds of cells. The primary cells can be used only once and then 
have to be discarded. They cannot be recharged as the reactions are not easily reversible. The 
advantage of these batteries is the ability to produce current right after they are assembled. 
Primary cells are used in applications such as flashlights, watches, hearing aids etc. 
Secondary cells can be recharged and they are usually assembled with the active materials in 
discharged state, therefore they have to be charged prior to use. [12] The following text will 
focus only on the secondary cells, because primary cells have no use in respect to automotive 
applications. 

The main distinction between cells is its chemistry. The following table summarizes main 
characteristics of chosen cell chemistries. The table consists of the most widely used systems 
on the market. Each system is discussed in greater detail in the subsequent section. For more 
extensive information about cell chemistries please refer to Table 34 in the appendix section. 

Table 1 Cell chemistries [13] 

3.1 LEAD-ACID

Lead acid batteries can be distinguished into two groups: SLI batteries and deep-cycle 
batteries.  

Generally, lead acid batteries are well known for their automotive applications. They have 
been on the market for over 100 years. Their popularity rises from many market friendly 
properties. Their reliability and ability to perform well over a wide range of temperatures, 
supported by low price made them the most widely used batteries for SLI (starting, lightning 
and ignition) applications. Other advantages are good cycle life up to 4 years and little or no 
maintenance.  

SLI battery design has developed significantly over their over-century lasting employment. 
Significant advance is the use of lightweight containers, usually made from plastic, decreasing 
the overall weight and improving specific energy and power. �Dry charge� batteries improve 
shelf life of SLI batteries, because the battery is charged by manufacturer in a dry state, 
enabling the supplier to store the battery up to 18 months. Before the battery is put into use, 
the electrolyte has to be added and the battery has to be charged. The maintenance free design 
was achieved by using calcium-lead or low antimony grids, which reduce water loss during 
charging process and also drop the self-discharge rate. VRLA is a progressive technology that 
stands for Valve-Regulated Lead-Acid battery. This technology reduces gas emission during 

CHEMISTRY Lead-acid NiCd NiMH Li-ion Li-pol LiFePo

Voltage [V] 2,1 1,2 1,2 3,6 3,6 3,3 

Volume energy density [Wh/L] 80 150 200 320 400 220 

Weight energy density [Wh/kg] 35 50 80 125 170 100 

Self discharge rate [%/month] 4 20 30 10 5 5 

Cycle life [number of cycles] 800 1500 1000 1200 1000 2000 

Operating temperature [°C] -20 to 60 -40 to 60 -20 to 60 -20 to 60 0 to 50 0 to 60 
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charging and operation by over 95%. This is achieved by use of �starved� or immobilized 
electrolyte. The oxygen generated at the positive electrode diffuses to negative electrode, 
where it reacts with freshly formed lead. The process is backed up by pressure-relief valve 
that remains closed under normal conditions and opens when the pressure reaches a 
predetermined value. The valve closes before the pressure drops to atmospheric level. The 
VRLA system is now incorporated in approx. 80% of UPS and 70% of telecommunication 
batteries. Lead-acid batteries are also highly environment-friendly as up to 97% lead can be 
recycled.  

Disadvantages however feature low energy density and specific energy. Compared to the most 
advanced Li-pol batteries they are heavy and space-demanding. Major problem could arise 
when the batteries are deeply discharged, which can result into irreversible capacity loss. This 
can sometimes occur even due to self-discharge; therefore SLI batteries provide good 
performance only when recharged frequently. 

The available capacities on the market are ranging from 1 Ah to 12 000Ah. Their applications 
include SLI (Starting, Lightning and Ignition) applications, traction applications such as 
material-handling trucks, tractors, mining vehicles, golf carts, personnel carriers, railroad, 
signalling and car power systems. Stationary applications are: telecommunication systems, 
emergency and standby power systems, uninterruptible power systems (UPS). [13]   

3.2 NICKEL-CADMIUM

NiCd batteries, developed in 1899 were at that time considered to be the only competitor of 
Lead-acid batteries. They were more chemically and also physically robust and thanks to 
intensive development, their energy density exceeded the lead-acid competitor twice. NiCd 
batteries are now still very popular in applications such as photographic equipment, 
flashlights, RC-controlled models and also electric vehicles.  

NiCd batteries are tolerant to deep-discharge conditions; the battery packs can be charged 
quickly and can provide high power delivery. Together with good cycle-life, these properties 
make NiCd ideal for power tools. 

On the other hand, NiCd batteries feature lots of drawbacks. Starting with the chemistry, 
Cadmium is a serious environmental concern, because of it�s high toxicity. The price of nickel 
and cadmium is higher compared to lead-acid batteries. The batteries suffer from so called 
�memory effect�. This means when the battery is being partially charged and recharged, the 
effective capacity eventually equals the capacity retrieved by partial cycling. Below this 
region, the voltage significantly drops, disabling any further function of a particular device. 
The only possible cure is putting the battery through full charge/discharge cycle. The 
cadmium electrode is the alleged source of the phenomenon, as the growth of large crystals is 
believed to reduce the effective area of the electrode, causing the undesirable effect. 

Charging problems can occur when using simple charging systems such as those used for 
lead-acid systems. Due to negative temperature coefficient (internal resistance falls with 
increasing temperature), the battery would be presented to thermal runaway and eventually 
destroy itself. [15] 
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3.3 NICKEL-METAL-HYDRIDE

NiMH batteries were developed as a response to toxic contents of NiCd batteries. Compared 
to NiCd, NiMH batteries have up to three times higher capacity for the same size of the cell. 
NiMH batteries were developed in early 70s. Sanyo and Phillips corporations are said to be 
the major contributors to the development of NiMH. 

Compared to NiCd batteries, the NiMH are suffering from higher self-discharge rate. Hence 
the low self-discharge (LSD) NiMH batteries were introduced in 2005. Non-LSD NiMH 
batteries were usually made with higher initial capacity that is lost right after charging (20% 
the next day and 4% every subsequent day). Nowadays the LSD NiMH batteries superseded 
the non-LSD type.  

NiMH are used to power electric plug-in and hybrid vehicles. Well known examples may be 
Toyota Prius and Honda EV. Other transportation application example is Alstom Citadis low 
floor tram. Another Honda product, humanoid robot ASIMO uses NiMH as a power source. 

As with NiCd, NiMH batteries may be irreversibly damaged by overcharging or over-
discharging. In case of charging, several methods were invented to avoid damaging the cells 
or harming the user.  

Trickle charging � method that can be used to safely charge the batteries. Most 
manufacturers claim that batteries can be safely charged by low current equal or less to 0,1C 
for 10-20 hours.  

�V charging � offers faster charging than trickle method, up to 1C. When charging the 
battery, it is known that when reaching full capacity, voltage drops slightly. This is basically 
determining when the charging should be stopped. This method can be quite unreliable for 
high charge rates as the voltage drop can become non-existent.  

�T charging � similar to the previous method, it utilizes the temperature change when the 
charge approaches 100%. During charging most of the electrical energy is converted to 
chemical energy. However when approaching 100% charge, most of the energy is converted 
to heat. This effect is picked up by sensor, usually thermistor. Some manufacturers limit the 
maximum temperature rise rate to 1°C per minute. When this boundary is exceeded, the 
charging should be stopped as well as when upper temperature limit is reached, which for 
Duracell batteries is 60°C. [15] 
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3.4 LITHIUM-BASED CELL CHEMISTRIES

All lithium-based cells share the same lithium anode. The difference is in the cathode material 
that determines the potential difference between the materials. The most common chemistries 
are the Lithium-Ion, Lithium-Polymer, well known from the mobile phone industry. Yet there 
are other less known chemistries with properties well suitable for the automotive industry. 

Lithium-based cells are known for their high-performance, but together with high 
performance, comes higher sensitivity and various safety risks. High nominal voltage given 
by highly electronegative cathode material is counterweighted by high risk of fire or 
explosion if the cell protective casing is punctured or the cell is improperly operated. This is 
caused by the cathode which consists of strong oxidizing agent necessary to handle incoming 
lithium cations and electrons from the external circuit. Cathode contains a high level of 
oxygen bonded with metal atoms such as manganese, cobalt, nickel, aluminium or chromium 
in the form of a metal phosphate. If the oxygen contained in the structure is released in a high 
temperature failure, the resulting reaction is very violent. Each cell contains fuel and oxygen 
and therefore it may burn even underwater.  

The following table shows a list of anode and cathode materials in order of their reactivity. 
Note that this table contains chemistries other than lithium based cells as well. Obviously, 
Lithium can be found at the top of the anode materials column. The commonly used cathode 
materials can be found at the upper half of the right column. [17] 

Table 2 Anode and cathode materials [18] 
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The most common lithium chemistries are introduced in the following section.  
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LITHIUM-ION

Lithium-ion batteries development dates back to 1970s, when they were first introduced by an 
American chemist M.S. Whittingham. The first commercially available Li-ion battery was 
introduced by Sony in 1991. Lithium-ion batteries are produced in variety of types as 
secondary rechargeable batteries, but also as primary, disposable batteries. The individual 
cells can be cylindrical, prismatic or pouch shaped. They come in small sizes and capacities 
such as 0,1 Ah to large 160 Ah pieces.  

Thanks to the materials used for electrodes, the average operating voltage is 3,6 V, much 
higher than previously introduced types. Electrolyte used in Li-ion batteries is non-aqueous. 
Usual material is a salt dissolved in an organic solvent.  

Advantages of Li-ion batteries are: high specific energy, low self-discharge rate only 5-10% 
monthly, light weight compared to equivalent systems, no memory effect and they are 
environmentally safe. 

Disadvantages are loss of capacity over time, high internal resistance compared to other 
systems that even increases with cycling and age. Li-ion batteries are sensitive to both 
charging and discharging. They may overheat, rupture or even explode when handled 
improperly. For these reasons li-ion cells include safety features such as shut-down 
separators, tear away tabs, vents and thermal interrupts, which ultimately increase price and 
complexity of the battery. Some of them disable the cell irreversibly in case they are 
activated.  [12] 

LITHIUM-POLYMER

Lithium-polymer (further referred to as Li-pol) batteries are an upgrade from li-ion batteries. 
They were introduced to commercial market in around 1995. The major difference is the use 
of solid polymer as an electrolyte. It enables the electrolyte to be used as a separator. The 
separator and electrodes are laminated onto each other, therefore there is no need to build a 
rigid case around them to keep them in contact. Consequently this lowers the weight and 
manufacturing cost. 

The material used for polymer electrolyte is polyethylene oxide. There are some issues with 
the polymer. In general, polymers have a very low conductivity, approximately 10-8 Ωcm-1. 
Therefore the electrolyte would have to be very thin or operated at high temperatures to reach 
good conductivity. This would make the cells fragile and inconvenient for use in portable 
electronics. Improvements were achieved introducing liquid plasticizers, such as 
polypropylene carbonate or using gelled electrolytes. The latter approach results in 
conductivity comparable with liquid organic electrolytes used in li-ion batteries. 

Li-pol batteries have nominal cell voltage of 3,7 V. The upper charging limit is 4,23 V and 
lower discharge limit is 2,7 V. Exceeding these limits, the battery may not be able to get fully 
charged again if deeply discharged or in the opposite case, even explode. Therefore every Li-
pol powered system has to include measures that prevent overcharging or over-discharging. 

Applications of Li-pol batteries are quite widespread. They are present in the most popular 
devices such as e-book readers, laptops, mobile phones, music players and radio-controlled 
models. [18] 
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LITHIUM-IRON PHOSPHATE

Cathode material for LiFePO4 batteries was discovered in 1996 by a research group lead by 
John Goodenough at the University of Texas. The batteries have similar chemistry to Li-ion 
batteries, but add and excellent thermal stability, good electrochemical performance and high 
specific capacity. 

Lithium iron phosphate batteries have some interesting advantages that make them a serious 
competitor for other battery technologies. The major one lays in the chemical stability and 
subsequent safety characteristics. Thanks to strong bonds between oxygen atoms in the 
phosphate, oxygen atoms are hard to remove than in LiCoO2 cells, thus making the cells 
virtually incombustible when improperly handled during charging or discharging. They can 
also handle high temperatures without decomposing and are not prone to thermal runaway. 
The phosphate chemistry provides longer cycle-life, reduced cost and environmental 
characteristics. Operation conditions can be altered by changing the identity of the transition 
metal. This allows the operating voltage as well as specific capacity to be adapted to specific 
needs. 

The big issue with LiFePO4 batteries is its low electrical conductivity. This obstacle has been 
overcome by coating the LiFePO4 particles with carbon and by �doping� procedure, which 
creates impurities in the material to alter the electrical properties of the material. Other issues 
include low energy density, compared to other lithium-based battery systems and lower 
discharge rate compared to lead-acid or lithium-cobalt oxide. 

Applications are electric motorcycles, laptops, hybrid vehicles, radio-controlled toys and even 
electronic cigarettes. [19] [20] 

LITHIUM-AIR

Li-air cells contain a lithium anode and an oxygen cathode. Oxidation of lithium and 
reduction of oxygen induces a current flow. First Li-air cells were first proposed in 1970�s, 
but the real interests in this type of cells began in late 2000�s due to increasing interest of the 
car companies in electro mobility. It should be acknowledged, that this technology is still in 
the initial phases of research and development, but has quite high potential due to extremely 
high energy density nearly double of Li-ion and Li-pol technologies. 

The basic operating principle is the following: Lithium is oxidized at the anode. Oxidizing 
produces lithium ions and electrons. Electrons are conducted through the external circuit 
where they do useful work. Ions are conducted through the electrolyte to the cathode, where 
they reduce oxygen. 

The major types of Li-Air cell design are Aprotic, Aqueous, Mixed Aqueous/Aprotic and 
Solid state. The difference is mainly in the electrolyte material. The main challenge in Li-Air 
cells is the material degradation due to chemical reactions of the cell components or reactions 
with the ambient environment. 

Possible future application of Li-Air cells is the automotive field due to extremely high 
energy density, which is the main issue of the electric vehicles today. [21] 
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4 BATTERY FAILURE MODES

Very important part of designing a battery box is t
following text collects information on how cells fa
Some of the failures of course cannot be avoided by
to illustrate all aspects that need to 
into the following groups:

• Battery pack related failures
• Management system failures
• Random failures  

The reason for dividing the failures into groups is
taken into account by mechanical designer, electric
relevant to selecting specific type of battery.

4.1 BATTERY PACK RELATED 

EXTERNAL SHORT CIRCUIT

External short circuit means that the positive and 
e.g. wire and the current does not pass through the
least resistance, in this case, the 
build-up, gas release and subsequent violent failure such a
the extreme current, the conductive object is usual
short circuit continues until the cell is 
enough to weld a wire to a ball bearing.

OVERHEATING

In general, temperature is a major influencing fact
temperature is increased, the chemical reactions in
battery can provide increased performance. But with
arise. The Arrhenius equation defines the chemical 
temperature. Basically the reaction rate increases 
following figure illustrates the Arrhenius equation
temperatures. 

Figure 

ATTERY FAILURE MODES

Very important part of designing a battery box is to identify the battery failure modes. The 
following text collects information on how cells fail and the measures to avoid these failures. 
Some of the failures of course cannot be avoided by the battery box design, but are presented 
to illustrate all aspects that need to be considered for the battery pack. The failures ar

Battery pack related failures
Management system failures

The reason for dividing the failures into groups is to clearly determine which issues should be 
taken into account by mechanical designer, electrical system designer and those issues 

specific type of battery.

ATTERY PACK RELATED FAILURES

External short circuit means that the positive and negative terminals are directly connected by 
e.g. wire and the current does not pass through the load circuit, but goes through the path of 
least resistance, in this case, the wire.  Resulting excessive current can cause uncont

, gas release and subsequent violent failure such as fire or even explosion. Also due to 
the extreme current, the conductive object is usually welded to the terminals, therefore 

rt circuit continues until the cell is over discharged. For instance, the energy of 30 Joules is 
enough to weld a wire to a ball bearing. [22][23]  

In general, temperature is a major influencing factor for battery systems. When the 
temperature is increased, the chemical reactions inside the battery occur faster, therefore the 
battery can provide increased performance. But with increased temperature, many issues 
arise. The Arrhenius equation defines the chemical reaction rate dependence on the 
temperature. Basically the reaction rate increases exponentially with temperature. The 
following figure illustrates the Arrhenius equation on a Lead acid battery operated at different 

Figure 9 Battery operating temperature vs. age [24]
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Note the rapid change in battery life when 
the operating temperature is increase by 
10°C steps. Operating the battery at 35°C 
increases the delivered power above the 
rated value, but at a price of lowered 
battery life.  

Depending on the battery chemistry, 
battery operating temperature limits 
differ. The following figure illustrates the 
relationship between cell operating 
temperature and cycle life. It is clear, that 
the expected cycle life can only be 
achieved by operating the battery in the 
ideal working temperature range. 
Therefore it can be stated that increased 
temperature during storage or use 
seriously affect the battery life. [24]  

THERMAL RUNAWAY 

Thermal runaway is the consequence of overheating. Even under normal operating conditions, 
the rate of the heat build-up in the battery can exceed the rate at which the heat is removed 
from the system. Resulting uncontrolled temperature rise usually leads to violent destruction 
of the cell. [25][26] 

Figure 11 Thermal runaway [25] Figure 12 Electrolyte leakage [27]  

LEAKAGE OF ELECTROLYTE

Leaking electrolyte used to be a problem of Zinc-Carbon cells, where the outer casing was 
made from Zinc (see Figure 12). The casing was involved in the chemical reaction, therefore 
during the lifetime of the battery, the Zinc material thickness decreased until the electrolyte 
eventually leaked. Another way the cells may leak is due to poor casing design or faulty 
manufacturing process. Corrosive and poisonous chemicals are exiting the battery during the 
leakage and the equipment may get seriously damaged or destroyed. [27] 

Figure 10 Cell cycle life vs. Temperature [24]
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MECHANICAL DAMAGE 

If the battery pack is subjected to excessive loads, the batteries inside may be seriously 
damaged. Depending on the extent of the damage, the cells may suffer some of the previously 
described failure, which can lead to complete destruction of the pack. 

STATIC ELECTRICITY DAMAGE 

Solid state electronics, such as integrated circuits, that are present in the battery management 
system, may be permanently damaged when subjected to high voltage. Such high voltage may 
come from electrostatic discharge. If the electrostatic discharge disables the electronic 
circuitry, subsequent failure of all the conditioning and safety systems may lead to major 
battery box failure. An example of static electricity damage on a printed circuit board can be 
observed on the figure on the right.[28] 

Figure 13 Static electricity damage [28] 

INTERCONNECTION FAILURE

Cell interconnection conductors may fail in two distinct ways. Mechanical failure may 
involve loosening of contact with the cell terminals due to improperly selected 
interconnection method or fabrication or assembly fault. Latter way involves chemical 
degradation of the joint due to galvanic or crevice corrosion. Corrosion failure does not 
seriously harm the battery pack, but implicates gradual energy losses due to increased 
resistance of the joint and decreases the overall performance of the system. 
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4.2 BATTERY MANAGEMENT RE
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EXCESSIVE CHARGING � O
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• Lithium plating � Lithium may be deposited as metal
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quickly enough into the 
due to irreversible capacity loss and because the p
eventually lead to internal short circuit between t

• Overheating � as most of the cel
cell, which could easily lead to thermal runaway.

ATTERY MANAGEMENT RELATED FAILURES

The following failures will be described in respect to Lithium-ion batteries, because they are 
the most sensitive kind of batteries to improper battery management. Other 
chemistries behave in a similar way. The following figure illustrates how small is the safe

ion batteries in respect to voltage and temperature. Subsequent 
failures lead to consequences described in the red area surrounding

Figure 14 Litium-ion cell operating window[29] 

OVERVOLTAGE 

Excessive charging conditions may be reached due to charger failure or faulty setting of the 
operation limits. Recommended upper cell voltage limit for Li-ion batteries 
There are two effects overvoltage can have on the cells:

Lithium may be deposited as metallic lithium on the anode surface, 
when the excessive charging currents do not allow the lithium ions to be 

into the intercalation layers. Results are decreased battery performance 
due to irreversible capacity loss and because the plating has crystal form, it may 
eventually lead to internal short circuit between the electrodes.

as most of the cell failures, overvoltage increases the temperature o
cell, which could easily lead to thermal runaway.[29]
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EXCESSIVE DISCHARGING � UNDERVOLTAGE 

When the batteries are over-discharged or stored for long time, allowing the voltage to drop 
below 2 Volts, the electrode materials begin to break down: 

• Anode � the copper current collector is dissolved into the electrolyte, increasing the self-
discharge rate. Eventually this can lead to internal short-circuit.

• Cathode � Depending on the cathode material, the cathode gradually breaks-down, which 
for instance in case of Lithium Iron Phosphate cells may happen in just a few cycles. [29]

DEPTH OF DISCHARGE (DOD)

Depth of discharge is a major factor in battery life, specifically number of cycles. It is the 
opposite of state of charge. Depth of discharge units are%. For instance depth of discharge 
10% means that 10% of the battery charge has been used up. [30] 

In order to get a high number of cycles, the battery depth of discharge should be as low as 
possible. The following figure illustrates the number of cycles dependent on the DOD of 
shallow-cycle lead-acid battery.[31] 

Figure 15 Depth of discharge influence on battery cycle life [31] 

VOLTAGE REVERSAL 

Voltage reversal is most likely to occur in multi-cell batteries. Because of the manufacturing 
tolerances, some cells may become discharged sooner than the others. If the discharging is 
continued, the weakest cell may eventually suffer voltage reversal due to voltage drop across 
the cell. This causes heat and pressure to build up in the cell and can eventually lead to violent 
failure of the cell and subsequently the whole battery. Some modern batteries are build with 
excess of anti-polar material, which may allow them to reach negative voltage of up to -0,4 
Volts. [32]  

LOW TEMPERATURE OPERATION 

Operating batteries at low temperatures, according to Arrhenius law, will slow down the 
reaction rates both when charging and discharging. Therefore the current carrying capacity is 
reduced. This may make it difficult for the lithium ions to reach the intercalation spaces 
resulting in lithium plating of the anode and subsequent irreversible capacity loss. [33] 
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COMPONENTS FAILURE 

• Sensor failure 
There can be many different sensors, but generally there are temperature and voltage sensors. 
Sensors can fail basically in two ways. One would be a failure of the sensor itself, the other is 
a failure related to its positioning against the controlled device. An example can be a 
temperature sensor improperly attached to the cell, eventually becoming loose from the cell 
surface and failing in providing accurate temperature measurement. 

• Circuit interrupter failure 
Circuit interrupter may fail if subjected to dirt from the ambient environment or because of 
corrosion in humid environments. In such case the device does not provide the vital safety 
function and has to be replaced immediately.[34]  

• Cooling failure 
Cooling device failure may have serious consequences, because it is a primary measure 
preventing overheating of the battery pack components. Together with sensors and 
management system failure, this may lead to a catastrophic event and should therefore be paid 
an increased attention.[35][36]  

4.3 RANDOM FAILURES

The last category of failures embodies those that are not predictable or hard to control. Often 
they originate in faulty manufacturing processes, insufficient quality control, improper 
handling, storage, charging/discharging management or simply by ageing of the cells itself. 
To at least lower the probability of facing problems with faulty batteries, one should choose 
from proven manufacturers and measure the battery characteristics of the purchased batteries 
before usage. The random failures are:   

MANUFACTURER FAULTS

• Cell design faults 
• Manufacturing process faults 
• Quality control faults 

INTERNAL SHORT CIRCUIT 

Internal short-circuit can be caused by overheating of the cell or by dendrite crystal growth. 
Nowadays, fortunately, the internal shortcut is a rare cause of cell failure. 
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5 BATTERY FAILURE PREVENTIVE MEASURES

5.1 BATTERY MANAGEMENT SYSTEM

Battery management system (BMS) is a set of electronics, responsible for managing cells or 
batteries. There are several topologies of BMS systems, depending on the complexity and 
performance. Usually the more sophisticated applications such as mobile phones indicating 
the percentage of charge left in its batteries use more complicated BMS than a low-end 
camera with no indication whatsoever. [37][38] 

The following are categories of BMS systems. They are distinguished by their topology: 
• Centralized � this BMS features one controller managing all cells 
• Distributed � in this case there is one controller per one cell  
• Modular � each battery pack module features one controller, the module controllers 

communicate between each other. 

BMS systems serve multiple purposes, summarized in the following section. 
• Performance management 

o U, I, T monitoring 
o State of charge 
o Cell balancing 
o Power limits 

• Diagnostics 
o Battery health 
o On-Board-Diagnostics 

• Interface 
o Fuel-gauging 
o Communication 
o Data recording/reporting 

• Protection 
o Over-charge 
o Over-discharge 
o Over-current 
o Short-circuit 
o Temperature 

• Architecture dependent 
o Pre-charge 
o Contactor control 

Figure 16 Battery management system [38] 
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5.2 SHORT-CIRCUIT PROTECTION

RECESSED CONNECTORS

Proper connector shape prevents from accidental cont
increasing safety. 

MALE/FEMALE CONNECTORS

Polarized design of connectors prevents
one sense of directionality
source is invariably assigned female connector to p
connectors. 

5.3 OVERCURRENT PROTECTIO

FUSES   

There are two types of fuses, permanent and 
reset ability is the voltage drop. The voltage drop is more signi
fuses, which should be considered in low
Fuses are mainly used for over current
such as temperature fuse, described further in the 
The following figure shows a common type of 
resettable fuse on the right.

Figure 18 Permanent fuse

               

CIRCUIT PROTECTION

roper connector shape prevents from accidental contact between terminals,

CONNECTORS

design of connectors prevents improper cell insertion. In case of cables
one sense of directionality important for proper function of the connected devi
source is invariably assigned female connector to prevent inadvertent contact with

Figure 17 Male/female connectors [39] 

VERCURRENT PROTECTION

There are two types of fuses, permanent and resettable. The difference apart from the obvious 
is the voltage drop. The voltage drop is more significant on resettable type of 

fuses, which should be considered in low-voltage applications. 
over current protection. However, there are also other types of 

ure fuse, described further in the following section. 
The following figure shows a common type of permanent automotive fuse on the left and 

fuse on the right. [42] 

Permanent fuse [40] Figure 19 Resettable fuse
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act between terminals, subsequently 

In case of cables it ensures 
important for proper function of the connected devices. Power 

revent inadvertent contact with live 

ce apart from the obvious 
is the voltage drop. The voltage drop is more significant on resettable type of 

protection. However, there are also other types of fuses 

automotive fuse on the left and 

ttable fuse [41] 
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CIRCUIT BREAKERS

This is an automatically operated electrical switch, used to protect electrical 
devices from overload or short-circuit. As the name suggests, the circuit is 
broken once the circuit breaker detects a faulty condition in the circuit. 
Unlike a permanent fuse, circuit breaker can be manually reset after is has 
been tripped. It can also be manually tripped if needed. [43] 

The main difference between circuit breakers and fuse is the speed of 
reaction. Fuses react much faster to faulty condition than the circuit breaker. 
The response time of a fuse is roughly in milliseconds, whereas the circuit 
breaker response time is seconds or more.[44] 

5.4 TEMPERATURE, OVERCHARGE, OVERDISCHARGE PROTECTION

TEMPERATURE FUSE

Temperature fuse is a single-use protective device that has to be replaced when triggered. 
Such device is used in cases, where the overheating occurs rarely. [45][46] 

THERMAL SWITCH

Also known as thermal switch or thermal cutoff this switch interrupts the circuit when the 
protected device overheats and reconnects itself when the temperature drops. Such thermal 
switch can be for instance used to connect a fan circuit in case the temperature increases 
above certain level. [47] 

THERMOSTAT

Thermostat is a temperature sensing device. It is used in conjunction with a control system 
that maintains the temperature of a controlled device at a certain value by varying the 
intensity of heating/cooling device operation.[48] 

Figure 21 Thermal switch [47] Figure 22 Thermostat [49] 

Figure 20 Circuit breaker[43]



BRNO 2012            32

THEORETICAL PART�

NEGATIVE TEMPERATURE COEFFICIENT THERMISTOR

Negative Temperature Coefficient (NTC) means the thermal conductivity increases with 
increasing temperature as opposed to the normal behaviour, where the thermal conductivity 
would drop. NTC Thermistor is a type of resistor, whose resistance varies greatly with 
temperature. Thermistor can be used as resistance thermometer, inrush-current limiting device 
as well as a self-resetting over current protector and self-regulating heating element. [53][51] 

Figure 23 NTC Thermistor[51] Figure 24 PTC Thermistor[52] 

POSITIVE TEMPERATURE COEFFICIENT THERMISTOR

Positive Temperature Coefficient (PTC) has opposite properties to NTC, thus the material 
resistance increases rapidly with temperature. PTC Thermistor or posistor devices are used 
as current-limiters, timers for degaussing circuits or to monitor battery pack temperature. 
[53][52] 

5.5 VOLTAGE REVERSAL PROTECTION

FIELD EMISSION TRANSISTORS

FET transistors protect the battery pack against reverse polarity. Polarity reverse can damage 
the cells and seriously affect the battery pack performance.  
MOSFET (Metal Oxide Semiconductor Field Effect Transistor) devices are commonly used 
for this purpose. The MOSFET conducts current only when the battery is properly connected. 
When the battery is reverse-connected, the MOSFET is turned off, disabling the current flow 
and protecting the battery. The MOSFET transistors represent a low voltage drop solution 
compared to other devices such as Schottky diode. [53][55][56] 

Figure 25 Mosfet tranzistor [57] 
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5.6 ELECTRONIC CIRCUITRY

Battery pack protection circuits are usually employ
provide overcharge, overdischarge and 
of li-ion battery pack safety circuit. 

The Controller IC (integrated circuit) constantly monitors each cell 
control switch to prevent overcharge or overdischar
measuring voltage on both ends.
The Control SW (control switch) is usually made of FET structure, 
IC. 
Temperature fuse is non-restoring device acting in case of abnormal heating
Thermistor accurately measures
terminal and negative terminal. The thermistor prot
discharge.[54] 

SMART BATTERY

Smart battery is a regular battery with the additio
and safety devices inside each cell. The informatio
provide state of charge (SoC) and state of health (
battery. Smart batteries have been on the market si
originating with Duracell and Intel companies. 
Smart battery systems have certain disadvantages ap
obvious positives. They raise the price of the batt
25% and need regular calibration to function proper

LECTRONIC CIRCUITRY

Battery pack protection circuits are usually employed for lithium-based cell chemistry. They 
provide overcharge, overdischarge and over current protection. The following is an example 

ion battery pack safety circuit. 

Figure 26 Protective circuitry [54] 

(integrated circuit) constantly monitors each cell voltage and shuts off a 
control switch to prevent overcharge or overdischarge condition. Overcurrent is prevented by 

ring voltage on both ends.
(control switch) is usually made of FET structure, controlled by Controller 

restoring device acting in case of abnormal heating
accurately measures the cell temperature through resistance between the T

terminal and negative terminal. The thermistor protection is active during both charge and 

Smart battery is a regular battery with the addition of information 
and safety devices inside each cell. The information devices 
provide state of charge (SoC) and state of health (SoH) of the 
battery. Smart batteries have been on the market since 1990�s, 

riginating with Duracell and Intel companies. 
Smart battery systems have certain disadvantages apart from 
obvious positives. They raise the price of the battery by roughly 
25% and need regular calibration to function properly. [58] 

Figure 
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Figure 27 Smart battery[58]
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6 CELL-RELATED DESIGN CONSI

6.1 CELL CHEMISTRY

Cell chemistry is the main concern when designing a
characteristics of the resultant product such as: s
performance and cost. Cell chemistry comparison tab
chemistry characteristics, necessary to consider wh
The following chemistry 
importance in descending fashion. Each property is 

-- BAD -
  

Table 3 Cell chemistry comparison chart 

Property 

Intristic Safety 

Charge time 

Durability 

Cycle life 

Gravimetric energy density

Eletrolyte leakage possibility

Figure 28 Gravimetric vs. Volumetric energy density compariso

RELATED DESIGN CONSIDERATIONS

Cell chemistry is the main concern when designing a battery pack. It determines majority of 
characteristics of the resultant product such as: safety, weight, environmental friendliness, 
performance and cost. Cell chemistry comparison table in the Attachmen
chemistry characteristics, necessary to consider when designing an automotive battery pack.

chemistry comparison chart contains selected properties arran
importance in descending fashion. Each property is rated as follows.  

- SUFFICIENT + GOOD ++ EXCELLENT

Cell chemistry comparison chart 

Lead acid NiCd NiMH Li-ion

- - + + 

-- + - + 

++ ++ ++ + 

+ ++ + + 

Gravimetric energy density - - + ++

Eletrolyte leakage possibility Yes Yes Yes Yes

Gravimetric vs. Volumetric energy density comparison 
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 battery pack. It determines majority of 
afety, weight, environmental friendliness, 

Attachment 2 sums-up the main 
en designing an automotive battery pack.

comparison chart contains selected properties arranged by 

++ EXCELLENT

ion Li-pol LiFePo

+ ++ 

+ + 

+ ++ 

+ ++ 

++ + 

No No 

Gravimetric vs. Volumetric energy density comparison [60] 
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From the comparison table and energy density chart, it is clear that today�s most advanced 
chemistries are the Lithium-based chemistries. The choice is then up to variety of lithium-
based chemistries, which differ in energy density, safety, form and also price. The main 
chemistries used nowadays in automotive industry are Lithium-ion, Lithium-Polymer and 
Lithium phosphate.  They share the same nominal voltage, which makes them equal from 
number-of cells point of view. Unlike Lithium-polymer cells, Lithium-ion and Lithium-
Phosphate are heavier due to the fact that they are surrounded by protective casing. This 
might not be such a disadvantage since the Lithium�polymer cells also have to be protected 
by a case of some kind eventually.  From the cost point of view, the Lithium-phosphate is 
more cost effective than Lithium-ion and Lithium-polymer cells.[60][62] 

6.2 CELL NOMINAL VOLTAGE

Cell nominal voltage determines the number of cells required to reach a certain voltage. Cell 
nominal voltage is directly dependent on cell chemistry. Electric vehicles nowadays demand 
roughly around 300V, therefore to reach the same voltage level placing batteries in series; the 
number of lower voltage cells would be considerably higher as can be seen on the following 
comparison table: 

Table 4 Cell number calculation based on nominal voltage [60] 

Chemistry Lead-acid Alkaline NiCd/NiMH Li-ion/Li-pol Li-FePo 

Voltage [V] 2,1 1,5 1,2 3,6 3,25 
Number of 

cells in series to 

reach 300V 

214 300 375 125 138 

It is clear that from the voltage point of view, the best cell voltage is the highest, which allows 
for less complicated cell interconnection and indirectly increased dependability. 

Note that alkaline cells are usually manufactured in primary version only, however there is 
also a secondary version, therefore they have been added to this comparison chart. 

Also it should be noted that with increasing number of cells the number of interconnecting 
points rises, making the design, assembly, maintenance and end-of-life disposal more 
complicated and less time-effective. 

It is important to note that higher nominal voltage cells have lower internal resistance 
resulting in less of a voltage drop under load. 
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6.3 BATTERY PACK CONFIGURATION AND PROBABILITY OF FAILURE-FREE 

OPERATION

When designing a battery pack, designers are usually constrained by the voltage demands of 
the load. Nowadays, the battery powered electrical vehicles or hybrid electric vehicles 
demand a certain voltage supply to minimize the use of converters and keep the losses as low 
as possible. Also there is a vehicle operating range demand for high capacity power source. 
However, the cells which the batteries consist of are made with significantly lower voltage 
and capacity than the vehicle manufacturers need; therefore the cells are combined in different 
ways to reach these demands. The following is a basic overview of cell configurations in 
respect to the overall system dependability. [63] 

6.3.1 SINGLE CELL

The simplest of all configurations is the single cell design. This design is usually used in low 
power applications such as mobile phones with single 3,6V Lithium cell, wall clocks, wrist 
watches and memory backup with 1,5V alkaline cells.

Probability of failure-free operation of such system is directly equal to the dependability of a 
single cell. Therefore such configuration is not favourable for systems such as Battery packs, 
Uninterruptible Power Source (UPS) and is used only for simple low voltage devices.[64]  

6.3.2 SERIAL CONFIGURATION

This design allows the designer to reach higher than nominal voltage of a cell by combining 
more cells in series. Such configuration is typical for flashlights where the cells are stacked in 
serial configuration. The resultant voltage is calculated simply by adding the cell voltage. In 
case of series cell configuration, the resultant capacity remains unchanged. The figure below 
illustrates an example of series cell configuration with calculation of resultant voltage: 

Figure 29 Series cell configuration 

Total capacity: 1000 mA       Total voltage: 3,6 V + 3,6 V + 3,6 V = 10,8 V (1)

If an odd voltage is needed, then the configuration can be set a little above the desired voltage, 
because battery powered devices usually tolerate slight overvoltage. 

POSSIBLE FAILURE MODES

Partial battery failure - if one cell in the series chain is subjected to short circuit, the 
assembly would remain operational, but it would suffer from voltage loss. As a result, the 
chain of cells performance becomes limited by the weak link. Another cause of partial cell 
failure can be dry-out due to a leak or inappropriate handling. 
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Total battery failure � if one cell reaches open state, the entire battery fails. Such condition 
limits the possibility of further damage to the cell, but is quite undesirable for the user. 

Example calculation of voltage and capacity parameters in serial configuration with one cell 
damaged is provided below: 

Figure 30 Serial configuration, one cell damaged 

Total capacity: 1000 mA       Total voltage: 3,6 V + 2 V + 3,6 V = 9,2 V (2)

PROBABILITY OF FAILURE-FREE OPERATION OF SERIAL SYSTEMS

Given the probability of failure-free operation of a single element �� , the serial system 
probability of failure-free operation [65] �� is as follows: 
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Figure 31 Serial system probability of failure-free operation based on a component probability of 

failure-free operation. 
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In the example above, three cells are connected in series. Given the reliability of single 
component e.g. �� � ���� the probability of flawless operation of the system is:  

�� �� ��� � ��	 � �� � ��� � ���� � ���� � ����� � ��� (4)

6.3.3 PARALLEL CONFIGURATION  

To get higher current or reach higher capacity, cells are connected in series. This 
configuration does not increase the battery voltage. Calculation of resultant capacity is done 
by adding the individual cell capacities. Example calculations are included below the 
following figure. 

Figure 32 Parallel system 

Total voltage: 3,6 V   Total capacity: 1000 mA + 1000 mA + 1000 mA = 3000 mA (5)

POSSIBLE FAILURE MODES

Unlike series design, parallel configuration is not so seriously affected by one cell failure in 
terms of functionality, yet still there are other undesirable effects of such events.  

Partial battery failure - if one cell in the parallel configuration is subjected to short circuit, 
the battery would usually be subjected to elevated self-discharge. The advantage over serial 
configuration is the fact that the other battery remains functional, though the overall 
performance is somewhat lower. 

Total battery failure � In extreme cases the faulty cell could cause an excessive heat 
generation because the energy is being drained from the other cells, eventually causing a fire 
hazard. 
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Figure 33 Parallel system, one cell damaged 

Total voltage: 3,6 V      Total capacity: 1000 mA + 500 mA + 1000 mA = 2500 mA (6)

PROBABILITY OF FAILURE-FREE OPERATION OF PARALLEL SYSTEMS

In this parallel configuration, given the probability of flawless operation of a single element 
Ri = 0,9, the probability of flawless operation of the parallel system above is as follows: [65] 
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Figure 34 Parallel system probability of failure-free operation based on a component probability of 

failure-free operation  
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6.3.4 SERIES-PARALLEL CONFIGURATION

Serial parallel configuration combines the advantages of both series and parallel systems. This 
approach is often chosen to reach the voltage and capacity required for specific application 
combining standard-size cells. It also increases reliability of a battery pack. Serial-parallel 
system configuration is usually described by the following: 

Figure 35 Series-parallel system designation 

The first string represents the number of parallel branches in the system. The second string 
represents the number of cells in series placed in each of the branches. Total voltage is 
determined by the number of cells in series (24s) and the total capacity by the number of 
branches in parallel (4p). The corresponding calculations can be found above. This type of 
configuration is often used in laptop battery packs, electric vehicles and large UPS systems. 

POSSIBLE FAILURE MODES

Partial battery failure � in case of single cell failure, the string containing this cell would be 
compromised, lowering overall battery capacity. However the vehicle is still operational if the 
damaged string of cells can be excluded from the circuit. Therefore this setup is quite 
convenient for electric automotive application, since the car should be able to operate even if 
the battery pack fails partially. 

Total battery failure � For a series-parallel system to fail, all strings of cells would have to 
fail. This is dependent on the configuration, for instance 4p24s system would fail completely 
only if all four of the parallel strings failed. 

PROBABILITY OF FAILURE-FREE OPERATION OF SERIES - PARALLEL SYSTEMS

Figure 36 Series-parallel configuration

Calculation of probability of failure-free operation is done by combining methods from 
previous series and parallel configurations. The configuration scheme is divided to series and 
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parallel subsections. These are calculated individually and then put together. Example of 
series-parallel system calculation is shown below.

�� � ���
���� !"#�$#""� � �� � ��� � ����
 �� � ����
 �� � ����%
 ����� � ��&�� (8)

6.3.5 BUDDY CELL CONFIGURATION

Another interesting example of series-parallel configuration is so called �buddy cell� 
configuration, employed in Toyota Prius hybrid vehicle. 

The battery consists of pairs of cells connected in parallel and then connecting these �buddy 
pairs� in series. This configuration should allow easier balancing as well as increased 
dependability. When one cell in the pair fails, the circuit is not broken, only the capacity of 
one cell is lost. 

Figure 37 Buddy cell configuration[66] 

The above shown configuration is quite interesting compared to serial system of the same 
amount of cells in series, but without the buddy cell.  

• Probability of failure-free operation of buddy-cell system vs. serial-only system 

Serial only system �� �� � �����' �� � ������' �� ���&(
Buddy cell system �� �� � �� � �� � ����� � �	�%�' �� � �� � �� � ������ � ����%�'�
                         �� �����%�' �� ��&(�
                     
            �
It is clear that by adding a buddy cell to each cell in series increases significantly the overall 
probability of failure-free operation. 
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6.4 CELL SHAPE AND SIZE SELECTION

Proper cell shape and size selection is a key prerequisite to design easy to cool battery pack. It 
also affects many other areas described in the following section. The three basic cell shapes 
are the following: 

• Cylindrical (1) 
• Prismatic (2) 
• Pouch (coffee bag) (3) 

Figure 38 Cell shapes [73] 

The advantage of cylindrical cells is the fact that there are many normalized size from which 
to select. The other (prismatic and pouch) cell shapes are designed specifically to the 
application needs. At the moment, there are no normalized sizes of prismatic or pouch cells. 
Subsequently, manufacturing of such cells is done by only one company, which does not help 
keep the production cost low, since there is no competition to choose from. One exception 
may be the prismatic lead-acid starter batteries, but they are too heavy and space demanding 
for serious transportation use. 

When selecting cell shape, one should consider the possible assembly issues. This might not 
apply to the cylindrical or prismatic cells, since they are usually made with steel encapsulation 
(cylindrical) or tough plastic shell (prismatic). However, the pouch cells might become very 
difficult to use, since they are usually not made with rigid shells. They are usually made with 
thin aluminium shell, sometimes covered with protective foil layer, making it difficult to 
clamp into the battery pack without the risk of damaging the fragile shell in case of a crash. 

Also, since the cells may swell during use, so simple clamping solutions may not be well 
suited for some cells, since they need to enable certain cell expansion. 

The dimension precision and repeatability is also very important factor in cell selection, to 
enable simple assembly process as well as easy cell exchange during maintenance. 

3

2

1
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In regards to battery cooling, surface/volume ratio
exchange efficiency and temperature distribution in
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Table 5 Cell dimensions[111]

Cylindrical 
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D 
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AA 
Prismatic/ pouch 

Toyota Prius 
9-Volt 
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Kokam SLPB 
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In regards to battery cooling, surface/volume ratio of the cells plays a major role in heat 
exchange efficiency and temperature distribution inside the cell. High surface/volume ratio 
values increase the surface area for contact with heat-conducting elements. This should also 
ensure, that temperature gradient inside the cell is kept at minimum. This positively affects 
the cell lifetime. The following table shows dimensions of selected cells of different types. 

illustrates the surface/volume ratios of the cells. Notice that the table 
contains small AA, D and 9V cells not used in automotive applications, but serve as a 

. Other types are used in automotive industry for t
Saft VL7P and Kokam SLPB are the cell types considered for the battery pack in this thesis.

[111][114][117] 

Cell dimensions 

Length Diameter

145 41
61,5 34,2
65 18

50,5 14,5
Width Height

285 106
48,5 26,5
210 290
115 41
127 177

Figure 39 Surface/volume ratio of selected cells 

clear supremacy of prismatic/pouch cells over cylindrical

Surface/volume ratio also gives the designer an idea how fast the cell reacts to cooling or 
heating. Thin flat cells have clear advantage over bulky, thick or large diameter cells. 

gher the surface/volume ratio, the faster the cells react to the thermal 

0,070
0,102

0,127 0,128

0,231

0,298

Surface/volume ratio
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 of the cells plays a major role in heat 
High surface/volume ratio 

conducting elements. This should also 
s kept at minimum. This positively affects 

s dimensions of selected cells of different types. 
illustrates the surface/volume ratios of the cells. Notice that the table 

otive applications, but serve as a 
. Other types are used in automotive industry for the battery packs. 

red for the battery pack in this thesis.

Diameter

41
34,2
18

14,5
Height

106
26,5
290
41

177

supremacy of prismatic/pouch cells over cylindrical cells.

a how fast the cell reacts to cooling or 
bulky, thick or large diameter cells. 

gher the surface/volume ratio, the faster the cells react to the thermal 

0,340 0,342
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6.5 CELL SELECTION ACCORDING TO TEMPERATURE RATING

When selecting cells, the designer has to know the extreme conditions the battery pack might 
encounter. Ambient temperature affects many characteristics described below. 

• Battery capacity 
Decreasing temperatures lower the battery capacity considerably. On the other hand, higher 
temperature tends to increase the battery capacity. The following figure shows the effects of 
temperature on battery capacity and also adds the effect of discharge speed. [70] 

Figure 40 Battery capacity vs. temperature and speed of discharge [68] 

• Charging voltage
Battery charging voltage has to be varied according to the temperature of the pack. Lower 
temperatures lead to higher charging voltage and vice versa. Charging voltage example values 
are shown in the following figure. 

Figure 41Temperature effects on charging voltage [71] 
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6.6 CELL TERMINAL CONFIGURATION SELECTION

Cell terminal configuration is another factor affecting the ease of use throughout the lifetime 
of the battery pack. Easy to connect cell terminals enable easy and safe assembly, 
maintenance as well as end-of-life disassembly. There are many cell terminal versions, the 
following is a selection of the most common types. 

• Flat-base/pin terminal 
Well known type of terminal used for most cylindrical cells. Improper insertion into a battery 
holder is avoided by recessed design of one of the holder contacts. The following figures 
show a cylindrical cell on the left and battery holder on the right. 

• Stud terminal 
Stud terminal is a solution widely used for automotive batteries. The connection between the 
cable and the terminal is carried out by a screw-secured clamp, providing a safe and durable 
connection. 

Figure 42 Flat-base/pin terminal [69] Figure 43 Stud terminal [98] 

• Threaded 

Threaded terminals are another example of safe terminal design. Cells with the threaded 
terminals on one side make the assembly and overall interconnection design much simpler.  

• Flat 
Flat terminals on pouch cells are a necessity since the cells are usually very thin. The terminal 
design is unfortunately quite fragile and to achieve low resistance connection, the terminal 
tabs have to be welded. 

Figure 44 Threaded terminal[98] Figure 45 Flat terminal [99] 
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6.7 CELL TERMINAL INTERCONNECTION DESIGN

Intercell connection design should provide dependable, low-resistance transition from one cell 
to another. There are two points of view from which the interconnection should be designed, 
the material view and the physical view. [59] 

6.7.1 CELL INTERCONNECTION METHODS

Generally the connection can be made by fusion or pressure. These methods are further 
described in the following section. 

Fusion methods 

• Soldering � Soldering is a non-detachable connecting method. It produces a good quality 
joint. The disadvantages are non-detachability, quality of the joint is dependent on 
operator skill, increased probability of corrosion a risk of material weakening by 
annealing. Low melting point also increases possible joint failure under overload 
conditions.

• Brazing � Similarly to soldering makes a good quality, non-detachable connection when 
done properly, but because of higher temperatures (650-700°C) needed to melt the silver-
based solder, the conductor may suffer annealing damage.

• Welding � Superior non-detachable connecting method to soldering or brazing. Due to 
use of special equipment, welding is not suitable for field use. There are several welding 
methods widely used in practice: Inert gas welding, Thermite welding, Cold welding, 
flash welding, spot welding, friction welding, electron beam welding, laser welding and 
percussion welding

Pressure methods: 

• Bolted connection � because of its detachability, dependability and price demands, bolt 
connectors are a convenient way to make electrical connection in the field. There are two 
types of pressure connectors: Clamp type connector that applies pressure by bolts 
wedges or springs and Compression type connectors which compress the connector 
about the conductor by means of suitable tools.
In order for the connectors to function properly, the material for the connectors has to be 
selected with care. The following is a table of common conductor materials and their 
properties. In this table, copper is taken as a reference to which the others+ are compared.

6.7.2 CELL INTERCONNECTION MATERIALS

From the material point of view certain issues arise when the cells have to be connected in 
series. The cell terminals have to be from dissimilar materials to create the potential 
difference driving the nominal cell voltage. But connecting certain dissimilar metals is 
difficult due to different melting temperatures, brittleness issues, mechanical properties and 
corrosion of the conductors.  [59] 

Oxidation of conductors 

High resistance oxides form very fast on aluminium and copper exposed to the environment. 
Resulting oxidation layer prevents low resistance connection and cannot be easily removed by 
cleaning. Therefore the oxidation should be removed by appropriate means and the cleaned 
metal has to be immediately protected by a compound to prevent oxide reforming. 
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Corrosion of conductors 

Electrolytic action between conductor metals at the presence of an electrolyte is called 
corrosion. This is especially distinctive for aluminium. Nevertheless it plays an important role 
for other conductors as well. Corrosion of conductors may be split into two types: 

• Galvanic corrosion � occurs between dissimilar metals. The metal higher up in the 
electrolytic series becomes anode, the other becomes cathode. When two dissimilar metals 
are connected, galvanic action will attack the anodic metal and leave the cathode metal 
unharmed. The farther apart the two metals are on the electrolytic series, the greater the 
effect inflicted on the anode metal.

• Crevice corrosion � this type of corrosion is typical for like metals. It occurs in between 
the metals in regions with lower concentration of oxygen. This type of corrosion can be 
prevented by application of waterproof compound on the connection to exclude moisture 
and exposure to oxygen.

Material selection for clamp type connector 

Each combination of terminal materials works best with different conductor material. The 
following table suggests conductor materials for several terminal material combinations. 

Table 6 Recommended materials for electrical connection [59] 

Recommended electrical connectors 

Connection Connector body Bolt material and washer 

Aluminium to aluminium Aluminium Aluminium with lockwasher 

Aluminium to tinned 
aluminium 

Aluminium Aluminium with lockwasher 

Aluminium to tinned copper Aluminium Aluminium with lockwasher 

Copper to tinned aluminium Bronze Bronze or steel with lockwasher 

Copper to tinned copper Copper or bronze Bronze with bronze lockwasher 

Copper to copper or bronze 
to bronze 

Copper or bronze Bronze with bronze lockwasher 

Tinned copper to tinned 
aluminium 

Aluminium or bronze 
Aluminium, bronze or steel with 

Belleville washer 
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7 BATTERY PACK THERMAL MANAGEMENT

7.1 HEAT TRANSFER IN GENERAL

There are several heat transfer mechanisms that can be utilized for battery pack thermal 
management. The mechanisms vary greatly in efficiency, space demand, need for ancillary 
equipment, power demand and last but not least, the cost. The following figure illustrates the 
main heat transfer principles. The principles are described in more detail in the following 
section. 

Figure 46 Heat transfer principles [61] 

CONDUCTION

Conduction is the first mechanism of heat transfer. It is also the most efficient. It occurs 
between bulks of matter, i.e. between solid steel rod and flames produced by burning wood. 
Physically, conduction is a direct transfer of kinetic energy between particles. Heat transfer by 
conduction can occur between all forms of matter (i.e. solids, liquids, gases and plasmas). In 
metals, part of the heat energy is transferred by conduction-band electrons. The heat is always 
transferred from region with higher temperature to region with lower temperature. [74] 

CONVECTION

Convection is a method of heat as well as mass transfer in fluids only (i.e. liquids and gases). 
Compared to conduction it is somewhat slower and less efficient. As opposed to conduction 
where material does not move, in convection, the material itself moves from one place to 
another. Term convection sums up two mechanisms: diffusion and advection. Diffusion is a 
random motion of individual particles in the fluid. Advection is energy transferred by bulk or 
macroscopic motion in the material. When heat is transferred from solid to fluid, i.e. battery to 
air, temperature differences within the air create internal movement called convection 
currents. There are several types of convection distinguished by the convection mechanism, 
the main of which are the following: [74] 



BRNO 2012            49

THEORETICAL PART�

• Natural � occurs due to temperature difference. Heavy matter falls down and lighter 
matter rises. 

• Forced � fluid movement is induced by an external surface force, e.g. fan. 

• Gravitational or buoyant � this type of convection as opposed to natural convection is 
induced by buoyancy difference unrelated to temperature. 

RADIATION

Radiation is a form of heat exchange provided by energetic particles or waves travelling 
through matter or space. It is less efficient than conduction or convection. It is the only means 
of heat transfer in space, because it does not rely on physical substance.  

All objects that contain heat also emit radiation energy. How much energy they emit is 
determined by the wavelength. The shorter the wavelength, the more energy it contains. The 
energy is carried by photons of light in the infrared and visible portions of electromagnetic 
spectrum. The wavelengths of infrared and visible spectrum radiation can be observed on the 
figure below. [74] 

Figure 47 Electromagnetic spectrum[75] 
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PHASE CHANGE

Another heat transfer mechanism is phase change. This process involve
of energy and is therefore utilized in many applica

There are four phases of matter, solid, 
liquid, gas and plasma. The phase 
changes between the phases are 
described on the figure on the right. 

An example of phase change utilisation 
is a heatpipe. Heat pipes are used for 
cooling of computer components. The 
figure below shows a longitudinal 
cross-section of a heatpipe.

Heatpipe consists of a metal pipe with 
closed ends. The internal surface of 
heatpipe is covered with wick material 
and the pipe is also filled with working 
fluid. The heatpipe works as follows: 
At the hot side of the pipe (1), working 
fluid evaporates absorbing thermal 
energy. Then the vapour moves to the 
cold side (2) of the pipe where it 
condenses back to fluid and is 
absorbed by the wick (3), rel
end of the device and the cycle repeats (4). 

fer mechanism is phase change. This process involves substantial amounts 
of energy and is therefore utilized in many applications, e.g. computer component cooling. 

There are four phases of matter, solid, 
liquid, gas and plasma. The phase 
changes between the phases are 
described on the figure on the right. 

An example of phase change utilisation 
atpipe. Heat pipes are used for 

cooling of computer components. The 
figure below shows a longitudinal 

section of a heatpipe.

Heatpipe consists of a metal pipe with 
closed ends. The internal surface of 
heatpipe is covered with wick material 

pe is also filled with working 
fluid. The heatpipe works as follows: 
At the hot side of the pipe (1), working 
fluid evaporates absorbing thermal 
energy. Then the vapour moves to the 
cold side (2) of the pipe where it 
condenses back to fluid and is 

by the wick (3), releasing thermal energy. Working fluid then flows back to the hot 
end of the device and the cycle repeats (4). [76] 

Figure 49 Heatpipe [77] 

Figure 48 Phase changes 
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7.2 GENERAL REQUIREMENTS FOR BATTERY PACK THERMAL MANAGEMENT

Battery pack thermal management (further referred to as TM) can be achieved in many ways, 
but the following are common properties demanded from such systems: 

• Compact 
• Lightweight 
• Reliable 
• Serviceable 
• Low cost 
• Low parasitic power 

The thermal systems should also lead to as small temperature variations within the battery 
pack as possible and should be able to keep the pack in optimal temperature range at all 
conditions. 

7.3 AIR TM 

Air TM is the simplest of all the listed methods. It requires only a fan or blower and a 
conveniently shaped air channels. With this method, the air as a cooling medium is in direct 
contact with the cells, yet compared to liquid TM, the heat transfer is less effective. There are 
many ways to shape the air channels, but generally two variants are distinguished: [78] 

SERIES AIR FLOW

Series air flow means that the air enters the battery pack at one side, then passes along the 
whole pack and exits at the other end. The disadvantage of this approach is the fact that as the 
air passes through the pack it is gradually heated up by each one of the cells. This eventually 
leads to inconsistency in temperature throughout the pack (see the figure below). The 
advantage of such approach is somewhat simpler air channels. 

Figure 50 Series airflow [78] 

  

Air stream 
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PARALLEL AIR FLOW

Parallel airflow as opposed to series airflow enters the battery pack in such a way that it 
passes each cell only once, creating even temperature distribution (see the figure below). 
Obvious disadvantage is the need for more complicated air channels. 

Figure 51 Parallel airflow [78] 

The air is usually taken from the passenger compartment, indirectly utilizing the air-
conditioning system of a car. The prerequisite is the fact, that passengers will always keep the 
temperature inside the car at a level suitable for them as well as for the battery pack. This is 
however useful only for air-conditioned cars and functioning air-conditioning. 

The efficiency of an air TM increases with temperature difference between the battery pack 
and the air. 

7.3.1 PASSIVE AIR TM

SIMPLE AMBIENT AIR TM 

Figure 52 Ambient air TM [80] 

The above diagram shows the simplest configuration of battery pack TM using ambient air as 
a TM medium and fan to push/pull air through the battery pack. There is a difference between 
the fan �pushing� and �pulling� the air. For low speed fans, the pull configuration proves to be 
more effective. For high speed fan, push configuration is more convenient. [79] 

Air stream
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AIR TM WITH BUILT-IN CAR A/C UNIT

Figure 53 Air TM utilizing car A/C system [80] 

The difference over the previous configuration is the addition of an air-condition system and 
return loop for air recirculation. The air is conditioned prior to entering the pack and can be 
recirculated in cold weather to preheat the pack if necessary. The advantage of this 
configuration is that the system employs existing components of the car to control the battery 
pack temperature. Therefore the added cost for the TM is minimal.  

7.3.2 ACTIVE AIR TM 

AIR TM WITH AUXILIARY A/C UNIT

Figure 54 Active air TM with auxiliary A/C unit [80] 

Using auxiliary A/C unit makes possible to manage the temperature in the battery pack 
independent of the car A/C unit, thus the air can be actively conditioned exactly to the 
demanded specifications e.g. temperature and humidity. The TM may also be employed in 
situations where the built-in A/C unit is not running, e.g. while charging. The use of auxiliary 
unit brings along increased price, but is balanced by better control over the environment 
conditions in the battery pack. 

To sum up the air TM approach, the advantages and disadvantages are discussed. Air provides 
relatively cheap and simple means of TM. Thanks to lower number of parts and �dry� 
environment, maintenance can be much simpler.  

The whole solution is location sensitive and therefore it cannot be positioned everywhere. It 
usually takes up more space and due to air cooling it is not easy to seal from the environment. 
In mild climates it may be a sufficient choice. However in more extreme conditions air 
cooling may not be sufficient even with an auxiliary A/C unit. Air has lower thermal 
conductivity and the boundary layer is thicker compared to other systems e.g. liquid TM. To 
achieve the same heat transfer effect the air must be circulated in the system at much higher 
rates than in comparable liquid systems. In terms of safety air TM has the advantage, because 
there is no medium to leak. On the other hand if there is a failure or accident, toxic gases may 
be ventilated into the passenger cabin.  
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7.4 LIQUID TM 

Liquid TM in general has far better efficiency compared to the air TM, because of higher 
thermal conductivity and much thinner boundary layer. Another advantage of liquid TM is the 
ability to position the battery pack in places where air would be difficult to channel or where 
it is necessary to seal the battery from the outside environment. [80]

On the other hand, liquid TM needs auxiliary equipment to manage the cooling fluid. 
Therefore it brings more cost, weight and also risk of leakage. With more components the 
system�s overall dependability decreases. This is emphasized especially when the battery pack 
consists of large number of modules that feature a lot of sealing surfaces. 

7.4.1 PASSIVE LIQUID TM 

Figure 55 Passive liquid TM [80] 

Passive liquid TM on the above figure uses liquid as a heat transfer medium. Heat transfer can 
be achieved as direct or jacketed contact of the cooling fluid and the batteries. Direct contact 
can be utilized in case of electrically non-conductive medium such as oil. Jacketed contact has 
to be utilized in case of electrically conductive coolants e.g. water with glykol. 

The system is considered passive because it features a liquid/air heat exchanger that uses 
ambient air to cool the cooling fluid, but the temperature of the cooling air cannot be 
controlled.  
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7.4.2 SEMI-ACTIVE LIQUID TM 

Figure 56 Semi-active liquid TM [80] 

The above figure represents a semi-active liquid TM. The temperature of the medium is 
managed through liquid/liquid heat exchanger that is dependent on the engine coolant 
temperature. Therefore the change in coolant temperature is reflected in the heat exchanger 
and subsequently into the battery coolant. 

7.4.3 ACTIVE LIQUID TM 

Figure 57 Active liquid TM [80] 

The above is the active liquid TM configuration. In this case the temperature can be actively 
managed. The temperature in the cooling circuit is managed through heat exchangers utilizing 
engine coolant and AC heat exchanger. 

Liquid TM is a superior method to air TM because of higher thermal conductivity and lower 
boundary layer. Advantageous is also the fact that the battery pack can be positioned in places 
air would be too difficult to channel to. The whole assembly can be built smaller, can be 
easily sealed from the environment. Major advantage is better temperature distribution over 
the cell and easier equalisation of mass flow over the modules. 
The disadvantages include higher cost, maintenance, more auxiliary equipment, increased 
weight and more parts. There is a risk of leakage and loss of cooling ability. Low 
temperatures may affect the performance of the system  
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7.5 PHASE CHANGING MATERIAL

Phase changing materials are classified as latent heat storage units. Latent heat is the heat 
released or absorbed by material during a process that occurs without a change in temperature. 
Through phase changes they are capable of storing and releasing high amounts of energy. 

Phase changing materials are still in development phase, because their behaviour is not 
precisely known. One example of such system (see Figure 58) is PCM absorbed in carbon 
matrix used to cool 18650 cells. For better understanding the PCM can be visualized as a wax. 
The PCM is in direct contact with the cells and absorbs the heat rejected by the cells during 
intensive current draw. 

Figure 58 Phase changing cooling of battery pack [81] 

Advantage of phase changing material is better temperature uniformity, reduced peak 
temperatures and system volume. It was concluded that PCM has excellent performance in 
intermittent discharge applications.  Allows having smaller air cooling system and extends the 
limits in battery output. 

Disadvantages include possible heat accumulation, additional weight and undesirable thermal 
inertia. For HEV applications, addition of convective cooling method is necessary. [82] 

�
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7.6 THERMAL MANAGEMENT METHODS COMPARISON

Table 7 Comparison of thermal management methods 

Method Air Liquid Phase change 

Efficiency Low High Average 
Complexity Low High High 

Uniform medium 

distribution 
Complicated Easy Easy 

Number of 

auxiliary 

components

Low High Average 

Coolant leakage 

risk 
None Yes (Medium dependent) 

Weight Low High High 
Cost Low High Average 

Application 
Mild climates, 
hybrid vehicles 

High power hybrids, 
electric only vehicles, 

extreme climates 

Intermittent high 
power operation, 
hybrid vehicles 

Concluding the thermal management methods comparison one can see that there are many 
ways to achieve the same goal. Therefore the selection of thermal management method is 
always dependent on the application, cell type used for the battery pack, space availability and 
last but not least, the budget.  

8 CURRENT BATTERY PACK INDUSTRIAL SOLUTIONS

Before the battery pack was designed, an overview of current industrial battery pack solutions 
was created. The purpose of doing so was to learn from the leading manufacturers, observe 
their solutions from many different points of view and to gain inspiration for the future work. 
The overview also contains information about these solutions including cell chemistry, cell 
shape and performance data in cases where these characteristics were accessible.  
This overview is an additional source of information and can be found at the end of the thesis 
in the appendix section 1.     
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9 MECHANICAL DESIGN

MODULAR PRODUCT DESIGN � SYSTEMATIC APPROACH

The design of the battery pack was carried out as a design of modular product. The design 
was set to be modular to enable changes in the battery pack size and configuration, according 
to momentary needs. 
Modular systems provide systematic solution for situations where product has to fulfil 
different functions. It is achieved by combining fixed individual parts and assemblies. [83]  
  
  
9.1 LIST OF REQUIREMENTS  

No product can be designed without a list of requirements. Without such list, many important 
factors can be accidentally omitted and therefore threaten the integrity of the design. The 
following list of requirements was established together with all interested parties to ensure all 
the requirements are gathered at one place. 

OVERALL DESIGN GOALS

• Modularity of the design. 
• Ability to be mounted in different places in the vehicle. 

MATERIALS

• Lightweight materials 
• Cheap 
• Easy to build 

SAFETY

• The battery pack must be protected from water intrusion. 
• The cell casing must withstand the forces from crash as calculated further in this section. 
• The outer surface of the battery pack should not exceed 54°C to protect operators from 

getting burnt. 

COOLING

• Passive air cooling. 
• Good distribution among the pack to cool the cells equally. 
• Equal cell cooling with changing pack size. 

CELL TYPE

The cell type for the battery pack was decided to be a Lithium-polymer Kokam SLPB 1154 
3140 H5 cell. The reasons to select this type of cell are summarized below. 

• High nominal voltage, leading to a smaller number of cells 
• High volume and energy density to minimize weight and volume 
• Low self-discharge 
• Very good surface/volume ratio of 0,340 competitive to industry-leading manufacturers 
• Proven manufacturer 
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The cell technical data is as follows.   Table 8 Kokam cell technical data 

Kokam SLPB 1154 3140 H5 

Nominal voltage 3,7 V 

Nominal Capacity 5 Ah 

C-rating (max.) 30C 

Max. charging voltage 4,2 V 

Cut-off voltage 2,7 V 

Max. charging current 10 A 

Max. discharge current 
150A continuous/ 

250A peak 
Operating temperature during 

discharge 

-20 to 40°C (extreme 
60°C) 

Operating temperature during charge 0 - 40°C 

Surface/volume ratio 0,34 

Weight 0,124 kg 

Cycle life >800 cycles Figure 59 Kokam cell 

CELL CONFIGURATION

Cell configuration was consulted with an external expert. The resulting configuration and 
expected operating characteristics are as follows. 

Table 9 Cell configuration 

Cell configuration 

Number of cells 96 

Cell configuration 4p24s 

Cells per module 6 

Rated voltage 88,8 V 

Maximal voltage 100,8 V 

Minimal voltage 64,8 V 

Rated capacity 20 Ah 

Rated energy content 1,78 kWh 

Weight 12,29 kg 
Allowable electric continuous 

power
16,87 kW 

Maximum electric power 50,62 kW 

Range at 40 km/h 85 km 
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MAXIMUM LOADING CALCULATION

The battery pack is expected to be loaded mainly by acceleration-induced forces. The 
considered worst case scenario is a Go-kart hitting a tyre wall at a speed of 60 km/h as is 
shown on the following figure. The expected direction of the crash is head-on or side impact.  

Figure 60 Crash situation 

Simplified average acceleration during the crash is calculated as follows: 

Initial vehicle speed )* �� �+� ,-. � ��+�++-/
Tyre wall dimension in direction of crash /� � ���(�-
0� � �)	�/ � �

�+�++�-1/	
� � ��(�- 2 ��&�-1/ (9)

Where ) is the initial speed of the vehicle and / is the tyre wall dimension. 

SPACE REQUIREMENTS

The following figure shows 
the blank go-kart top-view 
layout. The console to the 
right of the driver is occupied 
by the electric motor and its� 
control electronics. The areas 
in front of the seat need to be 
left empty, because of the 
driver�s legs. Red-hatched 
areas show the available 
space for the battery pack. 

Figure 61 Available space on the Go-kart 
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9.2 BATTERY PACK DESIGN

This section describes the process of the battery pack design. The process starts with 
identification of function structures that form the battery pack together. Then the function 
structures are used to form conceptual design ideas with respect to the list of requirements. 
Several concepts are proposed and evaluated. The chosen design is then developed further and 
individual components of the battery pack are designed. [83] 

9.2.1 ESTABLISHING FUNCTION STRUCTURES  

The requirement of modularity yields dividing the components into modules. The modules 
were established as follows. 

• Battery module 
Battery module groups the cells together in a module. It houses the sensors and 
module management units as well as channels the cooling air.  

• Electronics module 
The electronics module houses the main BMS unit, protective devices, fuses and 
facilitates electric and data connection to the outside.  

• Cooling
Cooling module houses the cooling device and communicates with the electronics 
module. 

9.2.2 CONCEPTUAL DESIGN  

Because the batteries are the largest group, the configuration of the battery modules is the 
most important to the scalability of the whole battery pack. Therefore several CAD variants of 
battery modules were investigated to find the most convenient packaging solution for battery 
pack modularity. 

The battery module shape concepts along with their positioning on the Go-kart are shown in 
the following section. The blue and red arrows are indicating the cooling inlet and outlet 
respectively. Each module features six cells in various packaging configurations. 

Battery module concepts: 

Figure 62 Battery module concept 1
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Figure 63 Battery module concept 2 

Figure 64 Battery module prototype 3 

Figure 65 Battery module concept 4 
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9.2.3 EVALUATION 

The following table evaluates the battery module concepts. 

Table 10 Battery module evaluation 

Criteria Concept 1 Concept 2 Concept 3 Concept 4 

Cooling system modularity Easy Difficult Difficult Difficult 

Battery pack scalability Easy Average Average Difficult 
Cooling (each cell has it�s 

own cool air stream) 
Good Bad Good Bad 

CG position Good Good Good Good 

Electrical interconnection Easy Average Average Bad 
Mechanical module 

interconnection modularity 
Simple Average Average Bad 

The concept that fulfils the evaluation criteria in the most convenient way is concept 1, 
especially for simple modularity, scalability and electrical interconnection, therefore 
subsequent design will be based on it. 
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9.2.4 BATTERY PACK CONCEPT

In this section the selected module concept is further developed as can be seen on the figure 
below. The green module on the left is the cooling module that provides the cooling air for 
battery (blue) and electronic (red) modules. On the sides of the modules there is a space for 
BMS modules and electrical interconnection. The modules are to be mounted together via 
profiles inserted through cut-outs in each corner of the module (see Figure 70Figure 67). The 
profiles are the main supporting structure for the modules in transverse loading situations. For 
longitudinal loads the modules are supported by the modules on both sides. These modules 
serve as a support structure for the profiles. 

Figure 66 Battery pack concept 

Following figure shows the battery pack concept cross-section. Notice the cooling paths, 
where the air stream is distributed to all the modules, each cell is cooled by fresh air and the 
outlet section then recollects the warm air and channels it out of the pack. 

           

Figure 67 Battery pack cross-section 

AIR IN

AIR OUT 

AIR IN 

AIR OUT 
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9.2.5 BATTERY MODULE DESIGN

The battery modules are housing the cells and are responsible for protecting the cells from 
mechanical damage. This is especially important for Li-pol cells selected for the battery pack, 
because they have no protective hard case. The selected cell internals are encapsulated in thin 
aluminium shell that must be protected from the elements by a layer of protective non-
conductive foil. This foil increases the size of the cell by an inconvenient outer border, while 
adding very little mechanical protection. See the following figures, showing a CAD model of 
the cell itself on the left, the cell with protective foil on the right and actual photo of the cell 
with protective foil in reality below the two figures. 

Figure 68 Cell without protective casing (left) and cell with the protective foil (right) 

Figure 69 Kokam cell with protective foil 

The battery module demands were identified as follows: 

• Cell mechanical protection 
• Easy cell exchangeability 
• Compliant with the cooling 
• Module attachment to the frame 
• Minimum number of parts 
• Non-conductive materials 
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9.3 BATTERY MODULE CONCEPTS 

9.3.1 BATTERY MODULE CONCEPT 1 � CLAMP CONCEPT 1

The first concept idea was to insert the cell into a plastic enclosure at the top, middle and 
bottom (see the Figure 70 below). The cell is suspended from vertical motion by applying 
foam cushions to the respective places. The cushioning is visible as blue rectangles.  

Figure 70 Battery module concept 1

The printed prototype of the clamping part is shown on the figure below. The red arrow on the 
lower left figure represents the disassembly direction. The subsequent testing has proved a 
good fit of the clamp over the cell as well as the cushioning. However, the cell after testing 
suffered a surface bruising on the protective foil. This raised concerns whether the cell will be 
durable enough to withstand the forces of rapid deceleration or even crash situation and 
therefore the concept 2 was introduced.  

Figure 71 First battery clamp testing 
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9.3.2 BATTERY MODULE CONCEPT 1 � CLAMP CONCEPT 2

Based on the knowledge from the first clamp concept, the new idea was to use modified 
version of the first concept. The modifications included leaving a gap around the cell that is to 
be filled with rubber-like compound or foam. Two models with different amount of space 
between the cell and the clamp were made for testing. 

The Figure 72 below shows the CAD models, version with 3 mm space on the left and 2 mm 
space on the right. Notice the holes on the top for application of the cushioning rubber 
compound. The same design was also used to examine the application of self-adhesive foam 
cushion used in the first clamp concept. The red arrow on the Figure 73 represents the 
disassembly direction. 

Figure 72 Cell clamp concept 2 

Figure 73 Cell clamp 2 testing 

This concept proved to cushion the cell quite well inside the cell clamp. But there were some 
drawbacks. After application, the silicone adhered to the foil protecting the cell. Also removal 
of the cell from the clamp was uneasy and with more cells being removed at once, it would 
have proved to be quite difficult.  
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9.3.3 BATTERY MODULE CONCEPT 1 � CLAMP CONCEPT 3

Because the previous concepts proved to be complicated, hard to assemble and disassemble, 
the third concept took a completely different approach. The clamps were designed as a two 
halves for each cell, clamping the cell on the circumference. The halves were cushioned by 
self-adhesive foam. The foam was applied to the clamps, not the cell.  

The following figure introduces the third design concept. 

Figure 74 Battery module clamp concept 3 

This solution proved to be simple to fit the cell inside. Disassembly was effortless and 
repeatable. The prototype also exposed a possible point of direct plastic-cell contact that could 
result in penetration of the protective foil (the area is marked by red paint on the left image 
above), therefore this flaw was removed in the CAD model. 



BRNO 2012            69

MECHANICAL DESIGN

9.3.4 BATTERY MODULE CONCEPT 2 � CLAMP CONCEPT 1

The last concept reflects experience gathered from the previous attempts. Due to expected 
manufacturing difficulties with the previous concepts, the fourth and last concept simplifies 
the clamping design. 

Figure 75 Battery module concept 2 

The orientation of cells inside the modules is now flat with no folds of the protective foil. 
Each module now features three cells. This helps to greatly reduce number of parts and also 
makes the cell interconnection more manageable through integrated conductor channels that 
also prevent accidental contact. 

Figure 76 Printed battery clamp concept 3 prototype
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The cells cushioning now features Polyurethane self-adhesive padding from 3M® company. 
The properties of the padding solution are as follows: 

Table 11 Bumpon cell protection [84] 

3M Bumpon SJ 5916 � Polyurethane elastic buffer 

Thickness 1,6 mm 

Operating temperature -35 to 65°C (105°C short term) 

Material hardness 72 (Shore M) 

Density 1,3 g/cm3 

Glue Acrylat A 20 

9.3.5 BATTERY MODULE CONCEPTS PROTOTYPING  

The cell with the protective foil was modelled in Autodesk Inventor 2012 CAD software. 
Then the clamps were designed around the cell, exported into STL file format and finally 
printed on a 3D printing machine. The technology of 3D printing and more information about 
STL file format is provided in the following section. 

STL FILE FORMAT

This file format was created by 3D systems, a 3D printing company who made the first 
Stereolitography rapid prototyping machine. STL stands for Standard Tessellation Language. 
STL file divides the surface geometry of the part into triangles (see the figure on the right). 
The representation is only geometrical without any information about color or texture of the 
surface. However, there are variations of STL that add color information. An STL file has 
ASCII and binary representation, from which the binary representation is more common, 
since it is smaller in size. [85] 

Figure 77 Sample of STL triangulation 
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3D PRINTING

3D printing is an additive technology, enabling designers to relatively quickly �print� 3D 
objects for various purposes such as fit and function testing, design studies or even as an end 
products in small series. 3D printing is possible with wide selection of materials, ranging from 
paper, plastics, plaster, resin to even metal and concrete. There are many technologies, using 
different principles, but they all share a common characteristic, because they all build the 
parts layer by layer. Thickness of the layer, apart from other factors, determines the resolution 
and precision of the part, but also affects the build time. 

One 3D printing method used for creation of prototypes for this thesis is called FDM, which 
stands for Fused Deposition Modelling. The function principle is explained on the following 
figure. The building material is fed from a spool through the extrusion nozzle, where the 
plastic is melted and deposited on a vertically adjustable platform. This platform is lowered 
by the thickness of one layer after the layer has been deposited. Notice there is a second spool 
of support material that is used to support overhanging features of the parts, making virtually 
any geometry possible to print. Even assemblies are possible to print already assembled, with 
different colours of each component.  

Figure 78 FDM principle [86] 

The printing process is followed by post processing, where the supports are removed either by 
breaking away or dissolving in a special solution at elevated temperature. The figure below 
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shows a fresh printed part on the left with the supports and part after post processing on the 
right. 

Figure 79 3D printed model with support (left) and without support (right) [87] 

The machine used for the 3D printing was from Dimension® printing company, model 1200 
(see figure below on the right). The machine is capable of building parts of size up to 
254x254x305 mm with layer thickness starting at 0,254 mm. The build material is an 
ABSplus® plastic with the following properties: 

Table 12 ABSplus® material properties [88] 

Property Value 

Tensile strength 36 MPa 

Young modulus 2,265 GPa 

Specific gravity 1,04 g/cm3

Deflection temperature 96°C 

Figure 80 Dimension® 1200 printer [89] 
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9.4 BATTERY MODULE MATERIAL SELECTION

Material selection is one of the crucial steps when designing a battery box. In this case, the 
material for the modules was selected using 5 step method. This systematic method helps 
selecting the right material, thanks to giving order to the activities involved. Using special 
property tables, the search is speeded up and the method also aims to be objective, avoiding 
the concept of �desirable properties.� [92][93][91]

5 step method:

Step one: establish demands for the part due to its planned use 

Step two: translate the demands for the part to demands to the material 

Table 13 Demands for part translation into demand for material 

No 1.Demand for part 2.Demand for material 

1 Endure sunlight UV-resistant 
2 Not distort under high 

temperature 
Max. temperature of use 

3 Should protect from electric 
shock 

Non-conductive 

4 Endure Impact Impact strength 
5 Should not burn Self-extinguishing 
6 Allow heat rejection Thermally conductive 
7 Lightweight Low density 
8 

Strong 
Tensile strength, stiffness, 
hardness 

9 
Low price 

Cheap material and 
process 

Step three: divide the demands into the three following categories 

 Table 14 Material demands categorization 

Category 1:  

Qualitative 

properties of the 

plastic material. 

Category 2:  

Quantitative material 

properties not directly 

dependent on the part 

thickness. 

Category 3:  

Quantitative material 

properties dependent on 

the part thickness. 

UV-resistant Max. temperature of use Tensile strength 
 Impact strength Stiffness 
 Self extinguishing Hardness  
 Low density Cheap material and process 
 Non-conductive  
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Step four: Eliminate for each demand to the material in category 1 and 2 the plastic 

material that don�t fulfil the demand. 

Table 15 Amorphous thermoplastics 

Amorphous thermoplastic 

Demand to material PS ABS SB/SAN PVC PMMA PPO/PS PC 
UV-resistant [Low/High] L L L L H H L 
Max.temp.of use [°C] 60 70 80 75 95 110 125 
Impact strength 

[relative] 

Bad Good Good Good Bad Very 
good 

Very 
good 

Self-extinguishing Conditional - additive
Density [g/cm

3
] 1,05 1,05 1,08 1,38 1,18 1,06 1,2 

Non-conductive YES YES YES YES YES YES YES 

Table 16 Crystalline thermoplastics 

Crystalline thermoplastic 

Demand to material PE PP POM PA PBTB/PETP PTFE

UV-resistant L L L L H H 

Max.temp.of use [°C] 80 100 100 105 110 250 

Impact strength 

[relative] 

Very 
good 

Good Good Good Good Very 
good 

Self extinguishing Conditional - additive 

Density [g/cm
3
] 0,96 0,9 1,41 1,14 1,52 1,5 

Non-conductive YES YES YES YES YES YES 

Table 17 Thermosets 

Thermosets 

Demand to material PF MF UP EP 

UV-resistant L H L H 

Max.temp.of use [°C] 180 140 120 140 

Impact strength [relative] Bad unless fiber reinforced 

Self extinguishing YES 

Density [g/cm
3
] 1,40 1,50 1,50 1,50 

Non-conductive YES YES YES YES 

Green highlighted materials were chosen for final elimination. The main reason to choose 
these materials was their impact strength properties, low density and temperature of use limit. 
Thermosets were not selected for further consideration, because of high density and impact 
strength. 
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Step five: From the remaining materials select the material that fulfil the demands in 

category [3] in the most convenient way. 

Table 18 Material selection 

Property PPO/PS PC PE 

Tensile strength [MPa] 46 75 15 

Relative thickness for a given stiffness [-] 0,57 0,66 1,27 

Hardness [Rockwell various scales]  R119 M70 D69 

Cheap material and process [$/kg] 6 7 1,8 

The finally selected plastic is Polycarbonate (PC), mainly because of high maximal 
temperature of use, high tensile strength and relatively low thickness for given stiffness. In the 
given selection, polycarbonate is the most expensive material, however, compared to the rest 
of the materials. The material properties for the selected Polycarbonate plastics are as follows 

Table 19 Polycarbonate material properties [90] 

Property PC 

Tensile strength Ultimate [MPa] 75 

Tensile strength Yield [MPa] 58 

Density [g/cm
3
] 1,2 

Hardness [Rockwell M]  M75 

Young modulus [GPa] 2 
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9.5 BATTERY FRAME MATERIAL SELECTION

Battery pack frame is a key structure providing strength and stiffness to the rest of the battery 
pack. It joins all the battery modules together and protects them from mechanical damage. 
The following are the requirements for battery pack frame material:  

• Lightweight � low density 
• High specific stiffness 
• High yield stress 
• High endurance limit 

• Low price 
• Manufacturability 
• Corrosion resistance 

To fulfil the demand for high specific stiffness and light weight, the material has to have the 
following properties: 

Specific stiffness is defined as Young�s modulus over density. Therefore high values of 
specific stiffness indicate convenient materials for lightweight as well as stiff construction. 
Rough selection yields metals, non-ferrous metals and composite materials for their high 
specific stiffness. To further narrow the selection, other criteria have to be employed. 

High yield stress material criteria would fit all the previously selected material categories, 
but due to high cost and difficult manufacturing, composite materials are excluded. Also due 
to difficult manufacturing and high cost, titanium alloys are excluded.  
To compare endurance limit and density of the remaining materials, the following chart is 
used.  

Figure 81 Endurance limit vs. density [94] 

Materials with high endurance limit and low density are ideal for light, fatigue-proof parts. 
The requirement for light weight rules out most of the materials except for aluminium and 
magnesium alloys. Compared to steels, titanium alloys, aluminium and magnesium have 
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lower endurance limit, but offer a better trade-off in terms of weight and density. Aluminium 
alloys are also generally cheaper than magnesium alloys. 

Another not yet mentioned material property is the inclination to corrosion. Aluminium 
alloys have a substantial advantage in this respect, because they are naturally protected by a 
passivation layer that forms on the surface of the material. 

Concluding the general material selection it can be stated that aluminium alloy fulfils the 
material requirements in the most convenient way and therefore is selected as a material of 
choice for the battery pack frame.  

The battery pack frame concept introduces two endplates and four beams at each corner of the 
frame (see Figure 83). The following introduces the specific material and forms selected for 
the frame elements. 

FRAME BEAMS

For the beams, aluminium extrusions were selected, because they provide additional 
functionality, especially mounting flexibility when the pack needs to be repositioned on the 
go-kart. The profile can be observed on the figure below.  

The selected profile for the beam is 30x30 lightweight extruded profile from ITEM Company. 
The material characteristics of the selected profile are as follows.  

Material AlMgSi0.5F25  

Tensile strength 245 MPa 
Yield strength 195 MPa 

Density 2,7 kg/m3 
E-modulus 70 GPa 

Figure 82 ITEM profile 30x30 lightweight 

[96] 
Table 20 Profile material properties [96] 

Table 21 Profile characteristics [96]  

Profile characteristics 

Area 3,43 cm2

I � Moment of inertia 2,9 cm4

Weight 0,93 kg/m 
W � Resistance moment 1,94 cm3
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FRAME ENDPLATES MATERIAL

The endplate material was selected to match the material of the profiles; therefore the material 
properties are consistent with the data in Table 20. 

9.6 CELL INTERCONNECTION DESIGN

Cell interconnection design follows the rules implied in the section 6.7. The cell terminal 
materials were tested to obtain exact material composition. The testing revealed that anode 
material is pure aluminium and cathode is an alloy of tinned copper. Therefore, according to 
section 6.7.2, the connector material is selected to be pure aluminium, secured with 
aluminium bolt with lockwasher. 

The cell interconnection will be loaded with 150A continuously and 250A peak current. The 
calculation of conductor size was consulted with electro technician and is not described here. 
The minimal size of aluminium conductor was calculated to be 16 mm2. However larger size 
of conductor is even more desirable, because the conductor material is even less heated up 
during use. Larger conductor is also more convenient for bolted connection. For conductor 
component drawings please refer to Appendix section. 

To protect the surface of conductor from oxidizing a Wallis oxide inhibiting compound was 
selected. This compound is suitable for aluminium to copper connections and is available 
from [103]. 
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9.7 FRAME DESIGN

9.7.1 PROFILE STRESS AND DEFLECTION ANALYSIS

The frame beams are loaded by continuous load induced by the modules. The modules, 
accelerated by the impact, load the profiles as follows.  

Figure 83 Profile load distribution 

The load is distributed between all four beams. The total load is as follows.  

3 � -
 4 � �+�
 ��& � 555&�6 (10)

Where -� � ��+�,4 is total weight of all the modules, and 7� � ��&��-1/ is the acceleration 
calculated with equation number (9).  

This force is split between all profiles, therefore the force acting on one profile is:  

8�9:;�" �� � 8< �
555&
5 � ������6 (11)

The continuous load acting on one profile is calculated as follows. 

= � � >?@A;BC"?@A;BC �� ���	D*�EF � ���5� 6 -G   (12)

The shear stress and bending moment analysis are shown on the following figure. 
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Figure 84 Profile shear force and moment diagram [97] 

PROFILE DEFLECTION is calculated as follows  
The continuous load acting on the profile is calculated as follows: [95] 

3� � �H
 I � ���5
��( � �����6 (13)

J � �������
 3
 I�K � �������
����
 ��(���� � ������-- (14) 

Where L is the profile length in [m], F is the continuous load calculated in equation (13) and I 
is moment of inertia in [cm4]. 

  

q
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BENDING MOMENT for the profile is calculated as follows. 
• Bending moment at the center. [97] 

LM �� � H
 N
	

�5 � ���561-
 ��(-	
�5 � �����61- (15) 

• Bending moment at the ends. [97]  

LOPQ �� � H
 N
	

�� � ���561-
 ��(-	
�� � 5+����61- (16) 

Where q is continuous load and l is profile length.

BENDING STRESS is calculated as follows. [96]  

R � �LOPQS ��������
 ���61--���5
 ���T-� � ���&&�LU0� (17) 

Permissible bending stress is calculated as follows. 

RVWXO ���V*�	Y � ���(�61--	
� � ���(�LU0� (18)

Where �V*�	 is yield strength and S is safety factor. 

R Z RVWXO, therefore the profile meets the safety demands.  
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9.7.2 SHOULDER BOLT STRESS ANALYSIS

Shoulder bolts are used to connect the profiles to the endplates as is explained on the 
following figure. 

Figure 85 Shoulder bolt connection 

The parameters of the Shoulder bolt M6 x 60 ISO 7379 are as follows:

Table 22 Stainless steel bolt material characteristics [100] 

Figure 86 Shoulder bolt dimensions[102] 

Stainless steel A2-70 material characteristics �W ��Tensile Yield strength  450 MPa �O ��Tensile Ultimate strength 700 MPa [OPQ ��Allowable pressure  90 MPa 
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Table 23  Shoulder bolt and M6 thread dimensions[102][101] 

Shoulder bolt dimensions M6 thread specifications 

Thread M6 D=d 6 mm 
L 50 mm D2=d2 5,350 mm 
d ∅8 f9 D1=d1 4,917 mm 
H 5,5 mm D3 4,73 mm 
D ∅13 mm P 1 mm 
B 11 mm At 20,1 mm2

K 3,9 mm 
S 4 mm   

Figure 87 Metric thread profile [102] 

• Thread pressure evaluation 

Length of bolt thread: \� � ����--�
Number of threads per thread length: ] � �^_ �� ��� � ��
Load bearing thread height: ` �� abac	 �� 'bd�e�f	 � ���(5�( mm 

Load carrying area: Y � �g
 h	
 `
 ] � �g
 (��(�
��(5�(
�� � ����--	�
Force acting on one bolt: 

3� � �3i �
555&6
5 � �����6 (19)

Where F is total force induced by acceleration, see equation (10) and n number of bolts n = 4. 

Pressure applied on the threads:  

[jkXWPa ��3Y � �
����
��� � ������LU0 (20)

[jkXWPa Z [OPQ The calculated pressure does not exceed allowable pressure from Table 22.  
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• Tensile stress evaluation 

Tensile force on one bolt is F = 1112 N 

Tensile stress area At = 20,1 mm2

Allowable tensile stress Rl m ��&�W � ��&
5(� � �+��LU0
Tensile stress is calculated as follows: 

Rn �� � 3op �
�����6
�����--	 � ((����LU0 (21)

Rn Z �W� Calculated tensile force does not exceed the yield stress limit from Table 22. 

• Shear stress evaluation 
Shear force acting on critical cross section of the bolt is consistent with force calculated by 
equation (11) divided by 2 to get reaction on one side of the profile. 

3� � �8�9:;�"� � ����6
� � ((+�6 (22)

Area the shear force is acting on is calculated as follows. 

o� � g
 h	5 � g
 &	5 � (���+�--	 (23)

Shear stress is calculated as follows 

q� �� �3o �
((+�6

(���+�--	 � ����+�LU0 (24)

Allowable shear stress is as follows ql � ��5
 �W � ��5
5(� � �&��LU0�    
Calculated shear stress�q� Z ql�, therefore the loading does not exceed allowable shear stress 
limit calculated above. 
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BOLT SHOULDER PRESSURE EVALUATION

The radial force acting on the bolts is creating pressure that is evaluated as follows: 

[� � � 3I
 h �
((+6

�(�r�&�-- � ���&�LU0 (25)

Where F is force acting on the bolt, L is length of the shoulder of the bolt the force F is acting 
on and d is shoulder diameter. 

[ Z allowable pressure from Table 22.   

9.7.3 ENDPLATE STRESS AND DEFLECTION ANALYSIS

The stress analysis was performed using COMSOL® 4.2 software.  

• Loading case 1 

The endplate is loaded by the force translated from the modules via profiles and subsequently 
the shoulder bolts. The loading situation analyzed here is consistent with the loading situation 
on Figure 83. The battery pack is to be attached to the go-kart frame via the two bottom 
profiles. Therefore in the loading situation, the two bottom bolts have fixed constraints, 
represented by the red triangles on the following figure. 

Figure 88 Endplate loading situation 
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Load, represented by the red arrows on the top is calculated as follows. The uniform load on 
one profile is 1112 N. Reaction on one side of the profile is 556 N, therefore the bolt is loaded 
by the same force. See the following figure for profile continuous load. 

Figure 89 Single profile loading 

For the purpose of this analysis, the geometry of the endplate was simplified to lower the 
computation load. This means that some of the external rounds were removed as can be seen 
on the following figure. 

    

The boundary conditions used on the model were fixed boundaries on the bottom shoulder 
bolts as is shown on the Figure 90. Figure 91 is showing the direction of the boundary load of 
556 N was applied on the upper shoulder bolts. 
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    Figure 90 Fixed boundary Figure 91 Boundary load 

The mesh was created as a free mesh consisting of tetrahedral elements. The mesh was 
refined as far as hardware allowed. Final mesh consisted of 81822 elements and the number 
of degrees of freedom solved for was 396474�

Figure 92 Mesh 

The following is a stress plot of the von Mises stress on the surface of the endplate. The 
location of maximum stress on the endplate is marked by a red arrow on Figure 93. 
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Figure 93 Stress plot endplate 

A convergence study was performed during the analysis to observe the critical area stress 
under increasingly refined mesh. The stress converged towards a value of 11,6 MPa as can be 
observed on the figure below. 

Figure 94 Convergence study 1 

Comparing calculated stress to yield stress of the material - �V*�	 , the safety factor S is as 
follows. 

Y � � �V*�	ROPQ ��
��(
���+ � ��+�&���

The calculated safety factor for this loading is considered too high, however due to expected 
added load by the electronics and cooling is considered sufficient. 
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The following is a deformation plot corresponding to the above study, the maximum 
deformation value is 0,01 mm.  

Figure 95 Deformation plot 

• Loading case 2 

In the second loading case, the endplate is loaded by the pressure induced by all of the 
modules. The modules are fixed in position only by the endplates; therefore the end plates are 
loaded by force calculated in equation (10). The force is acting on the endplates at a surface of 
29304 mm2; therefore the applied pressure is calculated as follows: 

[� � �3OsatuW�Y � 555&�6
����5�--	 � ���(��LU0 (26)

The area where the pressure was applied is visible on Figure 97. The boundary conditions are 
fixed boundaries at the four bolts as can be observed on the following Figure 96. 

Figure 96 Fixed boundary Figure 97 Applied pressure
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The simulation has shown that the highest stresses were at a location pointed out on the 
Figure 98. The Figure 99 shows a displacement plot.  

Figure 98 Maximum stress Figure 99 Maximum displacement 

The simulation mesh was refined to create a convergence study. The maximum stress 
converged at a value of 71,6 MPa. 

 Figure 100 Convergence study  

Safety factor for this loading case is calculated as follows. 

Y � � �V*�	ROPQ ��
��(
���+ � ������

The safety factor value is considered sufficient for the application. 

The maximum displacement shown on Figure 99  is located in the centre of the endplate and 
the maximum value of deflection is 0,128 mm. This value is considered quite acceptable. 
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9.7.4 MODULE STRESS AND DEFLECTION ANALYSIS

Battery module concept 2 � clamp concept 1 was also analyzed to make sure it can withstand 
the forces of the collision without deforming in such a way that could harm the cells.  

The force acting on the cell module originates from the cells. The forces are calculated as 
follows. Cell weight of 0,142 kg is multiplied with the acceleration calculated by the equation 
number (9). The force induced by single cell is therefore: 

3vWuu �� �-vWuu
 0 � ���5��,4 � ��&�-
 /b	 � ���(�6 (27)

The cell module halves are symmetrical; therefore the analysis features only one half of the 
module.  Thus the force acting on the cell module is half of the above calculated 3TwNN. The 

applied force is�3� � �e�E
	 � ����(�6. The force is applied on a surface of 687 mm2, therefore 

the resulting applied pressure is [� � x
y � �e�fE��

'zf�OO{ � ����&��LU0.  The pressure was applied 

onto each of the highlighted surfaces on Figure 103. 

Boundary conditions

Boundary conditions were applied where the cell module slides into the frame profile 
grooves, restricting motion on boundaries where the cell module is in touch with the frame 
profile, see Figure 101. Also the rear surface of the cell module was given a roller boundary 
condition to prevent movement in perpendicular direction to these surfaces, because the 
module is in contact with the adjacent module. 

Figure 101 Fixed boundary conditions Figure 102 Roller boundary conditions 
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Figure 103 Module loading Figure 104 Module stress 

The maximum stress location found on the module is shown on Figure 104 and the value is 
13,7 MPa. Given the yield strength of the Polycarbonate, the safety factor is calculated as 
follows: 

Y� � �RPuus|P}uWROPQ � (&
���� � 5���� (28)

The resulting safety factor of 4,23 is considered sufficient. 

Figure 105 Module deflection 

Maximum deflection caused by the loading is marked by a red arrow on the above Figure 105. 
The value of the maximum deflection is 0,024 mm and this is considered to be acceptable. 
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10 THERMAL DESIGN

10.1 CALORIMETRIC CELL HEAT GENERATION MEASUREMENT

10.1.1 INTRODUCTION

Key knowledge in battery pack cooling is the battery heat generation. Knowing how much 
heat is generated during discharging of the cells gives the designer the best possible input for 
heat transfer simulation and subsequent cooling components selection and dimensioning.  

The extreme heat generation case occurs when the maximum allowable current is drawn from 
the cell and serves for the purpose of dimensioning of the cooling components. However, full 
characteristic provides more complete information and can be also used for optimization of 
cooling intensity in transition situations. 

Calorimetrical measurements are performed with a device called calorimeter. There are 
different kinds of calorimeters for different purposes. The calorimeter used in this case, 
consists of thermally isolated container, filled with fluid of known thermal capacity. Body of 
unknown thermal capacity is immersed into the fluid. The calorimeter is then equipped with 
sensors, stirring device and thermal management. 

10.1.2 MEASUREMENT SETUP

The following diagram shows the calorimetric experiment setup. The individual components 
of the setup are further described in the following section. 

Figure 106 Calorimetric measurement scheme 
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CALORIMETER BODY

The calorimeter body and lid were made of Extruded Polystyrene (EPS) Foam. The foam 
material was cut from an EPS plate using a custom designed �hot-wire� cutter.  

Figure 107 Hot-wire cutter setup 

The hot-wire cutter consists of a simple frame made of aluminium extrusions with a resistive 
0,2 mm wire vertically stretched between the frame arms (see the following figure). The wire, 
in this case a guitar string, is supplied with electrical current from a regulated power source, 
heating-up the wire. The wire has to be tensioned again, because of the heat induced 
expansion. Afterwards the �hot-wire� is ready to make a clean cut through the foam material. 

The calorimeter consists of a two-
piece calorimeter body and a 
calorimeter lid. The shape of these 
components was transferred onto the 
surface of the EPS foam and 
subsequently cut with the hot-wire 
cutter. The cut pieces forming the 
body were glued and sealed using 
sanitary silicon. The assembly was 
water tested to ensure no leakage. 

The stirring mechanism consists of a 
propeller powered by a small 
electromotor. The electromotor speed 
is regulated through custom build 
PWM regulator. The stirring 
mechanism was tested with particles 
to ensure the fluid in the container is 
well mixed. 

Figure 108 Calorimeter water testing
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THERMAL MANAGEMENT

The calorimeter cavity is filled with exact amount of mineral heat exchange oil Fragoltherm® 
FG-8, with known thermal properties. The desired calorimeter�s inner temperature is achieved 
with a thermostat (see Figure 109) pumping cooling/heating fluid through silicone hoses. 
Demineralised water was used as a cooling/heating fluid, mainly to prevent corrosive damage 
to the thermostat. The thermostat temperature is regulated by a control panel on the 
thermostat. 

For cell heat generation testing, the calorimeter is equipped with a safety circuit. The safety 
circuit has configurable threshold temperature at which the thermostat switches from standby 
mode to cooling mode and cools the internals of the calorimeter to a predetermined value. The 
temperature of the cell is sensed by a pt100 temperature sensor placed on the cell. Another 
pt100 sensor connected to the thermostat, is placed inside the calorimeter cavity because the 
thermostat requirement for the standby mode.  

Operation temperature -25 - 120 °C 
Ambient temperature 5 - 40 °C 
Temperature stability ± 0,2 °C 

Thermal power 2,25 kW 
Cooling power at 20 °C 2,2 kW 

Pressure pump Max. 3,2 bar 
Throughput max. 40 L/min 

Figure 109 Lauda® T2200 
Thermostat[120] 

Table 24 Thermostat technical data[120] 

CELL CHARGING

Cell charging was performed with a custom LabVIEW® application controlling a DC power 
source through National Instruments® NI USB-6009 - a multifunction data acquisition 
device.  

LITHIUM-POLYMER CELL CHARGING

Lithium based cells are charged with a Constant Current-Constant Voltage (CCCV) profile 
(see the following graph). This means that the cell charging starts by supplying a constant 

current to the cell until the cell voltage reaches predetermined value. In case of Lithium-
polymer cells, the usual upper voltage limit is 4,2 ± 0,2V. After the predetermined voltage is 
reached, the charging continues in constant voltage mode. In constant voltage mode the 
voltage is maintained at a level of 4,2V and the current slowly decreases naturally due to 
increasing cell resistance as the cell becomes charged. The charging ends at a predefined 
charging stop current, typically 3% of the set charging current. 
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Figure 110 CCCV charging profile[104] 

CHARGING APPLICATION IN LABVIEW

Figure 111 below represents the front panel of the charging program built in LabVIEW®. The 
program consists of top section that is visible at all times and underneath there is a tab section 
containing settings and graphs. The top section contains the following features: 

• Safety stop button on the left � in case of any problems during charging, this button 
immediately stops charging. 

• Ampere-second counter � displays how much charge has passed into the cell.
• Constant Voltage mode indicator � this indicator turns on when the charging 

switches into constant voltage mode.
• Current and voltage gauges � each gauge has two needles, red for actual value and 

blue for set value. 

The tab section underneath is divided into four tabs: 

The Settings tab contains the following features: 

• I-Max � Charging current, in case of the Kokam SLPB cell, the maximum charging 
current allowed by the manufacturer is 2C, which equals to 10A.

• I_target_max � This value sets the upper limit for charging current that is not 
exceeded by the charger. For Kokam cell, the upper current limit is 10A.

• Charging target voltage � This is a threshold value where the charger switches into 
constant voltage mode. As stated above, the value for Lithium-polymer cells is 4,2V.

• Charging end current � Value entered here multiplied by I-Max determined the 
charging end current. For example value 0,03 combined with I-max of 10A equals 
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0,3A end of charging current. When the charging end voltage is reached, the charging 
program ends automatically. 

• Accuracy � this value determines the speed of charging current and voltage 
regulation. By default this value is set to 0,95. 

Figure 111 Front panel - Settings tab 

The Graph tab contains graphs of current and voltage with two lines in each window. The 
red line indicates the actual value and the blue one indicates the set value.  

Figure 112 Front panel - Graph tab 

The remaining TEST and Graph_UI_test tabs serve for charging program debugging and 
should not be used during normal charging. 

CHARGING HARDWARE

For the purpose of cell charging a DC source was used (see the following figure). The DC 
source was remotely operated by NI-USB 6009. 
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The operating voltage and current ranges of the charger are 32V and 40A. However the 
operating voltage range of the NI-USB 6009 device is lower, therefore the outgoing voltage 
values had to be scaled to match the range of the DC source.  

The DC source was operated by two analog voltage outputs from the NI-USB device and the 
actual values were read out via two digital outputs from the DC source. 

Figure 113 Charging DC source 

LOAD FOR CELL DISCHARGING

The cell was discharged by a liquid-cooled, programmable load. The discharging was 
controlled remotely with a LabVIEW® based program from the control PC. The program 
allows the user to perform a variety of tests, one of which is a battery test, used in this case. 
The battery test was performed at different current draw levels. Each measurement lasted for 
90s to enable immediate comparison of results.  

Output from the load was voltage and current data versus time. The load also measures the 
exact amount of Ah and Wh which enables subsequent efficiency calculation.  

Figure 114 Liquid cooled load [105] 
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Figure 115 Example discharging diagram 

MEASUREMENT DEVICE 

An HBM MGC ML71B measurement device was used to acquire data from the temperature 
sensors. The measurement was remotely controlled from the measurement laptop. Catman 
software package was used to control the measurement settings, sensor calibration and saving 
the acquired data. 

Figure 116 HBM data acquisition device[106] 

SENSOR CALIBRATION

The temperature sensors were calibrated by immersion into mixture of demineralised water 
and ice. This mixture has an equilibrium temperature equal to 0°C and therefore is ideal for 
temperature sensor calibration. 

The accuracy of zeroed sensors was verified by immersing them into boiling water. 
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10.1.3 MEASUREMENT 

The measurement was divided into the following two phases: 

CALORIMETER HEAT LOSS MEASUREMENT

The heat loss measurement was performed as follows. The internal contents of the calorimeter 
together with the cell were conditioned to a temperature of 55°C. Then the whole assembly 
was let to cool down to 40°C during which the thermal oil was stirred to equalize the 
temperature distribution. Ambient air and oil temperature were measured together with time at 
a frequency of 1Hz. The measurement was performed at two different ambient temperatures: 
20°C and 0°C, three times for each ambient temperature. The ambient temperature of 0°C was 
achieved by placing the calorimeter into an environmental simulation chamber (see Figure 
117).  

Figure 117 Calorimeter inside environmental simulation chamber 

Sample data readout from calorimeter heat loss measurement can be observed on Figure 118. 

Figure 118 Thermal oil temperature sample measurement data 
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• Cell specific heat capacity and calorimeter constant calculation 

The knowledge from previous measurement was used to calculate unknown values of cell 
specific heat capacity and calorimeter constant. The following is a Fourier-Kirchhoff heat 
balance equation. [125] It is subsequently used to derive the system of equations used to 
calculate the unknowns. 

~��TVj�~p � �h�)��TV������ � h�)��4�0h�� �������`���
�

(29) 

Where 
���v���

�n  is heat accumulation, �h�)��TVj������is convective mass input and outflow, 

h�)��4�0h���is conductive heat input and outflow, � �����`����  is chemical energy source. 

In our case, the heat input is achieved through tubes connected to the thermostat, but the tubes 
are choked during the measurement, therefore the input term is equal to zero. 

The chemical energy source is in our case caused by internal cell resistance; therefore the 
efficiency of the cell for the purpose of constant measurement is 0. 

Therefore we get the following equation: 

����������������� � ��������
Where outflow is the heat exiting the system, in our simplified case it is the calorimeter 
constant. This constant includes all the losses including losses through cables and sensors. 
The accumulation term has to be altered for our purpose. The following is derivation of the 
heat balance in the actual system of concern. 

�~-�TV��hp � H�� � �stn�
�
h�-vWuuTV}Pn� �-s�uTVs�u��hp � H�� � �stn�

�-vWuuTV}Pn �-s�uTVs�u� h�hp � �H�� � �stn�

�-vWuuTV}Pn �-s�uTVs�u� h�
�� � �stn� � �Hhp

�-vWuuTV}Pn �-s�uTVs�u�
 � <� ¡� � �stn¡%j¢£¤¥£j¦§¨ � �H
 pW�a
�-vWuuTV}Pn �-s�uTVs�u�
  <� ©¡�W�a � �stn¡¡�stn � �*¡ ª � �H
 pW�a

(30) 
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Where: -vWuu Cell weight [kg] 

TV}Pn Specific heat capacity of the battery « ¬
,4®¯-s�u Oil weight [kg] 

TVs�u Specific heat capacity of the oil « ¬
,4®¯�W�a End temperature of the measurement [°C] �stn Ambient air temperature [°C] �* Starting temperature [°C] 

H Calorimeter constant « ¬
®
 /¯pW�a Time of the measurement [s] 

The following system of equation is based on the resulting equation derived in equation (30) 

�-vWuuTV}Pn �-s�uTVs�u�
  <� ©¡�W�a� � �stn�¡¡�stn� � �*�¡ ª � �H
 pW�a�  (31)

�-vWuuTV}Pn �-s�uTVs�u�
  <� ©¡�W�a	 � �stn	¡¡�stn	 � �*	¡ ª � �H
 pW�a� (32)

Where: 

The subscripts represent measurement number. The measurements used in this system of 
equations were different in the ambient temperature. Red highlighted values are the 
unknowns.  

Because the system of equation was solved in Matlab using fsolve function, which needs an 
estimate of the 0results, the unknown values were obtained as follows. The cell heat capacity

was calculated from knowledge of its approximate chemical composition [107] 

 The following table contains calculation of all the cell characteristics needed for solving the 
system of equations as well as for the subsequent CFD simulation. 

Table 25 Cell characteristics calculation 

Specific heat capacity [J/kgK] 
Thermal conductivity 

[W/mK] 

Density 

[kg/m3]] 

 Weight fraction [%] cp cp_new k k_new ρρρρ    ρ_ρ_ρ_ρ_new 

Aluminium 0,2 896 179,2 2370 474 2700 540 
Copper 0,2 383 76,6 4010 802 8960 1792 

Graphite 0,35 710 248,5 1290 451,5 2260 791 

Lithium 0,25 3391 847,75 847 211,75 530 132,5 
Total 1 1352,05 1939,25 3255,5 
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The total values of the heat capacity, density and specific heat capacity were obtained by 

multiplying the values (cp, k, ρ) of the individual elements by their weight fraction. The 
calorimeter constant value was guessed to be -600 J/K. Negative value of the constant is 
consistent with the sign convention where the heat is exiting the system. Supplying Matlab® 
with the above calculated values, the program returned the following results: 

Cell specific heat capacity of 1517,8 J/kgK. This value is slightly above the values found in 
literature [108], probably caused by the initial guess inaccuracy. 

Calorimeter constant of -635,3 J/K. 

The calculation ended successfully, taking 8 iterations to reach the result. The convergence 
was confirmed by the function value approaching zero with the following value of f(x) = 
1.14254e-023. The norm of step at the last iteration was 0,000210715. The obtained values 
were subsequently used to calculate total cell heat generation. 

• Cell heat generation measurement 

During the second phase the heat generation of the cell was measured at the following 
conditions. 

Table 26 Cell heat generation measurement configuration 

Current [A] 50 100 125 150 
Measurement start 

temperature [°C] 
10, 20, 30, 40 

Time [s] 90 

Before each measurement, the cell was fully charged and the calorimeter chamber was 
preconditioned to the starting temperature of the measurement. 

The following is sample readout from the temperature measurement during a cell discharge at 
a current level of 100A for 90s. The temperature measurement took place during the discharge 
and continued until the temperature stopped fluctuating and stabilised as can be observed on 
Figure 119. 

Figure 119 Thermal oil sample temperature data 
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MEASUREMENT POST PROCESSING  

After the measurement, an overall heat balance calculation was performed. The heat 
generation by the cell is divided into three portions as follows: 

• Heat accumulate by the cell 

• Heat accumulate by the thermal oil 

• Heat lost to the ambient air 

The resulting cell heat generation is a sum of the components mentioned above. The 
components were calculated as follows: 

The losses to the thermal oil and to the cell were integrated over the time of the measurement 
using simple calorimetric formula: 

�°s�u �� �-s�u � Ts�u � h�s�u���¬�% (33)

�°vWuu �� �-vWuu � TvWuu � h�vWuu���¬�% (34)

The heat loss to the ambient air is calculated as follows: 

°PO}�W�n �� = � ±# ²��³% (35)

Where q is the calorimeter constant in [J/K] and t is time of measurement. 

The total heat generation was calculated as follows: 

�°nsnPu �� �°s�u � °vWuu � °PO}�W�n�����¬�% (36)

To obtain the heat generation in W, the heat generation calculated above was divided by the 
time it took the temperature in the system to equalize. 

�°nsnPu�´ �� � �°nsnPup ��S% (37)

The following is a table with heat generation rates for all the current draw levels measured in 
the experiment. 
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Table 27 Heat loss calculation 

Current 

[A] 

Temperature 

[°C] 

Qtotal

[J] 

Time 

[s] 

Qtotal,W

[W] 

50 

10 3939 300 ���

20 3015 479 ���

30 1811 357 ��

40 892 278 ��

100 

10 12764 317 ���

20 9492 385 ���

30 6955 314 ���

40 1870 281 ��

125 

10 20633 328 � �

20 15044 428 !��

30 12136 282 ���

40 9814 283 ���

150 

10 28577 365  !�

20 25908 275 "��

30 23987 286 "��

40 23370 323 #"�

The following graph represents a cell heat generation vs. ambient temperature and current 
draw. The heat generation trend is very clear, showing that lower temperatures yield higher 
heat generation and therefore higher losses. For increasing current draw, the heat losses also 
increase as the cell reaches the boundaries of its operation, in this case 150A.  

Figure 120 Heat generation vs. ambient temperature and current draw 
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To validate the heat generation, an efficiency calculation was performed as follows: 

�� � � µus����S.%
µusPa � µus����S.% � ���������% (38)

Where µusPa� is the amount of energy drawn by the electric load and µus�� are the heat losses 
in [Wh] calculated as follows. 

µus�� �� �°nsnPu�´��S% � pa��vkPX¶W�/%�+��� ����S.% (39)

Where pa��vkPX¶W is the duration of current draw in [s]. 

The efficiency data for the measured current values are as follows: 

Table 28 Cell discharge efficiency 

Current 

[A] 

Temperature 

[°C] 

"����
���	����

*+�

#��	�����

*'�+�

,��
�$��
�-��

*'�+�

,))������$�

*.+�

/0�

10�  �� ����"� ���� �  ��"�

20�  �� ���!�� ����!�  ����

30�  �� ���!�� ��!���  ��"�

40�  �� ���#�� ���� �  "���

100�

10�  �� ������ #����� "��"�

20�  �� ��# �� #��!!�  ����

30�  �� ��!"�� #�"���  ����

40�  �� ���!�� #��!��  #� �

12/�

10�  �� ��#� � #�� �� "����

20�  �� ���!�� "���#� "�� �

30�  �� ������ "�#!"� " ���

40�  �� ��"�"�  �� ��  �� �

1/0�

10�  �� ���"�� "� ##���

20�  �� ���! � "���� # ���

30�  �� ��   � "�!��� "����

40�  �� �� �"� "�!� "����

Calculated discharge efficiency is consistent with values found in literature. [109] Because the 
increased ambient temperature supports the intensity of chemical reactions inside the cell, the 
efficiency increases with higher temperatures and is followed by a corresponding decrease in 
heat loss. The following graph visualizes the efficiency data from the table above. 
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Figure 121 Cell discharge efficiency vs. ambient temperature and current draw 
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10.2 CELL COOLING CFD SIMULATION

The goal of this CFD simulation is to obtain the amount of air necessary to sufficiently cool 
one cell during a worst case scenario. The team, working on Battery management system will 
subsequently use this knowledge to design the cooling module together with the cooling 
manifolds.  

The heat transfer model was built in Comsol®, version 4.2. The physics employed in the 
model are Conjugate heat transfer. The study type is stationary. 

10.2.1 CELL COOLING MODEL

The CFD model takes an advantage of the symmetry of the problem. Therefore only half of 
the cell and cooling channel is modelled to simplify the problem and speed up the solution. 

The cell cooling model can be observed on the following figure. 

Figure 122 Whole cell with cooling channels Figure 123 simplified CFD model overview 

10.2.2 GOVERNING EQUATIONS

HEAT TRANSFER IN SOLIDS

Heat transfer in solids was set to the cell domain, that is highlighted on Figure 123. The heat 
transfer in solids employs the following equation [110] for mathematical modelling of heat 
transfer. 

�
 ®V
 ~�~p � ·
 �,·�� �� �° (40) 

Where ρ denotes density, ®V specific heat capacity, k thermal conductivity and Q, the heat 
source. For steady state problems, the change in temperature over time is zero and therefore 
the first term disappears. [110] 

For the purpose of this simulation, the heat conduction and thermodynamic coefficients were 
manually setup with the following values calculated in Table 25. 

Cell (heat source)

Cooling channel 
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Table 29 Cell thermal and physical characteristics approximation 

Thermal conductivity - k 1939 W/mK 

Density - ρ 3256 kg/m3

Heat capacity at constant pressure - cp 1352 J/kgK 

THERMAL INSULATION

Boundary condition of thermal insulation is default at all boundaries except for inlet, outlet, 
outflow and a boundary between heat source and cooling channel. Thermal insulation states 
that there is no heat flux across the boundary.  

WALL

Wall boundary condition states zero velocity at selected boundaries and is also default at all 
applicable boundaries. 

INITIAL VALUES

Overall initial values were set as follows: Temperature 293,15 K, velocity v = 20m/s in the 
direction of inlet cooling air.  

FLUID

There are three equations governing the stationary solution: 

Navier-Stokes equation for compressible fluid 

� ¸~¹~p � ¹
 ·¹º � ��·» � ¼·	¹ � ¸�� ¼ � ¼½º·�·
 ¹� � ¾ (41)[125] 

Where: Term 
�¹
�n� denotes unsteady acceleration, ¹
 ·¹ is convective acceleration, �·» is 

pressure gradient, ¼·	¹ is viscosity,  ¼½ is volume viscosity coefficient and f represents body 
forces. 

Continuity equation 

·
 ���� � ¿ (42)[125] 

Where:  � is fluid density, u is the flow velocity vector field. 

Fourier-Kirchhoff equation 

�®V�·� ��·
 �À·Á� � Â �Ã� (43)[110]

Where: �®V�·�  is rate of accumulation, ·
 �À·Á�  is rate of heat conductive transport, Â
denotes heat source and Ã� is work done by electricity 
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HEAT SOURCE

The heat source describes heat generation within selected domain. For the purpose of this 
model a General heat source was employed, where the value of the heat source is described in 
W/m3. The values for heat generation were taken from the previous cell heat generation 
calculation. The worst case scenario considered for the simulation is the heat generation at a 
maximum continuous current level of 150A, where the heat generation was obtained as 
follows: 

Table 30 Cell heat generation 

��

��	�*�+� !����
�	�
��*5�+� #��	�����
�	����*'+�

�!��

���  !�

��� "��

��� "��

��� #"�

The heat generation considered for this case is highlighted on the table above. Notice that the 
cell generates the most heat at the lowest starting temperature of 10°C. However, the more 
damaging case for the cell is the case with higher starting temperature of 40°C, because the 
resulting temperature may be approaching the cell temperature operating limit. 

To get the heat generation in W/m3, the value of heat generation highlighted in Table 30 had 
to be converted as follows. The cell volume was measured by immersing the cell into a 
graduated cylinder. The measured cell volume is 55ml = 0,000055m3. The heat per m3 is then 
calculated as follows. 

`w0p�/ÄÅ�Tw � `w0p�4wiw�0p�Äi��S%
®wNN�)ÄNÅ-w��-�% � � �&

������(( � ��5�&��&�� S-�� (44)

This value was entered into the simulation and verified by volume integration over the heat 
source domain. 

INLET, TEMPERATURE

These boundary conditions were set on the boundary marked on the figure below.  

Figure 124 Boundary conditions Figure 125 Symmetry boundary conditions

Inlet, Temperature 

Outlet, Outflow 

Thermal and flow 

symmetry

Thermal symmetry 
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Inlet boundary condition assigning the velocity of the cooling air in [m/s] was altered in the 
subsequent optimization to find the air speed value at which the cell is cooled sufficiently. 

Temperature boundary condition was set to 40°C as a maximum considered ambient 
temperature limit for safe operation. 

OUTLET, OUTFLOW

Outlet for the airflow and outflow for the heat transfer were set on the boundary marked on 
the Figure 124. On the outlet boundary, the outlet pressure of 0 Pa was kept as a default value. 
The outflow boundary condition states that the only heat transfer over a boundary is by 
convection. 

SYMMETRY

Symmetry boundary conditions were applied to the model, because the model consists of one 
half of a symmetrical problem. The symmetry conditions are of two kinds, thermal and flow 
symmetry. The flow symmetry condition was applied to the top surface and thermal 

symmetry was applied to both top and bottom surfaces.

10.2.3 MESHING

Mesh used for the model consists of tetrahedral elements calibrated for fluid dynamics, which 
gives much finer mesh compared to general physics option. For the entire geometry, 
predefined coarse option of element size was used. For the common boundary of the cell and 
the cooling channel, the mesh was refined using finer element size to get more accurate 
results. The final mesh consisted of 194406 elements and the number of degrees of freedom 
solved for was 109427. 

Figure 126 CFD Model mesh 
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10.2.4 CHANNEL DEPTH AND AIR INLET VELOCITY OPTIMIZATION

The variables of the designed module solution are cooling channel height and cooling medium 
velocity. The following is a study of how changing these two parameters affect the cell 
temperature. 
The maximum allowable temperature of 60°C (333 K) was taken as a reference value to 
which the simulation is evaluated. 
The air flow and cooling channel height parameters were altered in the following range: 

Parameter Value 

Air-flow 20 - 100 m/s 
Cooling channel height 5 - 15 mm 

Figure 127 CFD model cross-section temperature profile 

After running a parameter study, varying the airflow and cooling channel height according to 
the maximum temperature on the surface of the cell was evaluated.  It was determined, that 
for the given conditions, an air flow of 60 m/s through a channel of 5 mm height is enough to 
cool down the cell and keep the maximum temperature of the cell below 333 K (60°C). The 
maximum temperature on the surface of the cell was found out to be 327,78 K. It was also 
found out that increasing the channel height does not affect the temperature in the system, 
because the height of the temperature affected layer is smaller. 
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BATTERY MODULE COOLING AIR THROUGHPUT

The battery module air throughput calculation is based on the data from the CFD simulation 
above. The resulting parameters of the cooling flow are as follows: 

Cooling airflow speed � v 60 m/s 
Cooling channel height � h  0,005 m 

Cooling channel width � ��Æ�����  0,0305 m 
Number of cooling channel per module - ��Æ����� 6 

Air throughput for one module is calculated as follows: 

°Ç �� ��vkP��Wu
 .
 )
 ivkP��Wu � �����(�
 ����(�
 +��
 + � ���(5��-�1/ (45)

Airflow is usually expressed in CFM. The conversion factor from m3/s to CFM is 2119 [126]. 
Therefore the airflow in CFM is calculated as follows: 

°ÈxÉÇ � � �°
 ���� � ����(5��-�1/
 ���� � ��+����®3L (46)

The calculated cooling airflow per module is within the airflow range of modern cooling fans 
made specifically for battery pack cooling purposes. An example is a Battery cooling fan from 
Delta company, capable of producing 241,79 CFM.[127] However the above presented air 
throughput value has been calculated for one module only, therefore the whole battery pack 
will need multiple cooling fans to sufficiently cool down all the battery modules. It should 
also be noted that the cooling throughput values are based on simulation and need to be 
experimentally validated. 
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CONCLUSION

The goal of this diploma thesis was to gather information about cell technologies and battery 
packs and use this knowledge to design a modular battery pack. Therefore the work has been 
split into two main parts. 

The first part, theoretical, dealt with all aspects of battery technologies. Starting from the first 
known historical evidence of battery use, the evolution of battery technology was described 
until the present day applications. Then the battery terminology was described in greater 
detail to give the reader an introduction into terms used later on. Subsequent chapter 
characterizes the main cell chemistries with their properties, advantages, disadvantages and 
applications. Next chapter introduces battery failures divided into groups depending on their 
cause to identify failures that can be dealt with by careful design or failures that need to be 
handled by proper battery pack management. Preventive measures to these failures are 
introduced in the chapter that follows. Afterwards the cell-related design considerations deal 
with a variety of choices that form the resulting configuration and characteristics of the 
battery pack. The theoretical section is concluded by an overview of thermal management 
methods and comparison of their attributes. 

Practical part is divided into mechanical and thermal design. Mechanical design covers the 
development process that lead to a concept battery pack design. The design was carried out as 
a design of a modular product to fulfil the assignment demands. The process started with a list 
of requirements summing up demands to the system and providing cell type and 
configuration. After establishing the function structures, several packaging concept proposals 
were evaluated to start with the most promising configuration. Subsequently several concepts 
of battery modules and cell clamping solutions were designed, rapid prototyped and tested. 
During the testing, the packaging concept was slightly altered to simplify the cell clamping 
design and overall reduce the number of parts in the assembly. Next chapter covers battery 
pack frame and module material selection process, where the most suitable materials were 
selected. Afterwards the individual parts of the battery pack were analyzed for stress and 
deflection. In the thermal design part, the cell heat generation during discharging was 
obtained via calorimetric measurement. This measurement was conducted in a custom 
designed calorimeter. In between the measurements the cell was charged using a custom 
designed battery charging program. The values obtained during the measurement were 
subsequently used to calculate the heat losses and cell efficiency. Eventually the cell heat loss 
data were loaded into CFD simulation of the air cooling of one cell. The simulation yielded an 
optimized cooling configuration of one battery module. 

The work done in this thesis does not lead to a complete battery pack solution. The battery 
management system coupled with cooling features is yet to be designed by a whole team of 
engineering students as a part of their project work. Nonetheless the prototype design, 
measurement and subsequent simulation laid groundwork necessary for future development of 
this project. 
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CURRENT BATTERY PACK SOLUTIONS

Following pages provide an overview of current battery pack solutions. The purpose of this 
overview is to get an insight into how the battery packs are made in the industry. Because the 
technology is proprietary and the very details are classified, this section might seem to be 
shallow, but it only serves as a starting point for the go-kart battery pack design. 

1 TOYOTA PRIUS BATTERY PACK

Toyota Prius was one of the first to implement battery pack into serial-production hybrid 
vehicle. The latest models� drive consists of 98hp, 1.8L gasoline engine coupled with 36hp 
electric motor.  Toyota has gone through four generations of battery packs starting with first 
generation in 1997 and the last, fourth generation in 2010. The following table gives 
information on those four generations. 

Table 31 Toyota Prius battery pack generations[111]

Generation I Generation II Generation III Generation IV 

1997 Prius 2000 Prius 2004 Prius 2010 Prius 

Form Factor Cylindrical Prismatic Prismatic Prismatic 
Cells (Modules) 240 (40) 228 (38) 168 (28) 168 (28) 

Nominal Voltage 288.0 V 273.6 V 201.6 V 201.6 V 
Nominal Capacity 6.0Ah 6.5Ah 6.5Ah 6.5Ah 

Specific Power 800 W/kg 1000 W/kg 1300 W/kg 1310 W/kg 
Specific Energy 40 Wh/kg 46 Wh/kg 46 Wh/kg 44 Wh/kg 
Module Weight 1090g 1050g 1045g 1040g 

Module Dimensions 35(d)x384(L) 19.6x106x275 19.6x106x285 19.6x106x285

Figure 128 Toyota Prius battery pack [112] 
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The pack consists of prismatic modules each containing 6 cells. The modules were made of 
plastic until 2004, when the metal cases were introduced. First generation used Lead-acid 
cells, whereas all later models are using NiMH cells.  

The cooling system is forced-air type, using centrifugal blower. The air first passes through 
electronics, then enters the battery pack, cooling the cells in a parallel fashion. After cooling 
the cell modules, the air returns back to the electronics, where the hot air finally exits the 
battery pack. The air temperature is determined by the on-board air-conditioning unit, because 
the air is taken from the inside of the passenger compartment. 

The advantage of this battery pack system is the fact that the air used to cool/heat up the 
battery pack is taken from a common source, the on-board air-conditioning unit. Suitable 
operating temperature for the cells practically equals comfortable temperature for the 
passengers. There are, however couple of issues. There will surely be a conflict in situation 
where the battery pack needs cool air to efficiently cool down the cells, but the temperature 
may already be uncomfortable for the passengers or vice versa. Also the air conditioning 
systems have to work with large amounts of air when conditioning the passenger 
compartment, therefore introducing a thermal lag, preventing quick response time. 

Figure below shows the battery pack of a second generation Toyota Prius. 

Figure 129 Toyota Prius second generation battery module [113] 

�
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2 CHEVROLET VOLT BATTERY PACK

Chevrolet developed a battery pack using pouch lithium-ion cells. The battery pack thermal 
management is passive/active liquid-based system. Unlike Toyota Prius, Chevrolet combines 
83hp combustion engine powered electrical generator with battery pack both powering 149hp 
electric motor with 370 Nm of torque. 

Figure 130 Chevrolet volt battery pack [114] Figure 131 Chevrolet Volt battery pack 

modules[115] 

Table 32 Chevrolet Volt battery pack data[114] 

Chevrolet Volt battery pack 

Form Factor Pouch 
Cells  288 

Nominal Voltage 390 V 
Nominal Capacity 45 Ah 

Energy 16 kWh 
Battery Pack Weight 181,4 kg 
Module Dimensions 127x177x6,35 

The individual modules of the pack are made from Ultramid 1503-2F plastic with glass fiber 
reinforcement. The reinforcement gives the modules tensile strength of 190 MPa, basically 
doubling the properties of unreinforced material. The downside of the reinforcement is 
practically unrecyclable product.  

The cooling is achieved by intermediary cooling plates supplied with cooling fluid through 
channels built-in into each module (see Figure 131). 
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3 NISSAN LEAF BATTERY PACK

It was the Nissan CEO�s decision to develop a small battery powered electric vehicle that 
could be mass-produced and put the company ahead of competition. The Leaf battery pack 
consists of 48 modules 
containing 4 Lithium-
Manganese oxide cells (see 
figure below).  The pouch 
cells are contained in steel 
�cans�. The module can be 
observed on the figure on the 
right. 

The modules are then 
assembled into 300 kg 
structure positioned under the 
car�s floor. The assembly is encapsulated in a steel envelope protecting the pack from the 
environment. It also helps to dissipate the heat from the cells, since there is no active 
temperature management system built into the pack. Only one fan is employed to equalize the 
temperature by circulating the air inside the whole pack. 

Figure 133 Nissan Leaf battery pack[118] 

Despite the competitors claiming the Leaf battery pack is low-tech and will suffer from 
temperature degradation, the Nissan company says, their pack will retain 70-80% capacity 
after 10 years of use. This is basically the same value claimed by the others. Unlike the 
competition, Nissan battery modules are made of metal as well as the overall envelope, 
making the battery pack the most eco-friendly, because the metal is easily recyclable.[117] 

Figure 132 Nissan Leaf battery module[117]
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4 VOLKSWAGEN TOUAREG HYBRID BATTERY PACK

Volkswagen has built a 
parallel hybrid that employs 
conventional V6 engine 
coupled with an electric 
motor. The car offers an 
emission-free riding ability 
up to 50 km/h. Above the 
limit the combustion engine 
kicks in, providing the 
ability to do fast highway 
transfers. The parallel 
configuration enables the car 
to be fuel-efficient in urban 
environment, but also 
perform well in trailer-
towing application and off 

the road. The engine 
employs the latest systems 
such as regenerative braking for charging the NiMH battery or start-stop system, improving 
the fuel economy even further. 

The battery pack uses cylindrical NiMH cells. The pack is made of series strings of cells 
connected together. The cooling is forced-air type with two HVAC units blowing the cabin air 
through the pack in a parallel fashion. 

5 MISSION MOTORS BATTERY PACK

Mission Motors is an American 
company that originally designed 
electric motorcycles, but later they 
decided to focus on developing 
components for electrical propulsion. 

One of the first battery packs they 
developed (see the figure on the right) 
packs 14 kWh of Lithium-polymer cells. 
The cooling of the cells is forced-air 
type with parallel air distribution 
achieved by the plastic manifolds. On 
top of the battery pack there are the 
ancillary electronics with liquid cooling. 

The whole package includes a battery 
management system for each battery 
module. The BMS system measures the 
actual state of charge and the state of 
health of the battery to ensure safe operation and long battery life.[122][123] 

Figure 135 Mission motors battery pack [121]

Figure 134 VW Touareg battery pack[119]
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6 TESLA MOTORS

Tesla Motors is well known for Tesla Roadster, the first battery powered vehicle to be mass 
produced. The battery pack (see the figure below) consists of 6831 cells with 69p99s 
configuration. The battery pack uses cylindrical 18650 cells, an established form factor for 
notebook cells. It is divided into 11 modules connected together and encapsulated into 
protective metal case. Each module is liquid cooled/heated.  

Table 33 Tesla roadster battery pack[124] 

The Tesla Motors company claims their battery pack is much more advanced than their 
competitors. However the cylindrical cells are not the best from surface/volume ratio, which 
directly translates into thermal management efficiency. Also the fact that there are almost 
7000 cells does not add up to the reliability compared to other systems.[124] 

Figure 136 Tesla Roadster battery pack[124] 

Tesla Roadster battery pack 

Form Factor Cylindrical 
Cells 6831 

Nominal Voltage 375 V 
Nominal Capacity 151 Ah 

Energy 53 kWh 
Battery Pack 

Weight 
450 kg 
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