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Abstract (English) 

With the shift towards electrification in transportation, new challenges arise with regards to battery 

systems placed in electric vehicles. There is an opportunity to reduce risks associated with the toxicity 

of particles ejected from the gases that form during thermal runaway in lithium-ion battery cells placed 

in battery systems. The aim of this thesis is to identify potential materials for particle filtration from 

these gases, investigate the performance of the chosen materials in an experiment, and suggest 

materials for future studies. The filter material is intended to sit by the vent in the battery pack. In total 

5 filters were chosen for the experiments, where 3 of those were quartz microfibre filters and 2 were 

glass microfibre filters. The filters were sandwiched between steel plates with a hole, placed 40 cm 

above the battery cell vent. The battery cells were triggered into thermal runaway, and the filters were 

placed in the direct path of ejected particles in order to test their thermal resistance and particle 

retention capabilities. The filters were characterized using weighing, scanning electron microscopy, 

and energy-dispersive X-ray spectroscopy. From an initial test, the glass fibre filters were deemed not 

sufficient enough in terms of thermal resistance to continue being tested. The quartz microfibre filters 

varied in terms of thermal resistance, where they at times burned away and other times remained 

intact. This was largely attributed to differences in TRs between the experiments due to varying heating 

parameters. Qualitatively, the quartz microfibre filters succeeded in catching particles, but it cannot 

be quantified in this experiment how efficient they were in terms of particle retention. The filters 

showed potential in an easy application in battery packs, but further research should be done to 

investigate important factors, such as back pressure from the filters. Furthermore, there are certain 

materials that could be interesting to trial in the future. These include ceramic materials, sintered 

metal fibre felts, and ablative materials. 

 
 

Key words: battery pack, particles, thermal runaway, filtration, lithium-ion battery 
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Abstrakt (Svenska) 

Med övergången till elektrifiering inom transport uppstår nya utmaningar när det gäller batterisystem 

som placeras i elfordon. Det finns för närvarande en möjlighet att minska riskerna med toxiciteten hos 

partiklar som sprutas ut med de gaser som bildas under termisk rusning i litiumjonbattericeller som 

är placerade i batterisystem. Syftet med denna avhandling är att identifiera potentiella material för 

partikelfiltrering från dessa gaser, undersöka de valda materialens prestanda i ett experiment, och 

föreslå material för framtida studier. Filtermaterialet är avsett att sitta vid ventilen i batteripacket. 

Totalt valdes 5 filter för experimenten, där 3 av dessa var mikrofiberfilter gjorda av kvarts och 2 var 

mikrofiberfilter av glas. Filtren klämdes mellan stålplattor med ett hål, och placerades 40 cm ovanför 

battericellens ventil. Battericellerna utlöstes till termisk rusning och filtren placerades i den direkta 

vägen för utslungade partiklar för att testa deras termiska motstånd och partikelretentionsförmåga. 

Filtren karaktäriserades med hjälp av vägning, svepelektronmikroskopi, samt energidispersivt 

röntgenspektroskopi. Efter ett första test ansågs glasfiberfiltren inte ha tillräckligt hög värmeresistens 

för att fortsätta testas. Kvartsmikrofiberfiltren varierade i fråga om värmeresistens, där de ibland brann 

upp och ibland förblev helt intakta. Detta berodde troligtvis till stor del på skillnader i termisk rusning 

mellan experimenten på grund av varierande uppvärmningsparametrar. Kvalitativt sett lyckades 

kvartsmikrofiberfiltren fånga upp partiklar, men det kan inte kvantifieras i detta experiment hur 

effektiva de var när det gäller partikelretention. Filtren visade potential för en enkel tillämpning i 

batteripacket, men ytterligare forskning bör göras för att undersöka viktiga faktorer, såsom mottryck 

från filtren. Dessutom finns det vissa material som kan vara intressanta att testa i framtiden. Bland 

annat keramiska material, sintrade metallfiberfiltar och ablativa material. 

 

 
Nyckelord: batteripack, partiklar, termisk rusning, filtrering, litiumjonbatteri 
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Chapter 1: Introduction 
In this section, an overview will be given with regards to the evolving electric vehicle (EV) industry and 

the implied battery industry. The positive aspects, but also the new risks and challenges that arise with 

the industries, will briefly be highlighted. 

1.1 Background 

The transportation sector is currently undergoing a significant evolution across the globe. [1] 

Traditional internal combustion engine (ICE) driven vehicles are being reconsidered and battery 

electric vehicles (BEVs) are gaining momentum to replace the aforementioned means of transport. The 

main reason for this change is the climate impact that ICEs have with their fuel type. [2] The 

combustion of gasoline or diesel release greenhouse gases that accelerate climate change and 

particulate matter that jeopardizes human health and the surrounding environment. [3] Despite the 

addition of catalytic converters in order to reduce the amount of gases and particulate matter released 

to the atmosphere according to regulations, the carbon footprint is still high. [4] Battery producing 

companies, such as Northvolt in Sweden, produce batteries for BEVs using renewable energy and 

thereby reduce their carbon footprint. [5] The companies purchasing these batteries, for example 

Scania, assemble them into battery modules followed by battery packs and systems in order to have a 

high energy or power output. [5] However, along with the emerging battery technology introduced 

into vehicles comes new challenges and potential dangers. A well-known issue with BEVs is the 

tendency for the battery cells in the battery systems to go into thermal runaway (TR), which can be 

described as an increase in temperature in the cell as a result of abuse to the cell that leads to a release 

of energy in terms of hot gases or fire in some cases. [6] Battery systems, which is the final product 

entering the EV, can be dangerous in the sense that the packing of cells in modules and later packs 

enables a higher risk of cell-to-cell propagation of a TR. [6] These TRs do not only release energy in 

terms of fire and explosive reactions, but they also release toxic gases and particles. [7][8] The gases 

have already been studied to an extent with many proposed solutions for handling them, but the 

particles seem to be less considered with few suggestions on how to mitigate their effects. With a 

developing battery industry, more aspects need to be considered – such as the toxic particles. 

1.1.1 Development of Battery Technology 

In a recent press release, Scania and Northvolt announced a prismatic battery cell that has a lifetime 

which allows electric trucks to travel 1.5 million kilometres. However, the battery cells on their own 

cannot achieve this – they need to be assembled into modules, packs, and finally systems with certain 

connections in order to achieve this performance. The production of the battery cell is compared to 
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an industry reference cell of nickel, manganese, and cobalt chemistry – also referred to as NMC cell 

chemistry. [5] 

 
 
 

 
Figure 1. Image showing a prismatic battery cell produced by Northvolt for Scania. [5] 

 

1.1.2 Relevance of Gas and Particulate Matter Emissions 

It is widely known that emissions from combustion-engine vehicles (e.g. cars, trucks, buses, etc.) are 

hazardous to human health. Specifically, vehicles emitting particulate matter causes an array of well- 

documented health issues, such as heart and lung diseases. [9] Particulate matter in this context is 

defined as solid or liquid particles suspended in the air. [10] For this reason, car manufacturers operate 

under strict legislation monitoring these emissions of particulate matter. [11] 

The aforementioned particulate matters are different than the ones that this thesis will discuss. The 

particulate matter coming from ICEs is due to a continuous exhaust during the operation of the vehicle, 

whereas the particulate matter discussed in this study are those that come from a battery system in a 

BEV that experiences a TR. The type of gases and particles that arise from the cells during a TR depend 

on which chemistry the cell has and can vary between manufacturers. The particulate matters coming 

from BEVs during TRs is currently not regulated under any legislation, however it is clear that the 

particulate matter emissions stemming from a new vehicle fleet composed of BEVs will also soon fall 

under certain legislations due to their hazardous nature. In fact, certain countries are already working 

on formulating these regulations and show that they are on the horizon. [12] 

Particulate matter that arises during TRs include metals (e.g. nickel) that can cause short- and long- 

term health effects. The gases that can arise can cause issues of the same nature, but along with these 

gases spreading they carry the particulate matter suspended in the pressurized air flow. [7][8] 
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1.1.3 Current Approaches to Gas and Particulate Emissions 

The question that this study will approach is: how are these particulates being handled? There is no 

current solution that has been widely implemented across the battery system manufacturing industry. 

There are patents pending from various manufacturers for gas evacuation principles which attempt to 

implement a guard for both toxic gases and particulate matters.[13][14] These predominantly involve 

some kind of exhaust gas-filtration system attached to the body of a battery pack or system. However, 

as there are little to no regulations yet for these particulate matters, a solution is still being discussed. 

One possibility being discussed, and which is the focus of this thesis, is a filter material placed in the 

battery pack that can catch the solid particles suspended in the air flow that evacuates the battery 

pack during a TR. This can be likened to an air filter used in a car to remove impurities that can enter 

the engine. [15] If such a material can be found and seen to be successful through tests, it could provide 

a cheap and easy solution that can be implemented rapidly. 

1.2 Formulation of the Project 

From the given context, it can be seen that an opportunity exists to reduce risks associated with the 

toxicity of particles ejected from the gases that form during TR in battery cells. A solution to this could 

be to implement a filter, which fulfils certain predetermined requirements, for solid particles from 

gases in the battery pack that arise during TRs. By evaluating this possible solution, it can give an insight 

into whether an easier solution could be adapted before more advanced gas and particle filtration 

systems that fit into the requirements of a battery pack is developed. 

1.3 Aims and Approaches / Objectives 

The aim of this thesis is to identify potential materials for particle filtration from gases that arise during 

TR in battery cells, investigate the performance of the chosen materials in an experiment, and suggest 

materials for future studies. 

The identification of materials will be based on the requirements of a material placed in a battery pack, 

and filtration theory. The investigation of the material performance will be conducted in the form of 

an experiment, where the set-up and execution of the experiment will be based on information 

gathered from similar previous studies in a literature review. Due to time and resource constraint only 

certain materials can be tested within this study with selected, but limited, characterization methods. 

Therefore, a section where interesting materials that came up in the materials research will be included 

at the end of the study in order to suggest materials for future studies. 
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1.4 Assumptions 

An assumption made in this study is that the composition of lithium-ion batteries (LIBs) between 

manufacturers does not vary to the extent that any filter material found would not be applicable due 

to negligibly varying particle sizes. 

1.5 Delimitations 

The delimitations of the project will describe certain restrictions made on what will be investigated or 

included. Primarily, the gases and particles, or other masses, released during TRs will only be 

considered from LIBs of the nickel-manganese-cobalt (NMC) chemistry. The reason for this is that 

different cell chemistries release different types of gases and particles during TRs. Additionally, it is 

assumed that the cell chemistry of the tested cell is according to what is mentioned in the press release 

mentioned in section 1.1.1. The cell chemistry may vary depending on the application of the battery, 

as different cell chemistries offer different outputs in terms of electrochemical, economical, and 

chemical properties. Other cell chemistries may include lead-based chemistries (e.g. lead acid), nickel- 

based chemistries (e.g. nickel cadmium, nickel metal hydride), or sodium-based chemistries (e.g. 

sodium sulphur, sodium metal halide). [16] Secondly, only battery modules and battery packs for 

prismatic hard case cells will be discussed - not design or components for cylindrical or pouch cell 

modules or packs. Further, only certain possible filter materials (i.e glass microfibre filters, quartz 

microfibre filter) will be considered in this study for an experiment due to limited resources for testing 

the filters and time limitations. However, other possible materials will be discussed in Chapter 8. 
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Chapter 2: Literature Review 
In the following chapter, the existing literature regarding the cells and the particulate matter they 

release during TR will be reviewed from various aspects. A deeper review of literature regarding 

filtration theory will be discussed in Chapter 3. 

2.1 Battery Cell 
In this section, the first of the units (i.e. battery cell) comprising a battery system will be reviewed in 

terms of function, components, and its gas evacuation principle. A similar review will be done for the 

following units in the assembly of a battery system (i.e. battery module, pack, and system). 

 

 

 
Figure 2. Schematic representation of assembly from battery cell to the final product of a battery system. [17] 

 

2.1.1 Function of a Battery Cell 

A battery cell converts chemical energy to electrical energy, or electricity. Electricity can be drawn from 

the cell when electrons approach the positive current collector, which occurs when the selective 

membrane, the separator, forces the electrons to travel via this route. The electrons are released due 

to charges being generated at the positive electrode, the cathode, when lithium ions move between 

the electrodes through a charge-carrying liquid called the electrolyte. [18] 

As mentioned in subsection 1.5 ‘Delimitations’, the only cell type that will be considered for this study 

will be the LIB cell. Despite this delimitation, there are several ways in which the LIB cell can vary, such 

as in cell shape and chemistry. The most obvious is the shape of the cell, which are generally seen to 

be either pouch, cylindrical, or prismatic. [16] Additionally, the battery cells can vary in terms of 

production processes. For example, the electrodes can be produced either through ‘wet electrode’ or 

‘dry electrode’ technology, where in the former a slurry is dried onto metal sheets and in the latter a 

‘powder-to-film’ approach is used. [19] 

2.1.2 Components of a Battery Cell 

The main components of a LIB cell are the electrodes, the separator, and the electrolyte. [16] Other 

components that have important functions are the two current collectors and the casing. [16] The 
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components can vary as mentioned above, but a review of the most commonly used materials for 

commercially produced LIBs will be done. 

There are various materials that are being explored as electrode materials, but not all show promise 

in terms of chemical, electrochemical, and mechanical properties. [20] The chemical properties include 

toxicity and environmental impact. [20] The electrochemical properties considered include 

conductivity, capacity, cycle life, cyclability, and energy density. [20] The mechanical properties 

considered include mechanical stability and temperature resistance. [20] The electrodes are sheets of 

metal, for example aluminium or copper, upon which electrochemically active materials are coated. 

[16] For the cathode, the NMC cell chemistry is commonly used and is the focus of this study. [16] 

Other common materials used commercially are lithium cobalt oxide (LCO), with the chemical formula 

LiCoO2, and lithium iron phosphate (LFP), with the chemical formula LiFePO4. [16] The negative 

electrode, the anode, is most commonly made of carbon or graphite, both with the chemical formula 

C (with several carbons atoms for graphite). [21] 

As described previously, the separator prevents electrons from passing through the electrolyte 

between the electrodes. [18] However, its primary function is to keep the electrodes from coming into 

contact and thereby causing an internal short circuit. [16] In current commercial applications the 

materials vary in structure with regards to single- and multi-layered [22], and in type with regards to 

plastics (e.g. polypropylene, polyethylene) or ceramics that resist corrosion by the electrolyte. [16] In 

recent commercial developments regarding the separator material, new materials involve functional 

group chemistry in terms of ceramic nanoparticles and coatings in order to enhance the 

electrochemical and mechanical properties of the cell. [22] Some of the properties that could be 

improved are conductivity and thermal stability. [22] 

The electrolyte in a LIB is a lithium salt which has been dissociated in an organic solvent. [16] As 

previously stated, the lithium ions are conducted in the electrolyte between the electrodes. The most 

commonly used electrolytes are based on hydrocarbon mixtures, of a carbonate or ratio of carbonates 

mixed (e.g. ethyl carbonate (EC), ethyl methyl carbonate (EMC), dimethyl carbonate (DMC)) and a 

lithium salt (e.g. lithium hexafluorophosphate (LiPF6)). [16] Additionally, each manufacturer may use 

additives in the electrolytes to enhance certain properties of the electrolyte. [16] Although the 

additives in the liquid electrolyte may enhance certain properties, such as thermal stability of the cell 

[16], the electrolyte still catches on fire during TR and produces toxic gases (e.g. hydrogen fluoride 

(HF)) from the lithium salt decomposition and contact with moisture. [23] The battery industry has 

already started looking towards another type of electrolyte, in order to overcome the limitations with 

energy density and safety hazards of the liquid electrolyte. A variation in cell design that shows 
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potential is solid-state batteries, which have a solid-state electrolyte component rather than a liquid 

electrolyte. [24] 

The final main component is the casing surrounding the cell. The casing can be made out of different 

materials, where the most common in prismatic cells used for BEVs is aluminium casing. [16] Other 

materials can be a variety of metal casings or plastic casings. [16] In the casing of a prismatic cell, on 

the top side of the cell, the part of the casing can be described as a lid with a vent. [16] The vent has 

a designed pressure limit, which upon exceeding this limit the vent bursts open. [16] The details of a 

venting scenario will be described more in detail in section 2.4.1. 

 

 
Figure 3. Schematic representation of the most common types of battery cells with regards to shape. [25] 

 

2.1.3 Gas Evacuation Principle in a Battery Cell 

The gas evacuation principle of each level will be reviewed. First, this is done on the battery cell level, 

and in later sections the study will review the gas evacuation principle on both module and pack level. 

On the battery cell level, the previously described vent in the lid of the casing acts as a gas evacuation 

mechanism. Due to the build-up of gases within the cell, the pressure inside the cell increases and past 

a certain pre-determined limit the vent will open. [16] 

2.2 Battery Module 

Between the cell level and pack level lies an intermediate level called the battery module. The battery 

module has its own functions and components separate to those of the battery cells, pack, and system, 

whilst also contributing to the overall function of the battery system. 
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2.2.1 Function of a Battery Module 

The battery module is an intermediate unit in the assembly process of a complete EV battery system. 

Some battery system manufacturers may adopt a design where there is no intermediate unit and cells 

are placed into the pack with no modules, in efforts to reduce costs and weight, and increase energy 

density. This sounds advantageous both economically and in terms of energy produced, but certain 

important properties are lost in such a design. The main purpose of a battery module is to shelter the 

individual cells from various situations that could increase the risk of TR. These situations include 

thermal increase, vibrations, and shocks to the exterior of the battery pack. [26] 

2.2.2 Components of a Battery Module 

The main components of a battery module include items both for mechanical assembly and electrical 

connections. [27] The following description should not be taken as if the assembly of the battery 

module and its components proceeds in this exact order. Additionally, each manufacturer of battery 

modules may employ other components not mentioned below with various functions and properties. 

The module consists of a certain number of prismatic cells which are placed together using adhesive 

and compression pads, and are assembled using end plates. [27] Following the assembly of the cells 

into a stack, the electrical connection is made between the cell terminals using busbars welded onto 

the terminals. [23] In order to handle any temperature changes within the module, a cooling structure 

is mounted on the module – either internally or externally. [23] The cell module controller (CMC) acts 

to, with the use of temperature sensors and voltage measurements, ensure the safest operation of the 

battery module with regards to cell balancing. [28] Finally, a lid is placed on top of the module in order 

to protect the inside from external forces or impurities. [29] The materials and design of the outer 

components, such as the end plates, should take into account the swelling of the cells which occurs 

through charging and discharging cycles of the cells where they increase and decrease in size. [30] In 

some cases compression pads are included to reduce the impact of the swelling phenomenon, among 

other forces such as friction. [31] 
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Figure 4. Diagram of a prismatic cell battery module. [32] 
 

2.2.3 Gas Evacuation Principle in a Battery Module 

The gas evacuation principle within the battery module can be described based off of recurring designs 

seen in the market. There are two stages that should be considered in the gas evacuation in the battery 

module: 1) how the heat from gas ventilation is handled in the case of TR in one cell and thus reducing 

risk of cell-to-cell thermal propagation, and 2) gas evacuation if TR is reached to limit risk of thermal 

propagation. These gases reach very high temperatures, and can heat up the neighbouring cells – this 

highlights the importance of evacuating these hot gases with high pressure. There is not a wide range 

of designs for this function described in literature, and those that are tend to be similar with some 

alterations for advantageous properties. Cai et al. describes one design seen in the battery modules of 

BEVs Ford Fusion Hybrid and a Toyota Prius Prime. In these battery modules the gases are lead from 

the battery cells to one outlet via gas exhaust vents that cover the stacks of cells. [33] 

2.3 Battery Pack 

As can be seen in Figure 5, the battery pack is the unit produced before the complete battery system 

is made. There are several battery packs placed into the final battery system unit. 

2.3.1 Function of a Battery Pack 

The battery system will not be discussed in great detail, but several battery packs make up the battery 

system along with other components. The battery packs are assembled in various ways depending on 

the desired output of the final battery system. [34] Additionally, in PHEV/EVs the battery cells are 

estimated to constitute 60-70% of the battery packs total cost [35], and the battery system itself is 

estimated to make up 35-50% of the vehicles’ total cost. [36] 
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2.3.2 Components of a Battery Pack 

Some of the main components in a prismatic cell battery pack are: battery management system (BMS), 

cooling plate, battery housing, and vents. [26] The BMS is the most important electrical component, 

as it protects the battery pack from external and internal events that can cause safety risks, such as 

aging problems. [37] The cooling plate acts similarly to the cooling structure in the battery module. 

[38] The battery pack housing is intended to protect the pack from external mechanical effects (e.g. 

vibrations, crashes), keep the passengers safe from a TR, and ease the assembly of the pack into the 

system and vehicle, among other factors. [36] The common material for this housing is some type of 

metal that fits these requirements [36], such as steel. Particularly interesting in this study are the vents 

situated on the battery pack. These are different vents than the vent that exists on the individual cells, 

and is a separate component attached to the housing of the pack. From here on, this vent will be 

referred to as the ‘pack vent’. As stated in the previous section 2.2, each battery system manufacturer 

may have other or more components implemented for the purpose of enhancing certain properties. 

 
 
 
 

 

Figure 5. Schematic representation of a battery pack with labelled components. [38] 
 
 
 

The company SAE International describe a venting solution called ‘dual-stage venting’, where two 

scenarios of venting are managed. The first scenario allows temperature and pressure changes in the 

pack to be regulated when the variations are not large as in the case of a TR. [39] The second scenario 

operates similarly to the cell vent, where the pack vent breaks if the pressure limit is exceeded and all 

gases may exit the pack rapidly. [39] Other commercial battery pack vent suppliers further describe 
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features of pack vents as regulating moisture inside the battery pack by preventing condensation, and 

hindering contaminants from entering the pack. [40] 

 

 

Figure 6. Diagram of the functionality of a dual-stage vent described by SAE International. [39] 
 

2.3.3 Gas Evacuation Principle in a Battery Pack 

Current gas evacuation principles for battery packs rely on the vents mentioned above. These allow 

heat in terms of hot gases to be dispersed into atmosphere and thus avoid spreading within the battery 

pack. However, similarly to the gas evacuation principles for the battery cell and module, there is no 

consideration for particles that may come with the gases that spread. 

A patent filed by Tesla Motors Inc. in 2012 describes a venting solution where an exhaust port is 

connected with the external housing of the battery pack and leads to an exhaust outside the battery 

system. The implementation of such an exhaust between the battery packs and the battery system 

would require both space and increasing the total weight of the system. [13] However, this only 

includes gas evacuation, and does not consider any particles transferred by the gas flow. 
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Another patent filed by Yantai Chuangwei New Energy Technology Co ltd in 2020 describes a gas 

evacuation system considering the filtration of particles. The patent application outlines an explosion- 

proof valve connected to the battery pack, followed by a filtering mechanism that vents out to 

atmosphere. The entire unit is, as the patent by Tesla Motors Inc., an external device that requires 

space, changing weight requirements, and additional consideration of design for the entire vehicle. 

[14] 

2.4 Thermal runaways 

Most discussions regarding BEVs consider the safety aspect of what would happen if the battery 

system catches on fire. What is referred to in this instance is a TR, or more specifically TR in a battery 

cell that can lead to thermal propagation to other cells and escalate into a fire of the entire system. In 

this subsection, details regarding TRs and TR will be reviewed, the chemistry of a TR, the gas 

composition in these events, and the particles released during such an event. 

2.4.1 Defining a Thermal runaway 

In order to accurately apply the triggers for TR in the experiments, it is necessary to define and describe 

what is included in the terminology of TRs. The reactions that occur within the cells during TR and the 

consequent gases can be explained by various forms of decomposition of internal components or 

structures (e.g. solid electrolyte interface layer, electrolyte, cathode) and other side reactions. [6] 

There are various terms used in LIB studies to describe these TRs, including: TR propagation, TRs, TR 

events, thermal propagation. According to the IWG GTR EVS (= Informal Working Group for developing 

a Global Technical Regulation for Electric Vehicle Safety, now also referred as GTR 20), TR can be 

detected in a combination of situations including voltage measurement, a temperature exceeding the 

cells operating temperature, and the change in temperature over time of the measured temperature 

is greater than or equal to 1 degree Celsius per second. [41] Further, a thermal propagation can be 

defined as the ‘sequential occurrence of thermal runaway within a battery system triggered by thermal 

runaway of a cell in that battery system’. [41] Similarly, a TR propagation can be described as ‘the 

triggering of thermal runaways in adjacent cells (or modules) due to the occurrence of a first (often so- 

called ‘trigger’) runaway in a first cell’. [41] 

There are certain mechanisms in the cell that are associated with a TR. Preceding any such events, the 

vent located on the top of the cell, as depicted in Figure 7, is designed to open under pressure 

conditions exceeding the design values. During this opening, hereafter referred to as ‘first venting’, 

certain gases are released and using gas sensors to detect these gases can give an early warning of a 

TR. Following this initial response of the cell, most often a TR follows and can be referred to as ‘second 

venting’. [33] 
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Figure 7. (a) Graphical representation of the venting scenarios preceding a TR event in a temperature vs time plot. [42] (b) 
Graphical representation of the produced gas during venting and TR together with the cell can temperature in amount of 

substance respectively temperature vs time plot. [42] 
 

There are several events that can be the causes of TR. These include: mechanical abuse, overcharging, 

and overheating, defective production of the cell, and ageing conditions. [41] Mechanical abuse can 

constitute of situations such as dropping a battery cell, or a penetrating force by an external object 

such as a nail [41]. 

2.4.3 Thermal Runaway Venting Composition 

During TR, there are gases and particles that are released. The gases and particles released depend on 

the type of cell and its chemistry [43][7], but also on the type of TR trigger used and state of charge. 

[43][20] In terms of gases, Sturk et al. demonstrated that the gas volume produced during TR for a 

NMC/LMO is 780 L/kg. [7] The litres of gas produced is normalized to the battery’s weight. These gases 

were produced in an inert environment, and thus flames did not occur. [7] 

For battery abuse testing where certain measurements are taken (e.g. gas flow, gas composition, etc), 

it is common to use a ‘reactor’ or ‘pressure vessel’. [44] In order to produce accurate measurements, 

an oxygen-free environment is created where the gases cannot ignite upon TR venting, and this is done 

by use of an inert gas such as nitrogen. [7] However, due to the lack of oxygen and low moisture 

content as a result of the inert gas in the ‘reactor’, it is suggested by Sturk et al. and supported by Yang 

et al. that HF measurements could be inaccurate as these conditions limit HF formation. [7][45] It 

should also be understood when considering the information about toxicity and hazards of the gases 

that they may all present themselves at very high temperatures, and even if a certain gas does not 

have any toxic traits they will still present a hazard due to the high temperatures they are released at. 

Table 1. Toxicity and hazards of gas compounds released during TR from prismatic battery cells based on gases mentioned in 

sources [43], [7], and [45]. 
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Gas Compound Formula Toxicity and Hazards 

Carbon Monoxide CO Extremely flammable. [46] 

Toxic if inhaled. [46] 

May damage the unborn child. [46] 

Causes damage to organs through prolonged or repeated 

exposure if inhaled. [46] 

Above 200 ppm physical symptoms appear after 2-3 hours, at 1600 

ppm physical symptoms within 20 minutes of exposure and death 

within an hour. [47] 

Carbon Dioxide CO2 May displace oxygen and cause rapid suffocation. 

May increase respiration and heart rate. [48] 

Hydrogen H2 Extremely flammable gas. 

May displace oxygen and cause rapid suffocation. [49] 

Methane CH4 Extremely flammable gas. [50] 

Ethene C2H4 Extremely flammable gas. 

May cause drowsiness or dizziness. [51] 

Water Vapour H2O No inherent dangers. [52] 

Dimethyl 

Carbonate (DMC) 

C3H6O3 Highly flammable liquid and vapor. 

Possibility of static discharges.* 

Development of hazardous combustion gases or vapours possible 

in the event of fire. [53] 

Butane C4H10 Extremely flammable gas. 

May displace oxygen and cause rapid suffocation. [54] 

Ethyl Methyl 

Carbonate (EMC) 

C4H8O3 Highly flammable liquid and vapor. [55] 

Ethane C2H6 Extremely flammable gas. [56] 

Ethyne C2H2 Extremely flammable gas. 

May displace oxygen and cause rapid suffocation. 

May form explosive mixtures with air. [57] 

Hexane C6H14 Highly flammable liquid and vapor. 

May be fatal if swallowed and enters airways. 

Causes skin irritation. 

May cause drowsiness or dizziness. 
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  Suspected of damaging fertility. 

May cause damage to organs (Nervous system) through prolonged 

or repeated exposure if inhaled. 

Toxic to aquatic life with long lasting effects. [58] 

Hydrogen Fluoride HF Toxic if inhaled. 

Causes severe skin burns and eye damage. 

Corrosive to the respiratory tract (specific target organ toxicity by 

single exposure). 

May displace oxygen and cause rapid suffocation. [59] 

Propane C3H8 Extremely flammable gas. 

May cause frostbite. 

May displace oxygen and cause rapid suffocation. 

May form explosive mixtures with air. [60] 

*Information based on liquid compound, not gaseous. 

 
** Several of the gases will also form hazardous combustion gases or vapours in the event of a fire (e.g. 

butane) [54], when combined with the fire-extinguishing media. 

Using an overtemperature trigger, the greatest types of gases that a prismatic NMC cell produced were 

30 volume-percent (vol-%) of CO, 21 vol-% of CO2, 15 vol-% of H2, and 5 vol-% C2H4. [43] This indicates 

that the gas that requires the most attention to reduce its hazards to human health is CO, as in the 

experiment mentioned earlier by Sturk et al. an NMC/LMO cell produced 780 L gas/kg battery during 

TR in an overtemperature test. [7] It can be seen by comparing these test results to the exposure limits 

of CO in Table 1 that the CO level produced during TR is very dangerous. Additionally, some studies 

have reported amounts of phosphoryl fluoride (POF3), which is another toxic gas. [45][23] 

2.4.4 Particles Released During Thermal runaway 

Few studies have studied and reported on the particles that are released during TR. Yang et al. 

recognized the importance of gathering knowledge around TR particles, and investigated what 

particles are released during TR and their biotoxicity. [8] The tests were performed on prismatic cells 

with cathodes of NMC622 and NMC811, and TR was triggered by nail-penetration. The ‘NMC622’ 

stands for nickel, manganese, cobalt present in a 6:2:2 ratio in the cathode, and similarly for NMC811 

with different ratios. The set-up was a 10 x 10 cm stainless steel plate set about 40 cm above the vent 

of the cells. The particles collected included nickel (Ni), cobalt (Co), manganese (Mn), aluminium (Al), 

copper (Cu), sulphur (S), silicone (Si), phosphorus (P), and fluorine (F). [8] An interesting observation 
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made was the shapes of the particles, as the initial cathode particles were almost spherical, and the 

TR particles were irregular and much smaller. [8] 

 
 

Figure 8. Graphical representation of mass percentages and elemental composition 
of thermal runaway particles of (a) Ni, Co, and Mn, and (b) Al, Cu, F, P, among other 
elements. [8] 

 
 

Despite the clear presence of ‘NMC’ elements due to them making up the cathode, Si is believed to 

originate from the cathode too. [8] The presence of Al and Cu can be explained by them constituting 

the current collectors for the cathode and anode, respectively. [8] The presence of F and P elements 

can be attributed to the commonly used electrolyte in LIBs, lithium hexafluorophosphate (LiPF6). [8] 

The presence of the other elements, such as S, can be attributed to other cell components such as 

electrolytes, binding agents (e.g. PVDF), electrolyte additives, etc. [8] Below is a table stating the 

dangers of these elements, as gathered from various safety data sheets. 

Table 2. Compilation of elements found in particle analysis during TR [8] and their respective toxicity and hazards. 
 

Element Name Symbol Toxicity and Hazards 

Nickel Ni Targets the respiratory system, may cause cancer by inhalation. 

Carcinogenic. 

Reproductive toxicity. 

Corrosive to skin (and irritates) and metals, can cause eye damage / 

irritation. [61] 

Cobalt Co Chronic and acute hazards to aquatic environment. 

Respiratory sensitization. 

Irritates skin. [62] 

Manganese Mn Causes serious eye irritation. 

Flammable solid. [63] 

Aluminium Al Water reactive flammable gas. [64] 
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  Eye, skin and gastrointestinal irritation and respiratory tract irritation. 

[65] 

Aluminium may be implicated in Alzheimers disease. [65] 

Inhalation of aluminium containing dusts may cause pulmonary 

disease. [65] 

Copper Cu Flammable solids. 

Chronic and acute aquatic hazard. [66] 

Sulphur S May form combustible dust concentrations in air. 

Causes skin and eye irritation. [67] 

Silicone Si Flammable solid. 

Irritating to the respiratory system. Inhalation of large amounts 

expected to cause: necrosis of tracheal epithelium, bronchitis and 

interstitial pneumonia. 

Skin and eye irritation. 

May be harmful if swallowed. [68] 

Phosphorus P Catches fire spontaneously if exposed to air. 

Fatal if swallowed or inhaled. 

Causes severe skin burns and eye damage. 

Very toxic to aquatic life. 

Acute toxicity oral and inhalation. 

Acute aquatic hazard. 

Skin corrosion and serious eye damage. [69] 

Fluorine F Acute and chronic aquatic hazard. [70] 

May cause or intensify fire, oxidizer. [71] 

Causes severe skin burns and eye damage. [71] 

Fatal if inhaled. [71] 

 

 

In an overtemperature experiment on a prismatic NMC cell, the mass loss from the cell was 47% - 

indicating that the amounts of the elements mentioned in the table above are not insignificant. [43] 

2.4.5 State-of-Charge Effect on Thermal Runaway 

Larsson et. al studied the effect of varying state-of-charge (SOC) values at the time of TR and stated 

that a more violent TR is experienced with regards to faster temperature increase, among other 

effects, when the SOC is higher. [72] The results indicated that a lower SOC caused a higher total 

amount of HF produced during TR. [72] The tests were, however, performed on LFP pouch cells and 

26 



Confidential 

Confidential 

 

 

 
 
 

cylindrical cells, along with a laptop battery pack, which means results could be different if it were an 

NMC cell. [72] Ribière et al. had previously performed tests on LiMnO pouch cells in a to show that the 

total HF production was greater for a cell at 0% SOC, compared to 50% and 100% SOC. [73] Both studies 

were carried out using an overtemperature trigger, where the former heated the cell from below using 

a propane burner, and the latter heated the cell from the sides using heaters. [72][73] 

The conclusion drawn from this is that performing tests at 100% SOC to mimic a ‘worst case scenario’ 

of a TR will give the most violent TR in terms of heat release rate and toxic gases overall, but may not 

accurately portray the total amount of HF that may be produced during a TR if SOC levels are lower, 

for example during use of the vehicle. Unfortunately, the studies above did not include an analysis on 

particles released if SOC is lowered. 

2.4.6 Anticipating Particle Spread during TR 

Wang et al. conducted a study in efforts to uncover and anticipate what and how particles spread 

during TR from LIBs. [74] In Figure 9, it can be seen how the study describes particles being ejected 

during TR. 

 
Figure 9. Schematic representation of ways in which particles are 
ejected during thermal runaway. [SS] 

 

A further look into this event offers an explanation of the mechanisms involved of how particles are 

ejected from the cell. The Figure 10 shows how gas pockets are formed when the temperature 

increases and thus creates a pressure difference. The particles inside the cells are carried away by the 

gas flow created by the gas pockets. 
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Figure 10. Schematic representation of the stages included of particle ejection during TR. [74] 
 

2.5 Triggers for Thermal runaways 

As described in the previous section, there are several ways in which a LIB can be triggered into TR. 

The most common ways used for research, as seen in relevant studies, are mechanical abuse by nail- 

penetration, overcharging, and overtemperature. [43] 

Essl et al. investigated whether varying the type of TR trigger would impact the vent gas accompanying 

the TR in terms of amount produced and composition. [43] The experiments were performed in an 

abuse-test reactor on different cells, where the one of interest was a prismatic NMC622 cell with a 

graphite anode. The nominal voltage was 3.6V, the SOC prior to experiment start was 100%, a cell 

thickness of 28 mm, and an electrolyte composition of EC:DMC:EMC. [43] It should be noted that the 

type of cell also influenced the vent gas production and composition, although this is not of interest in 

this report. 

The results stated that the type of trigger influences the outcome of a TR due to the reaction that 

occurs in the cell, and therefore the vent gas production and composition are affected. In terms of the 

vent gas amount, a higher amount of it along with the highest H2 and CO values were found with the 

overcharge trigger, and the lowest H2 values were found from the overtemperature trigger. In terms 

of mass loss from the cell, the highest values were found from the overcharge trigger. In terms of 

production rates of the vent gas, the lowest values were recorded for the overtemperature trigger. In 

terms of venting duration, the nail-penetration trigger exhibited the longest times. In terms of volume 

percentages of gas components, C2H4 and CO2 were higher and CH4 lower for the nail-penetration 

trigger compared to the overcharge and overtemperature trigger. [43] 
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From the results it is clear that the overcharge trigger produces the worst outcome overall in a TR. 

However, there are doubts in the battery industry about the repeatability of the overcharge and nail- 

penetration triggers due to the high variation in results depending on test conditions. [43][6] 

Therefore, a test where a trade-off is made in repeatability and triggering the cell into a harsher TR 

outcome would be using an overtemperature trigger. 

In an overtemperature trigger test, it is possible to heat the cell either on one or both sides of the cell 

– called single-sided heating and double-sided heating, respectively. This should have an effect on the 

TR the cell experiences, but other literature regarding this is limited. 

2.6 Thermal Runaway Particles’ Hazards and Consequences 

There are several aspects to the dangers associated with TRs in battery systems. One of these is the 

hazards posed to human health, and another is the hazards posed to the environment. 

2.6.1 Hazards to Human Health 

As can be seen in Table 1, all of the elements found in the study characterizing TR particles display 

some level of toxicity. The aspects of hazards to human health stemming from TR particles can be both 

short- and long-term. The table shows that toxicity varies between the elements, ranging from 

irritation of skin / eyes / respiratory tract to carcinogenic and reproductive toxicity. As it was also 

shown in section 2.5, the TR can drastically vary in intensity and output depending on the type of 

trigger used. This implies that In sections 2.4.3 and 2.4.4 further details can be found about the hazards 

of TR gases and particles. 

2.6.2 Environmental Effects 

The local environmental effects of a TR scenario can be seen in a biotoxicity analysis from 2021 on TR 

particles. Yang et al. found that the composition of the particles produced in TR scenarios were very 

different to cathode materials that had not been exposed to such a scenario, and showed evidence of 

biotoxicity. [8] The study also states that previous research done on biotoxicity of battery particles was 

only done on materials that had not entered TR. The results from the study showed that TR particles 

caused immediate interference of microorganism respiration, and impaired the microorganisms cell 

membranes after a few hours. [8] 

The environmental effects of TR particles do not just exist in the immediate local environment around 

a battery that has had a TR. The biotoxicity affects the environment in landfill disposal sites too. [8] For 

this reason, proper regulation regarding battery disposal and recycling needs to be implemented. As 

above, in sections 2.4.3 and 2.4.4 further details can be found about the hazards of TR gases and 

particles. 
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2.7 Laws and Regulations 

A general theme within the rapidly evolving battery industry is the lack of regulations and continuous 

application and discussion around new regulations. Parallels can be drawn to the ICE industry and the 

continuous implementation of new regulations. In a document regarding European Union (EU) 

legislation from March 2022, new regulations for batteries are pending. These regulations are focused 

on safety and recycling battery contents, among other sustainability standards. [12] In comparison to 

the rest of the world, China already has a framework for batteries named ‘GB 38031-2020’. [75] This 

framework indicates that a passenger in a BEV should not be harmed within 5 minutes of a thermal 

event. [75] Additionally, EU regulations regarding using recycled materials in the batteries will be 

increased from 50% of the battery’s weight to 70% from 2030. [76] As mentioned in section 2.6.2, the 

effects that TR particles have on the environment can be very detrimental to a disposal area. 

2.8 Approach for Study 

With regards to the information found about the battery pack design and a possible filtration 

mechanism, a feasible potential solution with regards to space, cost, weight, and not altering current 

design of the battery module and pack or vehicle would be a lightweight, compact, and temperature- 

resistant filter material. In order to select relevant materials to study, the next section will provide 

some theory about filtration. 

In combination with the requirements for the filter material, with regards to be able to handle the 

‘worst case scenario’, a trade-off is done in terms of testing. This is due to the information found 

regarding the impact of the type of trigger on the TR results, where the overcharge trigger produced 

the ‘worst case’ scenario in many parameters compared to the overtemperature and nail-penetration 

trigger. However, due to the stated difficulties in reproducing these tests, the overtemperature trigger 

will be used in the experiments of this report. 
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Chapter 3: Filtration Theory 

In this chapter, a review of common filtration theory will be done. The relevant parameters that affect 

the filtration in this case will be decided, and from this suitable choices for materials will be made. 

3.1 Filtration Mechanisms 

There are various types of filters on the market today. They range in types, pore sizes, materials, sizes, 

thicknesses, among others. In this subsection, some of the main variations in filters will be reviewed. 

To clarify, filters can be large vessels with machinery attached to it, but only membrane filters will be 

considered in this study (due to the limitations of the battery system design mentioned in sub-section 

2.8). Membrane filters are filters which employ a membrane structure to separate particulate matter 

from liquids or gases, and they are used across a wide range of industries. [77] 

One of the broadest distinctions that can be made for membrane filter materials are surface versus 

depth filters. A surface filter will only collect particles on its surface, meaning that during a filtration 

process a solid collection of particles will start to form on the filter. [78] Depth filters have an internal 

structure which ensure that particles are not just caught on the surface of the filter, but also inside the 

internal structure due to the increased surface area. [79][78] Depth filters are often made of materials 

that allow for internal membrane structures that have tortuous paths and a broad range of pore sizes 

- these include glass fibres, cellulose, quartz fibres, among others. [80][79] 

 
The filters of interest in this study are depth filters. Depth filters operate based on four main 

mechanisms: interception, diffusion, impaction, and electrostatic attraction. [79] The mechanisms are 

depicted below in Figure 11. Diffusion is caused by the random motion of particles, where they contact 

with the fibrous walls of the filter upon collisions with molecules within the airflow. [81] Impaction, or 

inertial impaction, refers to Newton’s first law of motion where an object in motion will stay in motion 

unless acted upon by an external force. [81] Within filters, this means that the particles will continue 

in a straight path towards a fibre instead of seamlessly moving through the internal structures tortuous 

path. [81] Interception refers to the scenario when the particles follow the internal structures path 

due to airflow, but are intercepted by a fibre anyways. [81] The final mechanism is electrostatic 

attraction, which is applicable in cases where permanent charges are placed on fibres and dipole forces 

attract the particles to the fibres. [81] The interception and impaction mechanisms are most prevalent 

for particles with larger diameters, as they are more likely to be intercepted by different fibres. [81] 

The diffusion mechanism is most efficient for particles with smaller diameters, as the number of 

collisions with air molecules will increase with smaller particle sizes. [81] The applicable mechanisms 

in this study are interception, diffusion, and impaction. This is because currently there is no interest in 

applying electrostatic charges on filters within the battery pack. 
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Figure 11. Schematic representation of the main filtration mechanisms in depth filters. [79] 
 

From these descriptions, it can be stated that having a more densely packed fibre collection within the 

filters will increase most filtration characteristics by increasing surface area and therefore increasing 

contact points for the particles with the fibres. However, increasing density of the fibres will also 

reduce airflow through the filter and thus increase pressure drop across the filter. 

3.1.1 Variations in Depth Filters 

Membrane filters can either be hydrophobic or hydrophilic, where the former will attempt to repel 

aqueous media causing pressure on the side of the entering material (i.e. back pressure), and the latter 

will not have this issue. [82] However, hydrophilic membranes may be affected by the acidity of an 

aqueous media. [82] This parameter is not very significant in this study due to the desired media being 

gases with particulate matter. 

Another distinction that can be made is the rating of the filter. This indicates what size of particles the 

filter will catch if the particles are big enough and will let through if they are small enough. [83] 

Filters can also be made with or without binders. Binders are applied to some filter materials in order 

to improve certain properties of the material, such as mechanical stability in terms of shape and 

strength. However, they can also impair certain properties of the material, such as thermal resistance. 

[78] 

3.2 Relevant Factors for Project 

The most relevant factor for this project with regards to the filtration is the pore size. The particles 

coming from the cell will range from micrometres to millimetres. In order to pick up on the smallest 

ones, a wide pore size distribution is important. [84] Another of the most relevant factors for this study 

is the pressure drop that arises across filter materials. If there is a first venting event, and the gas needs 

to be evacuated in order to reduce the possibility of a TR – the filter cannot act as a barrier and increase 

back pressure into the pack. [85] 
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Figure 12. The size distribution of collected particles from a TR test on prismatic LIBs, where a) shows the entire sample’s size 
distribution, and b) shows the size distribution of the first peak in a). [74] 

 

From Figure 12 it can be seen that although the emitted particles range vastly in size during TR, the 

majority of the particles range between 2.5-12.5 micrometres. Thus, in order to catch those smallest 

particles which are also the most prevalent, a filter that has pore sizes which enable retention of these 

particles is necessary. 

3.4 Practical Considerations 

In order to achieve efficient filtration, there are certain practical considerations that need to be made. 

The first consideration should be to have the filter material tightly fixed, in order to avoid gas flow 

seeping around the filter material. This is also known as bypass, and means that the gas with 

particulates finds an alternative route with less resistance if the filter is not fixed properly. [85] The 

second consideration is that the filter material may rupture in case of the particulate content having 

too high particle size diameters, as they may be pushed through the filter material from the pressure 

and velocity of the gas coming from the vent. [85] 

3.4.1 Requirements for Filter Materials in Battery Module/Pack 

There are certain requirements that need to be met for materials entering battery packs. Due to the 

risk of TR and cell-to-cell propagation in these events, the material should be resistant to high 

temperatures in order to complete its task of filtration in case of a TR. Optimally, this would mean 

flame resistant (meaning it does not combust), but realistically there are not many materials that fulfil 

this and the other requirements that will be discussed. Therefore, opting for a material with a high 

design temperature is a good compromise. Following this, it is desirable to have a material that keeps 

mechanical stability after a long-term high temperature exposure. Meaning that even if the material 

can withstand the high temperatures in terms of not combusting, it might not keep its mechanical 
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integrity in terms of shape. Having a filter material that does not keep its shape when exposed to high 

temperatures can defeat its purpose by creating bypass or such. 

A filter material should have a low pressure drop when gas goes across it. If the filter material has a 

high pressure drop, this means the back pressure caused by the filter material will be high. In this case, 

the function of the pack vent is impacted negatively and could lead to improper gas evacuation. [39] If 

the heat is not lead away in a spreading manner, more hot spots can arise and risk further propagation. 

[39] Additionally, the filter should not impair the function of the ventilation to mitigate condensation 

inside the battery pack. 

The swelling phenomenon in battery cells and modules was mentioned earlier in the study, but it was 

not mentioned that this swelling may remain permanent. [30] Any filter material of a larger size that 

could be affected by this phenomenon could not be of inflexible materials that could increase pressure 

further in the module. 

Another practical aspect is the consideration of maintenance. Any filter material should be easy to 

access and switch out if needed. Additionally, the material should be sterile. Considering that the pack 

vent regulates humidity, and this would pass through the filter material. [39] The filter material cannot 

be the place of any growth of bacteria which could impair the function of the pack vent. 

The total weight and size of the battery system is important too, which is why a larger gas evacuation 

scheme with proper filtration may not be as considered as it should be. Additionally, if a filter material 

is to be placed by the vents in the battery pack, then the filter material can only occupy a very small 

space (e.g. in a range of 0.5 cm – 2.5 cm based on a visual approximation from a battery pack). 

The final, and arguably most deciding, requirement is the cost of the filter material. Battery and 

battery system manufacturers have to make sure their products are profitable and do not exceed a 

threshold of cost for components. If the component is too expensive to include, it may be substituted 

for a cheaper component of lesser cost. 

3.5 Chosen Materials for the Study 

From the relevant filtration theory described in Chapter 3, together with the requirements for a filter 

material in battery modules/packs as described in section 3.4.1, the chosen materials for study can be 

seen in Table 3 below. Any other filters considered were not chosen for the study due to limited testing 

possibilities or difficulties acquiring them or simply low expected performance, and thus will be 

discussed in Chapter 8. The final selection of filters came down to two types of membrane depth filters, 

glass microfiber and quartz microfiber, giving five different filters in total. These vary in material, pore 

size, treatment, supplier, and thickness. The greatest consideration was temperature resistance, and 
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secondly the pore size. The quartz microfibre filters were more expensive, but had nearly double the 

maximum temperature at 900 °C and 950 °C. Other variations include tempered or non-tempered 

materials, meaning that a pre-treatment has been done to ensure that no water molecules are still in 

the material. [86] For the pore sizes mentioned in Table 4, according to an international air filtration 

standard, the PM2.5 filter covers the pore size range between 0.3-2.5 µm and PM10 covers the range 

0.3-10 µm. [87] 

Table 3. Filter materials used for tests. 
 

Abbreviation Material Code Supplier Item Name Cost per Filter [SEK] 

A Q3400--47 ------G Sartorius Quartz Microfiber Filters / Grade Q3400 49,30 
B FT-3-1109-047 Sartorius Quartz Microfiber Filters / Grade T293 24,43 

C AQFA04700 Millipore Quartz Fiber Membrane Filter without 
binder 

19,10 

D APFD04700 Millipore Glass Fiber Filter without Binder 6,48 

E AP4004700 Millipore Glass Fiber Filter without Binder 6,48 

*The prices listed in Table 3 are publicly available on the respective supplier websites and may 

change. 

Table 4. Filter materials for tests and their parameters. 
 

Abbreviation Material Pore Size [µm] Maximum 
Temperature 

[°C] 

Thickness 
[mm] 

Tempered or 
Non-Tempered 

A Quartz 
Microfiber 

PM10/PM2.5 900 0.43 Tempered 

B Quartz 
Microfiber 

PM10/PM2.5 900 0.43 Non-tempered 

C Quartz 
Microfiber 

PM10 950 0.43 Not applicable 

D Glass 
Microfiber 

2.7 500 0.47 Not applicable 

E Glass 
Microfiber 

0.7 550 0.475 Not applicable 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
35 



Confidential 

Confidential 

 

 

 
 
 

Chapter 5: Methods 

5.1 Purpose and Objectives 

The purpose of the experiments was to evaluate the performance of various filter materials in terms 

of particle filtration during TR of a singular LIB cell. The concept is to look at filter materials that could 

mitigate the dangers associated with particles released during TR in a battery pack, whilst also resisting 

the thermal and mechanical damages caused by the TR. The single cell test was meant as an initial 

experiment to investigate the performance of particle filters during TR, and is meant to give an 

understanding of the filter materials effectiveness in case of a TR within a battery pack. 

As the tests are laborious to perform and required a lot of time and resources, the tests were 

performed together with internal method development where different settings of heating were 

trialled. Therefore, the parameters for the heating of the cell were not kept the same. Observations 

will be provided regarding the resulting TR, but no details regarding the settings of the heaters or 

method of heating will be provided due to lack of relevance and confidentiality clauses. 

5.1 Materials Used 

The battery cells were provided by Scania, and are LIBs of NMC chemistry. The cells were charged to 

100% SOC prior to the tests. The filter materials tested were according to Table 4. The filter materials 

were purchased from Sartorius (A-B) and Millipore (C-E). Images of the filters before the experiments 

can be seen in the Appendix. All filters were used in their supplied state, and were not prepared by 

chemical or physical means prior to tests. Sealable plastic containers were used to keep samples 

pristine between testing and analysis. The steel plates in the filter set-up were internally supplied by 

Scania through a process of water cutting, where the basis of design can be seen in Figure 14. The 

measurements of the steel plates were 10x10cm, with a hole cut out the middle with diameter of 

35mm. The temperature sensors were Ni/CrNi K-type thermocouples (suitable for temperature up to 

500 °C) and were provided by Scania. 
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Figure 13. Schematic respresentation of steel plate with hole. 
 

5.2 Experimental Set-Up 

Each test set-up included: 1 cell, 1 heating element, 4 temperature sensors, a tripod holding two 

layered steel plates of 10x10cm (placed 40cm above the vent of the cell) with a filter material placed 

between the plates, and a camera recording the experiment. In Figure 13 there is a sketch of the test 

set-up, and an image of the actual set-up. 

 

 
Figure 14. a) Sketch of test set-up of singular cell and filter material. b) Image of test set-up of singular cell, filter material, 
and temperature sensors. 

 

The laboratory clamp and stand used to hold the filter material set-up was made of metal, so as to not 

be impacted by the high temperatures in the test. The filter material placed between the steel plates 

was attached about 40 cm above the vent of the cell. This set-up was placed in a metal container along 

with the battery cell and necessary sensors. 
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The build process of the test set-up was in the following order. The cells were charged individually to 

100% SOC. Once charged, electrically insulating tape was applied on the cell terminals to prevent 

accidental contacts. Thermocouple leads were attached on the cells on the side of the heater, on the 

other side of the cell opposite side of the heater, on the top of the lid next to the vent, and next to the 

filter about 40 cm from the vent. The tripod was placed next to the cell. The configuration of the steel 

plates with the filter paper was attached to the clamp on the tripod, and the configuration was turned 

to be parallel to the ground, as depicted in Figure 14a. 

 

5.3 Characterization of Filter Materials and TR Particles 

The performance of the filter materials were evaluated based on different parameters. The filter 

materials were characterized through weighing the filters before and after the TR, scanning electron 

microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS) based on the SEM images. 

5.2.1 Scanning Electron Microscopy 

Secondary electron images were produced of the filter materials before and after the tests. The SEM 

analysis tool also provides details about the elements detected in the sample. The samples were 

prepared by cutting small circles of the filters out and attaching them to double-sided carbon tape. 

These tapes were then attached to their own pins on a carousel and fastened in the SEM rig. The 

analysis was performed in high-voltage conditions, with the function of secondary electrons. Other 

parameters set can be seen in the SEM images attached in section 6. 

5.2.2 Weighing the Materials 

The filters were weighed using a high-precision digital lab scale. The same filter used in the test and 

the measurement was not possible due to different locations of the scale and the test site, leading to 

difficulties keeping the procedure consistent. Thus, it was decided to measure 3 of the filters and 

calculate an average weight of the filters before the tests. 
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Chapter 6: Results and Analysis 

The results of the experiments will be presented in terms of weights of the filters before and after the 

experiments, pictures of the filters after the tests, SEM images, and EDS from the SEM images. 

The first test was performed with glass fibre Filter D, and there was nothing left of this filter as the cell 

experienced a violent TR and the filter material was in the direct path of the flames. Therefore, due to 

limited testing opportunities it was decided to not test the glass fibre filters D and E any further as the 

demonstrated temperature resistance of Filter D was too low and an assumption was made that Filter 

E would not perform better due to their similarities in properties. 

6.1 Weight of the Filters 
Table 5. Weight of the filters before and after the experiments, along with the weight differences. 

 

Filter Material Weight Before [g] Weight Before 
Average [g] 

Weight After [g] Weight Difference 
[g] 

 
A 

0.15373  
0.15381 

 
1.97163 

 
1.81782 0.15365 

0.15405 

 

B (Trial 1) 

0.14775  

0.14699 
 

0.37178 
 

0.22479 0.14750 
0.14572 

 

B (Trial 2) 
 

Same as B 
(Trial 1). 

 

Same as B 
(Trial 1). 

 

0.24001 
 

0.09302 

 

C (Millipore) 

0.14254  

0.14236 
 

0.17781 
 

0.03545 0.14210 

0.14243 
 

 

An example of the calculation of the ‘Weight Before Average’ for Filter A: 

0.15373 + 0.15365 + 0.15405 
= 0.15381 

3 

The high weight of Filter A after the experiment could be due to a lot of debris from the fire attaching 

itself to the filter. Additionally, very large particles were stuck to the filter along with particles being 

caught throughout the filter. The same could not be said for the other filters, where the top of the 

filter (facing away from the cell) was perfectly intact. However, for these other filters some larger 

particles that were not attached to the filters strongly may have fallen off during transport to the 

sample containers and due to windy conditions that made keeping the filters in place difficult. This 

could be why the weight differences are very low for some of the filters. Excluding Filter A in the 

following observation for this reason, in terms of particle retention it seems that Filter B is most 

efficient in both trials 1 and 2 compared to Filter C. However, this could also be due to other reasons 

which will be further discussed in section 7. 
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6.2 Mechanical and Thermal Properties 

The filters were subjected to TR episodes, and were directly in the flames coming from the cell. In 

Figure 15 an image taken from the camera footage during the experiment can be seen, which shows 

the types of flames the filters were exposed to. The following sub-sections the filters can be seen after 

the tests, and how intact they were left after the tests. 

 

Figure 15. Image taken during test to show the types of flames the filters 
were exposed to. Cell not included in image due to confidentiality purposes. 

 

6.2.1 Filter A – Sartorius, PM10/PM2.5, Tempered 
 

Figure 16. Image of Filter A after the TR test. 
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6.2.2 Filter B (Trial 1) – Sartorius, PM10/PM2.5, Non-Tempered 

 

Figure 17. Image of Filter B (Trial 1) after the TR test. 
 

6.2.3 Filter B (Trial 2) – Sartorius, PM10/PM2.5, Non-Tempered 
 
 

Figure 18. Image of Filter B (Trial 2) after the TR test. 

 
 

6.2.4 Filter C – Millipore, PM10, Non-Tempered 
 

Figure 19. Image of Filter C after the TR test. 
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6.2.5 Summary of the Filters 
 

Figure 20. Image of all filters (A, B (Trial 1), B (Trial 2), C) after TR tests for comparison. 
 

Filter A did not manage the high temperatures of the TR well, as can be seen in Figure 16 and 20. 

However, it was not completely destroyed which indicates that if it were not in the direct flame (i.e. 

other components in the battery pack between the cells and the filter), it could potentially remain 

more intact in a TR. From Figure 20, it can be seen that Filter A is the outlier in terms of intactness after 

the tests. Filter B in trials 1 and 2 performed similarly in terms of thermal resistance and mechanical 

strength, and Filter C did not perform any less well than those tests. This could be expected due to the 

similarity in material properties seen in Table 4. However, since Filter A performed worse to this extent, 

it can be suggested that this is more likely due to a more violent TR rather than the filter being much 

different to filters B and C. 

6.3 SEM Images 

Due to the non-conductive nature of the filters it was decided not to look at their structures before 

being exposed to the experiments, as the SEM does not show their images without manipulation with 

sputter coating. However, the internal structures of the filters can be seen in the images taken with 

the particles. Filter A was not included in the SEM analysis due to the low degree of intactness and the 

entirely coated burnt filter surface. Additionally, the elemental analysis was performed in units cps/eV, 

meaning counts per second per electron-volt. 
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6.3.1 Filter B (Trial 1) – Sartorius, PM10/PM2.5, Non-Tempered 

 
Figure 21. SEM images of Filter B (Trial 1) after the TR test. 

 
 

Figure 22. EDS from SEM images of Filter B (Trial 1) after the TR test. 
 

 

From Figure 21 it can be seen that there is a high amount of particles covering the surface, and it was 

not possible to see anything of the internal structure at greater magnification. This is supported by 

Figure 17, where the filter looks entirely coated on the surface. This indicates that either the depth 

filter did not work as intended, by capturing particles inside the internal structure instead of letting 

them gather on the surface. However, it could also be that this TR experiment caused a different 

composition of the vented particles, where larger particles were released. The latter statement is 

supported to an extent by the measurements of some particles in Figure 22. Further, the particle 

labelled ‘Spectrum 13’ is very spherical, which was mentioned in section 2.4.4 to be a trait of the initial 

cathode particles prior to any TR – this could mean that towards the end of the TR there are still 
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Figure 24. EDS from SEM images of Filter B (Trial 2) after the TR test. 

 
 
 

particles ejected with the gases, but they may not be as damaged as the earlier particles ejected. The 

majority of the particles seen in this area of the filter the EDS was performed on were: copper, 

aluminium, carbon, zirconium, nickel, zinc, and phosphorus. The presence of carbon in all of the 

following spectra, including the above one, could be due to graphite in the anode. 

6.3.2 Filter B (Trial 2) – Sartorius, PM10/PM2.5, Non-Tempered 

 

Figure 23. SEM images of Filter B (Trial 2) after the TR test. 
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The fibres in Figure 23c are visible to the extent that some particles can be seen latching onto them, 

indicating that the depth of the filter must be used here. However, it also seems as if the particles have 

clumped together on the surface as in the previous test for Filter B (Trial 1). It could be that the pore 

sizes are too small and the particles larger than expected, and thus they are clogging the surface of the 

filter. It is hard to comment definitively on whether there are particles that have passed through the 

filter or gotten caught within the depth of the filter. The fibres are very tightly packed, and this 

indicates a good particle retention in the case that smaller particles would pass through. From Figure 

24, the majority of the particles seen in this area of the filter the EDS was performed on were: carbon, 

copper, aluminium, nickel, fluorine, manganese, cobalt, silicone, and phosphorus. 

 
6.3.3 Filter C – Millipore, PM10, Non-Tempered 

 

Figure 25. SEM images of Filter C after the TR test. 
 

In Figure 25d it can be seen that the particles are caught throughout the depth of the filter. This could 

mean that the particles ejected in this TR and caught by the filter are smaller, or that the internal 

structure is more open. The latter case seems very likely, as compared to Figure 23c the fibres in Filter 

C is much less tightly packed. This is further supported by the fact that the surface is not as clogged as 

in the other tests, but this could also be due to less particles reaching the filter. The latter could be the 

reason, since the weight of the filter (i.e. particles caught) was much lower too. From Figure 26, the 

45 



Confidential 

Confidential 

 

 

 
 
 

majority of the particles seen in this area of the filter the EDS was performed on were: carbon, 

aluminium, nickel, fluorine, cobalt, manganese, silicone, and phosphorus. 

 

 

Figure 26. EDS from SEM images of Filter C after the TR test. 
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Chapter 7: Discussion 

 
7.1 Particle Retention Capabilities 

In looking at Figures 23c and 25d, with filters B and C respectively of a similar magnification, it appears 

as Filter B has a more densely packed internal structure. Whereas Filter C has less densely packed fibres 

at the same magnification. This implies that filter B should have greater particle retention capabilities. 

Looking at the weight difference of the filters B in trial 2 and Filter C, it is clear that Filter C retained 

less particles. This could be due to the set-up, where Filter C was not in as much contact with the flame 

or in the path of the particle spread. 

During the final test, the test set-up included Filter B (Trial 2) and Filter C attached with a separate 

clamp. The cell fell over during the TR and the flames were hitting the side of the container and then 

going up towards the filters. This could be the reason for the less granular particles and more smooth 

‘soot’ looking particles. It could also be the reason for the intactness of the filters. However, the validity 

of this test should not be discounted as if the filters were placed in a battery pack, it is unlikely they 

would be directly in the flames 40 cm away as during the tests. This could arguably be a more accurate 

representation of how the filters could be applied. 

Comparing Filter B in trial 1 and trial 2 it is evident that something occurred with the TR, which has 

been stated as the cell falling over. The amount of particles caught in the filter are much less when 

looking at the weight of the filters. This suggests that the particle spread has been concentrated above 

the cell in the previous tests, but that the side of the flame does not project as many particles. 

However, as mentioned in the analysis of Figure 25, the lower weight could also be due to the less 

densely packed fibres leading to lower particle retention capabilities. Thus, the difference in weight in 

Filter B Trial 2 and Filter C could be explained by Filter B having smaller fibre diameters and thus 

enables a higher retention and filtration efficiency. However, the weight of the filters was not a 

consistent measurement for the filters due to the difference in intactness after the experiments, and 

thus will not be an accurate method of comparison. It can be considered a complimentary 

measurement for the intact filters. 

Finally, one experiment had to be discounted due to the force of the TR knocking the tripod with the 

filter over. This yielded an unfair result as the filter was not kept in the way of the flame and was 

subsequently wetted by the water used to drown the cell after. 
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7.2 Errors in Experiment 

An attempt was made to measure the temperature that reached the filters. This was done by placing 

temperature sensors on the bottom steel plate next to the filter, facing the battery cell. One was placed 

in contact with the steel plate, and another was placed hanging in the air next to the filter. However, 

due to the rapid heat development from the cells during the TR, they did not measure any temperature 

difference before being destroyed in the flames. Furthermore, the final test where the cell fell over 

definitely makes the conclusion about Filter C harder to make. Filter B had two trials, one of which the 

cell remained upright, and thus its performance can be more verified than for Filter C. 
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Chapter 8: Future Studies 

8.1 Possible Materials or Filter Combinations 

As part of the thesis, some suggestions for future filter materials that could be interesting to study will 

be included. Additionally, a few suggestions to improve the experimental method could be included. 

A filter that had good prospects of performing well in these tests were metal sintered fibre felt, which 

can be manufactured with various types of metal (e.g. stainless steel, nickel, etc). [88] The thickness is 

not too great to not be applicable for being placed in the battery pack, and the pore sizes that it covers 

is between 0.1-100 micrometres depending on the manufacture. [88] The greatest point of interest of 

this filter is the high temperature resistance of 1000 °C, and its high mechanical strength. Other filters 

that could be interesting are those made up of ablative materials, which are commonly used in the 

aerospace industry. Due to their use in this industry, they are created with the intention of allowing 

the material to burn up over a longer period of time. [89] This feature could prove very useful in the 

battery pack application. Another filter that could be worth investigating is ceramic filters. These are 

already used in gasoline particulate filters, but due to the high heat in the filter the particulates caught 

are burnt away and the filter can be continuously used again. [90] Further tests with the same filters 

as those tested in this thesis could be layering the filters where the first one takes the brunt of the 

explosive flames and the largest particles, and the second one can catch more particles ones the fire 

subsides slightly. Other combinations could be using pre-filters, which is the same idea as the one just 

mentioned, but perhaps using different filters. 

Rather than certain filter materials, it could also be of interest to investigate additives or other 

properties that enhance the thermal resistance, mechanical strength, or particle retention of the 

filters. These could include catalytic additions to the filters, or perhaps organic binders. 

8.2 Improvements to Method 

An important aspect to the possible implementation of a filter in the battery pack is the pressure drop 

through the filter. An increase in pressure drop and also back pressure through the vent during venting 

would be contradictory to the function of the vent, and could increase the risk of a TR. Such a test 

could be followed by measuring how many particles do pass through the filters, thus seeing how 

efficient the filters actually are. Another interesting test could be to perform a life-cycle test of the 

filter in a battery pack with humidity sensors to see if the filter effects the ventilation. 

The SEM images (and EDS) could also have been taken for the filters prior to the experiments, in order 

to have clearer images of their internal structures. This could be done, as mentioned previously, 

through applying sputter coating to the filters to get around the non-conductive nature of the filters. 
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There could be an advantage to perform the tests in an isolated box with a filter attached to an 

opening, in order to retrieve all particles and also focus the gas flow towards this filter. This was also 

considered for the experimental set-up, however for these initial tests it was deemed superfluous. This 

could also improve the repeatability of the experiments to some extent, as in the current set-up there 

were external factors (e.g. wind, water drowning the cell) that could have influenced the contact that 

the filters had with the thermal runaway effects. 
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Chapter 9: Conclusions 

A clear conclusion that can be drawn is that the glass fibre filters that were temperature resistant until 

500 °C were not suitable for this application. The quartz fibre filters, however, were surprisingly kept 

quite intact through TRs. Due to the parameters of the heating elements not being held constant, it is 

difficult to draw a conclusion on which filter is the best performing one of the quartz fibre filters. From 

the figures in section 6.2, it is clear that some filters remained more intact than others. However, the 

question remains whether some of the TRs were more violent than others in some aspects (i.e. 

temperature, hot particles ejected) and this was the reason for the difference between the filters 

rather than their own material properties. Filter A was not analyzed in SEM nor did its weight provide 

much useful information, but it did seem to perform worse than its very similar counterpart Filter B in 

terms of thermal resistance. However, this could be due to a more violent TR in this test. In terms of 

particle retention, it seems Filter B was better than Filter C in catching more and larger particles. This 

is most likely due to the packing of the fibres, where Filter B captured a lot of particles on its surface. 

Compared to Filter C, there seemed to be less particles clogging the surface but rather particles spread 

throughout the filter inside the internal fibre structure. 

Although it is important for experimental purposes to keep the parameters of the TR constant, it is 

useful to see how the filters perform in a ‘real’ scenario where TR is not controlled. Thus, the 

experiments could be improved in many ways, but equally important are the several parameters that 

need to be measured in order to provide more security with regards to the filter materials. For 

example, measuring the back pressure caused by the filter. 

Finally, to continue this discussion regarding filter materials, other interesting materials could be 

tested when there is more time and resources to procure items that have special specifications. This 

could be the sintered metal fibre, for example. Additionally, ablative materials could be an interesting 

avenue to explore – though it should be noted that they are likely much more expensive than more 

common materials. Ceramic materials could be useful in many ways as they have already been 

researched heavily, but back pressure is something that needs to be considered for these dense 

materials. 
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Appendix 
 

Figure 27. Image showing filters before any tests were performed. From top left to right is Filter A, Filter 
B, Filter C. From bottom left to right is Filter D and Filter E. 
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