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Abstract 
 
Brake systems are used to safely stop vehicles. The brake pads are pressed against 

the brake disc, transforming the kinetic energy of the vehicle into heat to be 

dissipated. In this process a tribological contact causing wear takes place at the 

interface of the pads and disc: particles are generated, a fraction of which is 

airborne and therefore creates an aerosol. To meet demands on air quality and 

sustainable transport, significant challenges are to find means to measure particles, 

and provide solutions able to decrease such source of emissions. 

Paper A proposes a test cycle executed in an inertia brake dynamometer during 

which a measurement of the airborne particles is carried out: the sampling point is 

close to the source of emissions. The experimental results are then analysed to 

determine how many particles are generated per test section. 

Paper B presents a redesign of an inertial disc brake dynamometer with the aim 

to have clean air while measuring particles, and isokinetic sampling. A comparison 

in terms of number and size distributions of the brake emissions with and without 

control of the cleanness of the intake air is studied. 

Paper C is the ranking, from the non-exhaust brake emissions point of view, of 

five different current brake pair materials using the novel redesigned inertia disc 

brake dynamometer. Particles are both counted, collect on filters and weighed. 

Paper D investigates the evolution of the friction performance in terms of friction 

coefficient and emissions, over five repetitions of the same test procedure – so 

considering the running-in effect. The friction performance is discussed as a 

consequence of the dominating wear mechanisms. 

Paper E conducts a study on real driving data that are transformed into a brake 

dynamometer testing procedure by an energy–temperature approach. The 

consequent emissions study allows the calculation of brake emission factors. 

Paper F presents a comparison of the brake particle emissions measurement when 

volatile and semi-volatile organic compounds (if any), as for exhaust emissions, are 

thermal treated before being measured.  

Paper G illustrates a holistic approach, developed within the REBRAKE EU-

financed project, for reducing airborne emissions for car brakes by 50% integrating 

different perspectives: the tribological testing of the friction pair at different scale 

levels, the analysis of the relevant wear products and correlated wear mechanisms, 

the development of specific contact mechanics simulation approaches, and the 

optimisation of the friction pair materials.  
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Sammanfattning 
 
Mekaniska bromsar används för att stoppa fordon på ett säkert sätt. I en skivbroms 

pressas bromsbeläggen mot bromsskivan och förvandlar fordonets kinetiska energi 

till värme. I denna process finns en tribologisk kontakt som orsakar slitage i 

gränssnittet mellan belägg och skiva: partiklar alstras då, av vilka en bråkdel blir 

luftburna och skapar en aerosol. För att möta krav på luftkvalitet och hållbara 

transporter är viktiga utmaningar: att utveckla metoder för att mäta luftburna 

partiklar och att lösningar utvecklas som kan minska utsläppen av luftburna 

partiklar vid källorna. 

Papper A presenterar en testcykel som utförs i en skivbromsdynamometer under 

vilken en mätning av luftburna partiklarna utförs: provtagningspunkten är nära 

källan till utsläppen. De experimentella resultaten analyseras för att bestämma 

antalet luftburna partiklar som genereras per testsektion. 

Papper B presenterar en ny design av skivbromsdynamometern (Papper A) med 

syftet att ha ren bakgrundsluft vid mätning av partiklar och isokinetisk 

provtagning. En jämförande studie presenteras när det gäller antalet och 

storleksfördelningen av de luftburna partiklarna med och utan ren bakgrundsluft. 

Papper C presenterar en rankning av fem olika skivbromsmaterial i den nya 

skivbromsdynamometern (Papper B). I jämförelsen utvärderas antalet generade 

partiklar och partikelmassan genom uppsamling av luftburna partiklar på filter.  

Papper D undersöker inkörningseffekter över fem upprepningar av samma 

testprocedur. Speciellt studeras utvecklingen av friktionsprestanda i termer av 

friktionskoefficient, ihop med utsläpp i form av luftburna partiklar. 

Friktionsprestanda diskuteras också som en konsekvens av de dominerande 

nötningsmekanismerna. 

Papper E presenterar en studie av uppmätt kör data som omvandlas till en 

testprocedur för prov i en bromsdynamometer genom en energitemperaturmetod. 

Den efterföljande studien gör det möjligt att beräkna emissionsfaktorer för 

skivbromsar. 

Papper F presenterar en jämförelse av mätningen av bromspartiklarnas utsläpp 

när volatila och organiska föreningar (i förekommande fall), på samma sätt som för 

avgasutsläpp, termiskt behandlas innan de mäts. 

Papper G illustrerar ett holistiskt tillvägagångssätt, utvecklat inom REBRAKE-

projektet, ett EU-finansierat projekt, för att minska massan luftburna 

inandningsbara partiklar från bilbromsar med 50%. Detta genomförs genom att 

integrera olika perspektiv: tribologiska tester av friktionsparet i olika 

storleksskalor, analys av nötningsprodukter som korreleras med slitage 



 
 

mekanismer, utveckling av specifika metoder för kontaktmekanisk simulering och 

optimering av skivbromsens material i den tribologiska kontakten. 

 
Nyckelord: 

Bilbroms, icke-avgasemissioner, skivbromsdynamometer, luftburna partiklar, 
PM10, PN, isokinetisk provtagning, Rebrake, volatiler, verkliga körcykler, 
emissionsfaktorer, in-körning. 
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Chapter 1 

Introduction 

The World Health Organization (WHO) considers clean air as “a basic requirement 

of human health and well-being” [1]. It is widely accepted that the air can be defined 

being clean when four main indicators, or air pollutants – so, particulate matter 

(PM), ozone (O3), nitrogen dioxide (NO2) and sulphur dioxide (SO2) – are below 

certain defined levels. This is also the definition that is used in this work. The aim 

of this thesis is to make a contribution towards making it possible to have clean air 

in our living environment with special attention to the particulate matter released 

due to the wear, or consumption, of automotive brake systems. 

 

In fact, unfortunately, clean air continues to be non-accessible for a significant part 

of human beings and its lack poses a significant threat to health worldwide: some 

3 million deaths a year are linked to exposure to outdoor air pollution and nearly 

90% of air pollution-related deaths occur in low- and middle-income countries [2]. 

Considering the particulate matter clean air indicator, only two people out ten live 

in a European city that complies with the WHO Air quality Guidelines [3]. Sweden 

did not report any exceedance of the WHO limit values for PM, whereas in Italy 

there is a continuous exceedance of limit values. 

 

For these reasons, over the last decades, there has been – and it continues to be so 

–increasing interests of the policy makers, public opinion, scientists, researchers 

and engineers, in developing air quality management directives and clean air 

technologies. Air quality directives require that the specific source of air pollution 

is recognised, measured and scientifically described, while clean air technologies 

make the respect of these directives possible. 

1.1 Background 

The European Environment Agency [4] defines particulate matter as a complex 

mixture of extremely small particles and liquid droplets that get into the air by 

process at the Earth’s surface; air with suspended particles is defined to be an 

aerosol. PM includes: 

 PM10 : inhalable particles, with aerodynamic diameters (ADs) that are 

generally 10 micrometers and smaller – the AD, for a particular particle, 

is defined as the diameter of an equivalent spherical particle with a 

unitary density [1 g cm-3] that has the same settling velocity as the 

particle; 
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 PM2.5 : fine inhalable particles, with ADs that are generally 2.5 

micrometers and smaller; 

 PM0.1: ultrafine inhalable particles, with ADs that are generally 0.1 

micrometers and smaller. 

Fig. 1 provides an idea of how small particles are with a diameter of 10 and 2.5 

micrometers respectively in comparison to an average human hair that it is about 

70 micrometers in diameter. 

 

 
Fig. 1 Size comparison for PM10 and PM2.5 [5] 

 

Another way for classifying PM, known as the Whitby model [6], is based on the 

process that causes their generation, so it is possible to distinguish the following 

modes: 

 Coarse mode in the size range greater than 2 m. This fraction is usually 

generated by mechanical processes. The coarse particle fraction contains 

also windblown dust, sea spray, and plant particles. 

 Accumulation mode in the size range from 0.1 to 2 m. This fraction 

derives mainly from combustion products, that is, anthropogenic 

emissions. The accumulation mode also contains droplets formed by the 

chemical conversion of gases to vapours which condense. 

 Finally, there is the nuclei mode that spans from 0.005 to 0.1 m. This 

fraction includes transient particles regulated by condensation and 

coagulation processes, formed by photochemical reactions to gases in the 

atmosphere and by combustion. The nuclei rapidly grow into the 

accumulation mode. Because of its transient nature, the nuclei mode is 
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significant only in the immediate vicinity of sources, for example, on a 

motorway. 

 

In case of inhalation of aerosol, the particles can penetrate to a certain point in the 

human respiratory system depending on their size as summarised in Table 1.  

 
Table 1 The respiratory tract penetration of particles as a function of their sizes [7] 

Particle size range (μm) Level of penetration 

≥11 Do not penetrate 

7–11 Nasal passages 

4.7–7 Pharynx 

3.3–4.7 Trachea and primary bronchi (1st) 

2.1–3.3 Secondary bronchi (2nd–7th) 

1.1–2.1 Terminal bronchi (8th) 

0.65–1.1 Bronchioles (9th–23rd) 

<0.65 Alveolar ducts (24th–27th) and alveoli 

 

Among the components of coarse PM, the bioaerosol has considerable implications 

for human health, like in case of pollens that can trigger allergic reactions: from 

this example it is clear that it is crucial to know the chemical composition of the 

coarse fraction. On the other hand, particles smaller than 2.5 m, are more effective 

for causing adverse health effects since this size fraction is capable to penetrate 

much more easily into the alveolar region of the respiratory system than the coarse 

particle of 2.5-10 m aerodynamic diameter [8]. In the case of particles smaller 

than 1 m, the toxicological properties with respect to the deposition in the human 

respiratory tract seem independent of the specific composition of the particle [9]. 

 

Therefore, the adverse effect of the mixture of ambient air and particulate matter 

by stationary and mobile sources on human health is well established [10], [11], but 

it is only in the last decade that the impact on the central nervous system, 

underlying e.g. Alzheimer’s and Parkinson’s diseases, and vascular effects trigging 

stroke events was described for the first time [12], [13], [14], [15]. 

 

Particulate matter comes from six major source categories: atmospheric formation 

of secondary inorganic aerosol, traffic, re-suspension of crustal/mineral dust, 

biomass burning, (industrial) point sources, and sea/road salt [16]. On average, in 

Europe road traffic accounts for 10% and 11% of total PM10 and PM2.5 emissions 

respectively [17]: unsurprisingly, rural sites display the lowest contribution of (7 ± 

4%), while urban and traffic sites show a contribution equal to (22 ± 11%) and (27 

± 12%) respectively [16]. The traffic category includes different kind of emissions: 

in addition to the primary PM and gaseous PM precursor coming from the exhaust 
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–that is from the combustion of fuel and lubricants – vehicles emit significant 

amounts of particles due to the wear of brake systems, clutches and tyres that are 

the so called non-exhaust traffic emissions. According to the European Union 

Emission Inventory Report 1990-2017 [17], the emissions of PM2.5 coming from the 

category, ‘1A3bvi – Road transport: Automobile tyre and brake wear’ (so the PM2.5 

non-exhaust emissions) has now surpassed the PM2.5 emission of the category 

‘1A3bi – Road transport: Passenger cars’ (so the PM2.5 exhaust emissions) being the 

yearly emissions, in 2017, around 40 Gg and 38 Gg respectively. 

 

With the perspective to protect human health, from the second half of 20th century 

in developed countries, “clean air” legislation was introduced : from that time, the 

extent of air pollution from coal and other solid-fuel burning, plus other toxic 

emissions from previously unregulated industrial processes, declined markedly 

[18]. In Europe, together with the EU Directive (2008/50/EC) on ambient air 

quality and cleaner air for Europe [19] that specifies limit ceiling values based on 

the PM10 or PM2.5 metrics, like e.g. limiting exceedances in one year, in 24h or in 

the perspective of population-weighed exposure, a second legislative approach 

focuses on controlling emissions of primary PM and the precursor gases. In this 

way, emissions from transport are highly regulated in the EU with a phased series 

of emissions “type approval” standards for light and heavy-duty vehicles, which has 

currently reached the “EURO 6” standard [20]: EURO 6 set a ceiling of 4.5 mg km-

1 veh-1 and 6*1011 # km-1 for PM10 and PN respectively, while EURO 1, which was in 

force until 1996 (type approval date), considered a maximum in terms of PM10 

equal to 80 mg km-1 veh-1 with no restriction on PN. Emissions today are also 

controlled through in-service vehicle tests and parallel legislation on fuel quality. 

1.2 Challenges for clean air in the field of non-exhaust 
brake emissions  

Unlike exhaust traffic emissions, where the standardisation is at the EURO 6 level, 

brake wear emissions remain an air quality issue that has received increased 

attention only over recent years, in addition to the entire domain of non-exhaust 

emissions. In fact, with more severe exhaust regulations, the relative importance of 

non-exhaust emissions in road transport has changed from practically negligible to 

50% in comparison to exhaust emissions [21]. This technology shift has happened 

mainly during the last two decades with the application of more severe regulations 

[22]. Fig. 2 illustrates the significant efforts that have been made by the EU 

automotive industry and policy makers to regulate exhaust emissions both in terms 

of particle mass emissions and, more recently with the introduction of EURO 6, 

also with particle number emission limits. 
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Fig. 2 EURO exhaust emission standard limits [24] 

In particular, a vehicle disc brake system (Fig. 3) consists of a rotor and two pads 

that are pressed against each other, through hydraulically actuated pistons, in order 

to reduce vehicle speed due to the friction developed at the contact interfaces: 

during the braking event, the friction pair wears out generating wear particles.  

 

Fig. 3 A detailed view of the disc brake system assembly [24] 

According to recent investigations [25], [26], 16-55% by mass of non-exhaust 

traffic-related PM10 emissions is generated by brake wear. Therefore, the reduction 

of airborne particles required to meet the general air quality EU objectives [19] 

could comprise a reduction in emissions from automobile brake wear. As a 

consequence, non-exhaust emissions have become an important topic – not only 

scientifically – but also at a political level [27] whereby policy makers are interested 

in assessing the possibility to eventually draft a dedicated air quality directive. To 
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do this, as briefly highlighted in the Introduction section of this thesis, the main 

challenges that are needed to be tackled by the scientific community are that: 

o the specific source of air pollution is recognised; 

o the emissions are measured; 

o the underlying phenomena triggering the emissions are scientifically 

described; 

o the clean air technologies that make the respect of these directives 

possible are demonstrated at a high enough Technology Readiness Level 

(TRL). 

In this process of (possible) regulation build up, the specific case of non-exhaust 

brake emissions has still a long road ahead. In the following sub-sections, the 

specific challenges of such regulation process about brake wear PM will be 

highlighted with additional details. 

 

1.2.1 Recognizing the non-exhaust brake emission source of air pollution 

Exhaust and non-exhaust emissions differ significantly due to the different 

processes that generate them. In fact, the particle exhaust emissions are mainly a 

consequence of a combustion phenomenon – therefore the size range of these 

particles spans from both nano and volatile particles to a few microns – whereas 

non-exhaust brake particle emissions involve also a mechanical friction process in 

addition to the thermal driven ones as also illustrated in Fig. 4. 
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Fig. 4 Classification of typical types of particles present in our environment and their 

common size ranges [28] 

 

While there is clear evidence that also non-exhaust brake particles are released into 

the air with sizes between a few nanometres and 10 µm [29], the extent of the 

contribution of non-exhaust brake emission to the ultra-fine particle size fraction 

has not yet been fully explored; in addition, there is scarce literature available on 

the issue of volatile or semi-volatile emitted species. In particular, paper F on 

volatiles makes a step further toward the study of the presence of volatiles emitted 

from the braking action using a brake dynamometer test set-up especially designed 

for particle emission measurements. Later on Mathissen at al. in 2019 [30] did a 

more complex work implementing multiple particle measurement devices that 

allowed for the simultaneous measurement of volatile and solid particles in a semi-

closed vehicle set-up. 

 

Within the brake system, the disc is made from lamellar cast iron whose matrix is 

a fine lamellar pearlitic type. Instead, the friction material is a polymer-composite, 

with the pad made of 10 to 30 different components out thousands of possible 

choices, bonded with a polymeric binder cross-linked in situ, typically a phenolic 

resin [31]. How these different materials interact with each other during the 
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tribological contact can provoke different kinds of emission levels. So, on the one 

hand collecting particles and analysing them can be a key factor for a more 

conscious material choice [32], on the other hand the same material can emit 

differently over time due to run-in phenomena: paper D attempts to handle this 

latter effect. 

 

It is important to cite here that the particles generated can have consequences on 

human health and on the living eco-system: also this poses a wide range of 

challenges. The reader interested in further details can refer for example to the 

review of Amato et al [22] and to the study of Volta et al [33]. 

 

1.2.2 Measuring non-exhaust brake emissions 

Measuring non-exhaust brake emissions is not trivial because the phenomena 

happen in a design space – the car wheel corner – that it is open to contaminations 

from the surrounding environment. The consequence is the mixing of the particles 

emitted from the brake systems with the ones coming from other sources of 

emissions: i.e., the particulate matter coming from wheel-road contact, other 

running gear and resuspension. Nevertheless different authors have tried to 

measure emissions with different set-ups: real vehicles, chassis dyno test set set-

up, brake dynamometers that can present an open, semi-closed or closed 

envelopment surrounding the braking system and pin-on-disc apparatus: in the 

paper of Mathissen et al [30] it is possible to find a table that provides an idea, even 

if not comprehensive, about the different set-ups that have been applied for brake 

emission measurement. For the purpose of simplification and feasibility it seems 

better to choose a closed brake dynamometer test set-up for measuring non-

exhaust brake emissions, as has been recommended recently by the PMP-IWG 

(Particle Measurement Programme Informal Working Group) [34], working under 

the auspices of the United Nations Working Party on Pollution and Energy (GRPE). 

Following this recommendation, this thesis focuses mainly on the tribological 

testing of the friction pair at the system level. In particular, Paper B, in 

comparison with Paper A, highlights how important it is to have a brake 

dynamometer chamber with controlled clean air; moreover Paper B faces the 

issue of particle transport losses. 

 

On the other hand, there are a lot of different cycles and experiments that come out 

with different emission factors, which can span for example from 0.39 [35] to 8.1 

mg km-1 veh-1 [36], so there is the need – in addition to designing appropriate test 

set-ups – to define also common test cycles that can allow to rank brake emissions 

in the most realistic condition possible, that is, close to real driving behaviour. The 

question is how this cycle can be scoped out: Papers A, B, C and E try to move 

towards an increasingly representative test cycle description of what happens on 

real roads. Subsequently to these papers and working in parallel, both the Horizon 
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2020 “Lowbrasys” Project [37] and the PMP-IWG proposed two additional test 

cycles that have been made public: the so-called 3h-LACT cycle [38] and the WLTP-

Brake cycle [39] respectively. 

 

With regard to particle measuring instruments, from the beginning of non-exhaust 

brake emission studies, the same kind of instruments used to assess exhaust 

emissions have been used: Paper A sets a tentative measurement device standard 

that has been improved in Paper B and finally confirmed in Paper C where its 

effectiveness had been shown in ranking emission values coming from the 

utilisation of different brake system materials. 

1.2.3 Describing scientifically the phenomena triggering non-exhaust brake 
emissions 

One of the early complete scientific descriptions of the brake tribological contact 

was published in 2000 by Eriksson [40]: this work explains that pad-disc contact 

happens through the newly defined primary and secondary contact plateaus. In the 

beginning contact plateaus are formed only by the mechanically stable and wear 

resistant ingredients of the pad. Such hard phases may act as a nucleation site for 

the growth of secondary plateaus: in fact, over time, the plateaus can grow by 

processes involving pile-up, agglomeration and compaction of pad wear debris 

around the nucleation site; at the same time, secondary plateaus may also shrink 

due to disintegration and removal of the compacted debris caused by changes in 

the contact situation. The contact plateau will finally disintegrate when the hard 

phase has been worn away completely. The tribological process is schematically 

illustrated in Fig. 5.  
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Fig. 5 The tribological model proposed by Eriksson [40]. A transparent disc is moving 

from left to right. Some of the wear particles pile up against the contact primary plateaus 

and create secondary plateaus, while a flow of wear particles in the labyrinth gap between 

the pad and disc wear the lowland through three-body abrasion. Particles that escape 

from the labyrinth of the lowland may leave the outer contact edge as airborne particles, 

while another fraction is too heavy and therefore fall down onto the ground. 

 

Moreover, on the top of these plateaus, according e.g. to Osterle [41], a 100 nm 

thick friction nanocrystalline film is formed which implies that investigations on 

the nanometer scale are essential for understanding the frictional behaviour of such 

contacts. 

 

In this framework, different materials involved in third body formation play 

different roles such as copper, for example, which is believed to play a major role 

in the stabilisation of the friction layer [42], producing a compact, tough and low-

wear third body layer and therefore producing a reduction in PM emissions. 

 

Simulations can also be used to model and explain the formation and destruction 

of secondary plateaus and the consequent airborne emissions. One of the tools used 

most is based on the Cellular Automaton (CA) approach [43]: the wear domain is 

divided into approximately 20-50 m square cells that can assume different 

properties (e.g. fibre, secondary plateau, resin, empty) that can change in function 

of the status of the neighbourhood cells (e.g. a cell can be a secondary plateau if 

there is enough wear product that can be accumulated against a fibre that plays the 

role of being a primary plateau). The CA approach is used also to link the 

macroscopic Finite Element Method (FEM) simulation with the phenomena 

happening at the mesoscale level as investigated recently e.g. by Riva et al [44]. 

 

Finally, Paper G summarises the holistic approach, therefore including 

simulations, pin-on-disc and brake dynamometer test set-ups, chemical and 
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tribological characterizations, that the FP7-IAPP “Rebrake” Project utilized for 

delivering a 50% brake wear reduction concept.  

1.2.4 Clean air technologies for brakes 

A few technical solutions have been created over past years at different TRLs 

(Technical Readiness Level) but none of them has (yet) found its way towards a 

mass market. Solutions can be classified according to the technical field covered 

and therefore: i) solutions involving novel materials for disc and pads that emit 

fewer particles from the beginning (and usually implying lower wear consumption); 

ii) capturing systems that are able to collect particles once they are generated; iii) 

software-based solutions that can optimise the brake force distribution in order to 

minimise critical parameters – therefore mainly the temperature – that are key 

factors in controlling the magnitude of brake particle emissions; and iv) Human 

Machine Interface (HMI) that monitors the driver’s braking habits trying to 

persuade him or her to adapt more environmental friendly braking behaviours. All 

these issues have been extensively tackled recently by the Horizon 2020 

“Lowbrasys” Project [37] and it was demonstrated that brake wear particle 

emissions can be reduced more that 50% in comparison to a reference car, using 

the complete set of demonstrated solutions, some of them were brought to TRL 7. 

A coated disc with a material development feature that, according to the producer, 

has been demonstrated as working well as regards brake wear particle emissions 

was recently put on the automotive market [45], but only for a very small niche 

application. 

 

Once different technological solutions are ready to be placed on the market, it 

should be quite obvious that policy makers will have an increasing number of 

weapons to use in order to force carmakers and vehicle drivers to adopt 

technologies and behaviour that are more effective for brake wear particle emission 

reductions. This can be possible, for example, through incentives that could be 

introduced for systems that show positive environmental performance. Of course, 

after further development, these methods can easily be adopted even if no 

regulatory steps are decided on as it has been clearly demonstrated that the 

proposed solutions are more environmental friendly than existing ones. Moreover, 

measures targeting the mitigation of brake usage in city hotspots could already be 

applied by local authorities. 

 

Finally, it is of paramount importance that positive environmental performance 

must be demonstrated, not only by measuring the emission metrics, but also via a 

holistic approach involving Life Cycle Assessment studies and eco-toxicology tests 

and considerations. 
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Chapter 2 

Objectives and research questions  

Over the last years, extensive research dealing with non-exhaust brake particle 

emissions of passenger cars has been carried out. As illustrated in the previous 

chapter, some steps towards a possible specific air quality directive have been 

covered, such us collecting and analysing the particles emitted in the air, measuring 

the intensity of the emission, explaining scientifically what is behind the 

phenomena, and finally creating concepts and prototypes that attempt to address 

such a specific issue.  

 

Each step has contributed towards the knowledge of the involved scientific 

community, but it has also some drawbacks and there are still unexplored points: 

in particular, a significant constraint is avoiding contamination of the air from 

other emission sources as well as limit bias while measuring particles, and that a 

test cycle is identified and good enough to discriminate different types of brake 

systems from an emissions point of view. 

 

Pin-on-disc apparatus are used for material level studies and cannot reproduce real 

braking cycles because they can only operate in drag mode. Road test particle 

emission measures suffer the severe risk of both being contaminated from the 

surrounding air and that addressing the losses can be very difficult, which finally 

both have a negative impact on the reproducibility of the measures. It seems that 

the most feasible test stand set-up for measuring non-exhaust brake particles is the 

inertia brake dynamometer, but its relative performance has not been fully 

addressed in previous research. 

 

Therefore the main objective of this research is to measure non-exhaust brake 

emissions from car brake systems in a consistent manner. The scope has been 

narrowed to the measures carried out in a laboratory system-level test set-up – in 

particular with inertia brake dynamometer test set-ups – and the focus on the test 

set-up to be developed is to enable consistent and repeatable measures as a means 

of assessing and comparing both different brake systems materials and technical 

solutions aimed at reducing the negative explicit impact from braking operations 

on air quality.  

 

The main objective is divided into seven interrelated research questions: 

 

RQ1: Is it possible to measure close-to-the-source non-exhaust brake particles 
using existing automotive wear cycles? 
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RQ2: What can be a minimum set of design requirements that a dynamometric 
test set-up has to have in order to be used for brake particle emission 
measurements? 
 
RQ3: Is the designed dynamometric test set-up able to discriminate different 
brake system materials from the non-exhaust brake emission point of view? 
 
RQ4: Does the brake system status (new vs. used) have to be taken into account 
when evaluating friction performance, including the wear particle emissions 
released during braking? 
 
RQ5: How is it possible to reproduce at the dynamometric level a real driving 
cycle to obtain (real) brake emission factors? 
 
RQ6: Is it possible to thermally treat the volatile emissions in the case of non-
exhaust brake emissions? 
 
RQ7: Is it possible to reduce PM10 non-exhaust brake emission by 50%? 
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Chapter 3 

Methodology 

The need to breath “clean air” forces scientists to develop new high-quality research 

studies at an increasingly rapid pace. One of the most important steps in delivering 

such outputs is to carry out controlled experiments that are representative of the 

phenomena to be studied. A controlled experiment is a simplified representation of 

the real physical phenomena: in fact, in engineering research, experiments are 

designed and used as a means of understanding a certain portion of reality and to 

identify which main aspects have to be taken into account to be able to manage 

them [46]. Before carrying out the experiments, it is necessary to understand the 

phenomena that need to be studied and to create a model that is as simple and 

accurate as possible. Designing experiments that reflect the complexity of the used 

model as a means of understanding reality. The results received from the 

experiment make it possible to support both the design process and, if relevant as 

in our case of air quality, policy maker decisions. 

3.1 Experimental design to study brake emissions 

Fig. 6 illustrates the framework for the experiment phase for non-exhaust brake 

emissions addressed in this thesis. The main objectives for the experiment 

framework are to aid design decisions with respect to novel disc and pads material 

development, provide input to simulation tasks, act as a means of validating such 

simulations and helping policy makers assess the magnitude of the non-exhaust 

brake particle emissions in order to facilitate the decision about if and when to 

introduce a possible regulation. The study at the pure material level is usually 

carried out in classical tribological pin-on-disc (POD) studies and relies on material 

properties, such as wear coefficient, thermal and mechanical properties and so on. 

The system level instead is studied at the inertia brake dynamometer test set-up 

level where, in addition to the material properties, also system properties 

contribute towards the experiment input and results, e.g., real pad and disc 

geometries, the possibility to run full braking cycles made of as many stops as 

desired (and as convenient), a more realistic transient temperature pattern over the 

cycle time, etc. Finally, the vehicle level is handled using a real passenger car where 

further additional full scale properties are taken into account as the real fluid-

dynamic description within the braking corner, realistic operating condition and so 

on. Depending on the research (or design) question, either a POD apparatus, brake 

dynamometer test stand, or a full-scale vehicle can be used to perform experiments 
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Fig. 6. The experimental framework for research studies on non-exhaust brake emissions 

3.2 The research process 

To answer to the research questions presented above, the research process used 

comprises the following main activities: 

 Perform a literature review and information search on the state-of-the-

art in the field of non-exhaust brake emissions in general, and particularly 

for passenger car road vehicles and brake inertia dynamometer test 

stands. 

 Execute a basic measurement campaign of emitted brake particles close-

to-the-source, with a cascade impactor able to both count particles and 

size segregate them between 6 nm and 10 µm. 

 Design a novel brake dynamometer test set-up with an enclosure around 

the brake system comprising the supply of clean air and isokinetic 

sampling, and perform a basic theoretical study on particles sampling 

efficiency. 

 Use the novel brake dynamometer test stand to rank different brake 

system materials. 

 Investigate the character of the friction phenomena of the new brake 

friction pair and its evolution over the time during the running in phase. 
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 Develop a method to transfer a road test braking pattern into a 

dynamometric cycle and determine emission factors of the test-specific 

non-exhaust brake emissions. 

 Verify the presence of volatile emissions within   non-exhaust brake 

emissions in a given test cycle. 

 Generalise and present a holistic approach used to conceptualise the 

possibility of reducing the PM10 non-exhaust brake emissions by 50%. 

3.3 Research method and tools 

The main methodology, i.e. the experiment and assisting tools, used to enable the 
research process and create knowledge of the non-exhaust brake emissions has 
been to make experiments with: i) a inertia brake dynamometer test set-up that at 
a certain point of the research process has been properly modified; ii) the particles 
measuring instruments and iii) a real vehicle. As already discussed previously, the 
experiment is preferably to be as simple as possible while at the same time it must 
include all the aspects needed to answer the specific research question, therefore it 
must not to be too simple. The inertia brake dynamometer, as illustrated in Fig. 7, 
is a device for measuring the performance of a brake system (e.g. the friction 
coefficient) when stopping or slowing down the brake disc; the latter is activated by 
an electric motor that provides a given inertia, which reproduces vehicle inertia, by 
means of flywheels spinning at certain rotational speeds.  
 

 

Fig. 7. Components of an inertial brake dynamometer [46] 

The chosen types of particle measuring instruments are the ELPI+ cascade 

impactor to count particles [48] and a 47 mm Merck Millipore glass-fibre 

membrane filter (model AQFA04700) to collect particles and enable them to be 
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subsequently weighed and chemically characterised. The vehicle used and the 

brake system mounted at the dynamometric level is an Alfa Romeo 156 1.6 TDI. To 

allow comparison between different friction tribo-couple, and more generically, 

between different design concepts, a cycle representative of a supposed typical 

brake utilisation should be used: the proposed test cycle is based on SAE J2707 

Method B [49] carefully modified, as well as a new cycle derived from specific road 

tests. 
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Chapter 4 

Summary of the appended papers 

Paper A: A proposed dyno bench test cycle to study particle emissions from disc 

brakes 

This paper, which addresses RQ1, focuses on a proposed test cycle – based on SAE 

J2707 Method B – used to evaluate particulate emissions from disc brakes: the 

cycle is built up with nine blocks, each of which is formed by the same kind of 

braking. To evaluate the test cycle, a brake assembly of a typical European 

passenger car is set up in an inertia brake dynamometer. At the same time particle 

emissions are continuously registered using a particle counter based on the cascade 

impactor principle, which can measure particulate matter from ultrafine to coarse 

size. The sampling point is located close to the source of emission, i.e. nearby the 

area where the disc leaves the pad that is pressed due to the action of the calliper. 

Four different friction materials are evaluated: two low steel materials, which are 

typical of the European market, and two very low steel materials, which instead are 

more typical of the US and Japanese markets. Typical results show that it is possible 

to measure and discriminate particulate emissions released during each stop. The 

registered particle emissions are generally higher during the first stops of each 

block. In all blocks the number of ultra-fine particulates is dominant, but fine 

particles as well as coarse particles are also registered. The emission of ultra-fine 

particles is highest in the two Highway blocks and in the Hill descent block, which 

are characterised by high temperature brake events. All tested pads display the 

same magnitude of particulate emissions, although higher concentrations of ultra-

fine particulates are registered for the two low steel pads, rather than for the very 

low steel pads. It is concluded that the adopted SAE-J test cycle can be used for 

non-exhaust brake emission characterisations, while others cycles, like the New 

European Driving Cycle (NEDC), cannot since they emphasise the motor 

characteristics. In particular the proposed test cycle can be used in two ways: either 

to evaluate how a specific brake assembly behaves under different braking 

conditions, or to compare different brake assemblies with respect to particulate 

emissions. Moreover, the possibility that the pad material undergoes a chemical 

stabilisation during the cycle has been observed. One drawback of the measures 

carried out is that the surrounding environment can influence the amount of 

particles counted due to background noise and there can be artefacts due to non-

isokinetic particle sampling. 
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Paper B: Towards a test stand for standardized measurements of the brake 

emissions 

A test stand in the form of an inertial disc brake dynamometer is redesigned 

embedding a set of minimum requirements so that it can be used for brake particle 

measurements: i) a box is constructed around the brake assembly to isolate it from 

its surroundings so as to be fully certain that the particles sampled originate from 

the wear of the disc brake materials and not from other external sources; ii) during 

the test, a fan pumps outdoor air into the box through a class H13 HEPA filter, 

which ensures that the air entering the chamber is clean; iii) moreover, the box is 

slightly over-pressurised to prevent the intake of external particles; iv) the 

sampling outlet is designed to maximise the efficiency of the aerosol sample 

extraction for the full range of particle sizes expected; v) in addition, fluid dynamic 

simulations are performed to ascertain that the aerosol inside the chamber is well 

mixed and that the velocity profile of the sampled aerosol is fully developed without 

any vortices. 

In order to evaluate the novel design, the number and size distributions of the brake 

emissions are measured online with and without control of the cleanness of the 

intake air. The results show the difficulty of studying the particulate emissions 

generated during braking without a system to control the background 

concentration of particles, especially for lower energy content braking. In this latter 

case, the particle concentration of the air that enters the test stand could be at least 

10 times higher than the particle emissions released from these stops that are quite 

typical of urban behaviour. Instead, when the filter that cleans the air is active, the 

background particle concentration is 10–100 times lower than the particle 

concentration released from the most gentle stop (the so called Town block stop in 

the selected cycle). Also, because of the high air exchange rate, there is no particle 

accumulation effect between one stop and the next. In addition, a cleaning time of 

5 min at the beginning of each block assures that there are no influences originating 

from a possibly more demanding previous block. The results imply that the novel 

design is suitable for proposal as a standard test stand to assess objectively the 

emission of airborne brake particles, especially in the case of urban conditions, 

thereby answering RQ2.  

Paper C: Towards the ranking of airborne particle emissions from car brakes – 

a system approach. 

The main purpose of the presented investigation is to verify if the novel inertial disc 

brake dynamometer designed for brake particle emission studies is able to 

discriminate between different brake pair materials in a reliable way, to address 

RQ3. 



SUMMARY OF THE APPENDED PAPERS |  37 

 

 

In this work, five different pad materials are used: one non-asbestos organic (NAO) 

material, and four low steel materials; it should be noted that all the discs and all 

the pads at the beginning of the test are in the as-produced condition. Two sampling 

points are used in order to count flowing particles with an electrical-based cascade 

impactor as well as collect particles on a filter to be weighed for determining the 

total particle mass emitted during the given test cycle.  

By changing only the pad materials, it is shown that the differences between the 

mass emission factor and the number emission factor of the worst brake pair and 

those of the best brake pair decrease by more than four times and 19 times 

respectively: the surface topography of the used tribo-couples is analysed and the 

findings reflect the emissions ranking. Furthermore, the results show that the 

material combination ranked best in terms of the mass emission factor is ranked 

worst in terms of the number emission factor. Moreover, others facts are discussed, 

such as i) the supposed influence of shape, density and electrostatic properties on 

the particle counts of the electrical cascade impactor; ii) the phenomenon of 

“particle shower” that is observed when the disc spins freely and attributed to the 

inherent brittleness of the formed third body; iii) the dominance of Country road 

block 1 in the materials ranking beyond the position of any other block that it is 

explained by the strong dependence of the emissions level on temperature; iv) that 

after Country road block 1, all the materials should be considered sufficiently well 

run-in as the magnitudes of the emissions are quite constant for the twin Country 

road blocks 2 and 3 that follow that block. 

Paper D: On the running-in of brake pads and discs for dyno bench tests. 

This paper, which addresses RQ4, presents a study focusing on the friction 

performance in terms of: i) average coefficient of friction (COF), ii) in-stop COF 

changes, iii) development of COF values during the last stops, iv) PM10 as well as 

PN particle emissions, over the 5 repetitions of the reduced testing procedure taken 

from SAE J 2707. The tests are conducted using the inertia brake dynamometric 

and at the beginning of the test both discs and pads are in the as-produced 

condition. With respect to the average COF values, it can be considered that the 

stabilisation of friction performance is already achieved during the first cycle 

repetition (and more precisely, just after the so called Town block 1 section that it 

is the second section to be executed during the selected testing procedure). It is 

necessary to complete two cycle repetitions to have no variation of the in-stop COF 

change between subsequent repetitions: this means that from the third cycle 

repetition, the in-stop change can be considered stabilised as also shown by the 

development of COF values during the last stops in the given block observed for all 

of the tests. The same applies for the ratio “Fe/Cu”, which after the third repetition 

shows a stable value that reflects the stabilised contribution of pads and disc to 

PM10. In general it is evident that PN emissions stabilise after the first cycle 
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repetition whereas PM10 emissions stabilise after the second one. A high PN value 

registered during the first test is probably connected to intensive abrasion of the 

initially irregular (irregular from a microscopic point of view) surface of new brake 

pads. 

The difference in the friction phenomenon (abrasive vs. adhesive) observed for new 

and used brake pairs is most probably the main contributor to significantly higher 

PM10 and PN wear particle emissions. The abrasive friction phenomenon is 

dominant for a new friction pair whereas the contribution of adhesion phenomenon 

starts to play a role when the rubbing surfaces are smoothed and the stable friction 

layer is formed. 

It is observed that the particle emissions from the new pads and discs are 

significantly higher compared with the used ones and indicates the importance of 

properly running-in the pads and disc for wear particle emission tests. The results 

also indicate that pads and disc pairs that are able to stabilise friction behaviour 

faster will produce fewer particle emissions that could influence the strategies of 

brake material formulations or steps during their production. 

Paper E: A proposed driving cycle for brake emissions investigation for test 

stand. 

Because particulate matter emission factors from vehicle brakes are difficult to 

assess directly from the field, this paper presents an investigational study of a new 

test cycle developed from real driving data collected from an instrumented 

passenger car. These parameters are transformed into a brake dynamometer 

testing procedure using an energy–temperature approach and finally this protocol 

is implemented on an inertia disc brake dynamometer specifically designed for 

brake particle emission studies to allow calculation of brake emission factors 

(BEFs). The paper is therefore a study necessary for dealing with RQ5 in an efficient 

way. From a practical point of view, the route is selected according to the personal 

experience of two of the authors who work nearby, one of whom is also from that 

area; the full road test takes approximately 2 h 20 min and is 68 km in length with 

a total of 310 stops registered and a mean velocity of 29 km/h. Due to speed drops 

caused by numerous consecutive stops, the maximum system temperature 

registered is 188°C as the inner left disc temperature. It is also observed that only 

2.5 km are enough from one of the starting points, to reach a system temperature 

of around 160°C–170°C. After field tests, the same front left brake system is 

disassembled from the car and mounted on the dedicated brake dynamometer 

where the road test data are transformed into 5 sections with an increasing energy 

content, and in each section there are between 1 and 7 subsections where the initial 

rotor brake temperature is increased one step at a time. Results reveal that, for the 

brake system used as an example, the obtained emission factors for the urban 
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driving conditions studied are comparable to EURO 6 regulations in terms of 

particle number and comparable to EURO 4 levels in terms of mass with brake 

emission factors equal to 4.37–6.46 X 1011 particles km-1 and 44–48 mg km-1, 

respectively. 

Paper F: A test stand study on the volatile emissions of a passenger car brake 

assembly. 

Research has demonstrated a clear dependence of the number of ultra-fine 

particles on the disc brake temperature: above the so-called transition temperature, 

the number of ultra-fine particles increases dramatically (several magnitudes). As 

for exhaust emissions, part of the emissions released during braking can be in the 

volatile fraction. For this reason, the main objective of this paper, which addresses 

RQ6, is to investigate the existence of volatile and semi-volatile organic compounds 

(VOCs and SVOCs) within non-exhaust brake emissions. In this paper, in addition 

to a standard cascade impactor, two other instruments are used: a cascade impactor 

operating at high temperature with a heated sampling line (HSL), and a standard 

cascade impactor with a thermodenuder (TD). 

Tests with a brake assembly representative of European passenger vehicles are 

performed, and the concentration of released airborne particles is determined. The 

results are corrected according to the particle sampling efficiency in the TD and in 

the HSL, whose assessment is discussed keeping in mind the losses resulting from 

Brownian diffusion, thermophoresis, and sedimentation; which of these effects 

dominates depends on the temperature and particle size. 

The results show a decrease by several magnitudes in the concentration (in the size 

range of below 200 nm) using the cascade impactor operating at 180°C with the 

sampling line heated to 200°C. A further decrease in the concentration of airborne 

particles with size fractions below 200 nm was measured using a standard cascade 

impactor with a thermodenuder heated to 300°C, so it can be argued that the size 

fraction above 200 nm is composed of non-volatile particle whereas the part below 

200 nm is made up of semi-volatiles particles. Country road block #1 emitted the 

vast majority of particles as well as it presents, among all blocks, the highest initial 

and maximum disc braking temperatures of 200°C and 251°C, respectively: it is 

discussed that a sufficiently high critical temperature is reached in this test section 

in order to trigger a sudden ultrafine particle emission, and this fraction is mainly 

comprised of volatiles. 

Paper G: A concept for reducing PM10 emissions for car brakes by 50%. 

This paper, which provides an extensive answer to RQ7, presents a holistic 

approach, developed within the REBRAKE EU-financed project, aiming at 

reducing PM10 emissions for car brakes by 50%, using a research methodology 
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including: i) the tribological testing of the friction pair at different scale levels so 

comprising both the system level – e.g. inertia brake dynamometer test set-up and 

road tests - and the material level –pin-on-disc apparatus; ii) an analysis of the 

relevant wear products and correlated wear mechanisms; iii) the development of 

specific contact mechanics simulation approaches; iv) the optimisation of friction 

pair materials. Therefore, REBRAKE has also increased a deeper comprehension 

of the physical and chemical phenomena underlying the brake wear process, 

including higher comprehension and analysis of the coarse, fine and UFP particle 

characteristics. In this work, several observations and discussions are possible, 

including: i) the expected transition temperature from mild to severe wear; ii) the 

morphology of the friction layer; iii) the effective density of airborne wear particles 

from car brake materials; iv) the particle effective porosity; v) the simulation 

approach at the mesoscale level; vi) the microscopic wear simulation approach and 

its correlation with the test results. 

The results achieved so far indicate that it is possible to design a disc brake system 

for a European standard car with at least a 32 wt% PM10 emissions reduction using 

a standard European pad and a heat-treated rotor. A further of  65 wt% PM10 

emissions reduction could be achieved with NAO pad material and the same heat-

treated disc. The paper also includes a tentative discussion about the acceptance of 

such materials in different customer markets. 
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Chapter 5 

Discussion and future work 

It is of outmost importance to have descriptive, as well as predictive, experiment 

models that enable efficient development and engineering of the next generation of 

brake systems, so brake discs and pads that are intended to cause less impact on 

air quality still have good performance in order to safely stop a vehicle. In this 

research, the inertia brake dynamometer test set-up is used to assess the particle 

emissions of brake systems with different types of discs and pads. The main focus 

for the experiments is their explicit impact in terms of mass and number of particle 

emissions. At the same time, designing a more sustainable brake system is a 

complex multi-criteria task, which implies the weighing of at least 10 characteristic 

properties as shown in Table 2: these properties were chosen based on both 

reasoning and knowledge of the author. 

 

Table 2. Targeted performance characteristics when designing the next generation 

of braking system  

Sustainability requirement Performance properties 

Gentle to the air (air quality) PM10 

PN 

VOCs 

Chemical characterization 

Gentle to the environment Toxicity (impact on human health) 

Eco-toxicity (impact on ecological 

targets) 

Deposition rate 

Industry-sustainable Life Cycle Assessment (LCA) 

Life Cycle Cost Analysis (LCCA) 

Industrial cost 

 

These properties represent different sustainability aspects that have to be keep in 

mind when designing the new generation of braking systems, i.e. how gentle a 

concept is to the air, the environment, and its industrial sustainability.  

 

The effect on the air depends on the airborne emissions of the brake system, their 

quantity and the  kind of chemical compounds used to produce them. Generally 

speaking, lower emissions involve a less negative impact of the brake system on air 

quality, but future work will have to consider the effect on air quality also with 

regards to the chemical composition of the released aerosol. In fact, the presented 

research focused only on particulate mass and number emissions with an 
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aerodynamic diameter less than 10 µm. It means that the gentleness to the air has 

been simplified to mass and number emission factors achieved by means of the 

newly designed inertia brake dynamometer test set-up. In the latter, the novel 

features implemented are basically controlled clean air and isokinetic sampling. 

The consequence is that also improvements in the test set-up (e.g. air humidity and 

temperature conditioning, dilution ratio, losses within the bench enclosure) and 

sampling methodology (e.g. dilution systems and VOCs removal) have to be further 

developed in future works in order to assure good repeatability and interpretation 

of results in terms of the particle number emissions factor and particle number 

distribution with a certain given test cycle. Also with respect to the instruments 

used to sample and count particles, their utilisation is subject to a hypothesis with 

regards to emitted particles such as unitary density, spherical shape, response to 

electrical solicitation and so on whose validity require further studies in the future. 

As of the date when this thesis is drafted, a Task Force (called TF-2) is active within 

the PMP-IWG that has the mandate to give recommendations about the pros and 

cons of measuring instruments, measuring methodology and minimum test set-up 

requirements in the field of non-exhaust brake emissions. 

 

The environment is negatively affected both by airborne particles when it comes to 

humans that can breathe aerosols and by non-airborne debris when we consider 

ecological targets where particles can fall down. As already mentioned, the 

emission factors have been focused on this research, and not the consequences on 

human cells or ecological targets like aquatic and soil organisms. For this reason, 

future works should consider the effects of brake emission particles on different 

human cell populations like e.g. pulmonary alveolar cells, pulmonary bronchial 

cells, liver cells and blood cells, as well as the effects on both aquatic organisms 

such as algae and crustaceans, and soil organisms such as seeds, nematodes, 

earthworms and amoebic cells. The effects can be measured in terms of cell 

viability, apoptosis, ROS (Reactive Oxygen Species) production, gene expression, 

etc. in the case of human cells, and growth inhibition, cell viability, micronuclei 

frequency, etc. in the case of ecological targets. The effects are dependent on the 

concentration of brake emission particles used and it has be mentioned that there 

is always a load concentration that can alter some living functions, so it will be 

paramount to deal with realistic deposition models, e.g. pulmonary deposition 

models for humans, and debris fallout in the soil for the edaphic ecosystem. For 

example, very recently, some studies have appeared in this outlined direction, like 

the recent study by Selley et al. [50] that uses brake abrasion dust to explore its 

toxicity on U937 monocyte-derived macrophage cells, while the study by Volta et 

al. [33] carries out an eco-toxicity exploration, but on some organisms 

representative of edaphic and aquatic ecosystems, while also considering a 

deposition model that allow a more circumstantiate assessment of the timeframe 

needed to reach a certain damage level in the soil. Giving the social importance, 
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further works that increasingly cover the environmental issue will certainly appear 

over the next years. 

 

Proper technological solutions are essential for making it possible to enhance the 

air quality and as a final consequence, allow creations to live and flourish in a better 

way. A proper sustainable industrial solution for a certain technology requires a lot 

of characteristic properties that can be summarised as having a “good enough” Life 

Cycle Assessment, Life Cycle Cost Analysis and industrial cost so that the final 

customer can favourably adopt the selected technology and most probably face a 

cost increase. In fact, currently brake systems provide a set of functions, such as 

stop the vehicle safely, be durable enough, to a certain extent be aesthetically 

pleasant and free from noise drawbacks, as well as having a certain expected cost. 

At this moment the function of “particle emissions control” is not embedded in the 

braking system specification list (which is filled out before the design phase) and a 

function more usually requires a higher added value to the part which generally 

results in a higher industrial cost: this means that the final costumer – that is the 

vehicle user – has to be persuaded that a cost increase is to the advantage of the 

public health in general. This can be done on a voluntary basis or because obliged 

to do so by some regulation, which can be general (e.g. via “type approval” 

approach) or required by a local authority, such as those managing the Low-

Emission Zone [51] or possibly the Zero-Emission Zone. Here there is room for 

policy makers to further explore such possibilities. In parallel, also the industry has 

to make steps towards a braking system that embeds the “particle emission control” 

function and again, this action can be realised on a voluntary basis – which also 

entails some entrepreneurial risk in forecasting future business opportunities – or 

be forced by clear policy guidelines. Therefore, also in the development of 

technology , further work is necessary in order to be ready for the mass production 

of technological solutions that help improve the quality of the air that we all breathe 

during our entire life. 

As regards the new  brake system concepts that are being put on the market, which 

are believe to continue increasing in the future, it is worth mentioning the brake-

by-wire system that can accommodate at least some form of regenerative braking 

function for not purely ICE (Internal Combustion Engine) vehicles. In fact, it is 

quite straightforward that having less energy to be dissipated by the tribological 

contact (because a certain fraction is used to recharge the vehicle batteries) causes 

less braking material consumption and therefore fewer emissions. That leads to the 

question of the future market share of such vehicles, the kind of energy mix used to 

move the vehicle in case of electric vehicles (EVs), the LCA footprint and so on, 

which does not guarantee that the spread of EVs will solve the issue of brake 

emissions, For all these reasons, further studies are necessary in the field of EVs for 

clean air 
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Chapter 6 

Conclusions 

This research is concluded with the answers to the research questions formulated 

in Chapter 2, and with the future challenges that have been identified in the 

previous Chapter 5. 

 

RQ1: Is it possible to measure close-to-the-source non-exhaust brake particles 

using existing automotive wear cycles? 

The studied set-up for measuring brake particle emissions can effectively count the 

particulate matter emitted at the disc-pad tribological interface, from ultrafine to 

coarse size. The applied cycle is derived from the SAE J2707 Method B automotive 

wear cycle: the cycle is built up with nine blocks, each of which is formed by the 

same kind of braking. In particular, the implemented measuring chain can 

discriminate non-exhaust brake emissions coming from different disc-pad 

tribological pairs, making it possible to rank different friction materials. Moreover, 

it is possible to observe the count emission pattern stop by stop and inside the 

single stop for the stops considered. The drawback is that the surrounding 

environment can influence the amount of particles counted due to background 

noise as well as artefacts due to non-isokinetic particle sampling. 

 

RQ2: What can be a minimum set of design requirements that a dynamometric 

test set-up has to have in order to be used for brake particle emission 

measurements? 

We have found that a minimum set of design requirements so that an inertial disc 

brake dynamometer can be redesigned in view of a future non-exhaust brake 

particle regulation are: i) a box that it is constructed around the brake assembly to 

isolate it from its surroundings to avoid contamination from others particle 

sources; ii) during the test a fan has to pump outdoor air into the box through a 

class H13 HEPA filter, which ensures that the air entering the chamber is clean: 

when such filter is active, the background particle concentration is 10-100 times 

lower of the most gentle stop of the used SAE-J modified cycle that are stops from 

50 km/h with 2.45 m s-2 of deceleration; iii) the sampling outlet has to be designed 

to maximise the aerosol sampling efficiency; iv) in addition the aerosol inside the 

chamber has to be well mixed and the velocity profile of the sampled aerosol has to 

be fully developed without any vortices with the aid of fluid dynamic simulation; v) 

two sampling points have to be used in order to both count flowing particles with 

an electrical-based cascade impactor and collect particles on a filter to be weighed 

for determining the total particle mass emitted during the given test cycle. 
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RQ3: Is the designed dynamometric test set-up able to discriminate different 

brake system materials from the non-exhaust brake emission point of view? 

One of the main requirements of the next generation of inertial disc brake 

dynamometers designed for brake particle emission studies is to rank different 

brake pair materials. To demonstrate that the newly designed test set-up enables 

such a feature, five different pad materials are used in the as-produced condition 

(as well as the discs): one non-asbestos organic (NAO) material, and four low steel 

materials. By changing only the pad materials, it is shown that the differences 

between the mass emission factor and the number emission factor of the worst 

brake pair and those of the best brake pair decreases by more than four times and 

19 times respectively. Furthermore, the results show that the material combination 

ranked best in terms of the mass emission factor is ranked worst in terms of the 

number emission factor. 

 

RQ4: Does the brake system status (new vs. used) have to be taken into account 

when evaluating friction performance, including the wear particle emissions 

released during braking? 

It is quite clear that a brake system as-produced is not comparable to a run-in brake 

system from the friction performance point of view. More specifically, a new brake 

system can be considered run-in at different times, over the 5 repetitions of the 

reduced testing procedure taken from SAE J 2707, accordingly to the performance 

physical characteristics considered that are: i) average coefficient of friction (COF), 

ii) in-stop COF changes, iii) development of COF values during the last stops, iv) 

PM10 as well as PN particle emissions. In particular, it is evident that PN emissions 

stabilise after the first cycle repetitions whereas PM10 emissions stabilise after the 

second one. It is observed that the particle emissions from the new pads and discs 

are significantly higher compared with the used ones. 

 

RQ5: How is it possible to reproduce at the dynamometric level a real driving 

cycle to obtain (real) brake emission factors? 

Test cycles developed from real driving data are significantly better, in comparison 

to testing procedures derived from accelerated tests, because are more realistic of 

non-exhaust brake emissions released in real urban or country environments. The 

real driving parameters collected are transformed into a brake dynamometer 

testing procedure by an energy–temperature approach. After field tests, the same 

front left brake system is disassembled from the car and mounted on the dedicated 

brake dynamometer to allow calculation of brake emission factors (BEFs). Results 

reveal that, for the brake system used as an example, the obtained emission factors 

for the urban driving conditions studied are comparable to EURO 6 regulations in 

terms of particle number and comparable to EURO 4 levels in terms of mass with 

brake emission factors equal to 4.37–6.46 X 1011 particles km-1 and 44–48 mg km-

1, respectively. 
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RQ6: Is it possible to thermally treat the volatile emissions in the case of non-

exhaust brake emissions? 

Research has demonstrated a clear dependence of the number of ultra-fine 

particles on the disc brake temperature: above the so-called transition temperature, 

the number of ultra-fine particles increases dramatically (several magnitudes). As 

for exhaust emissions, part of the emissions released during braking are in the 

volatile fraction and this is demonstrated using, in addition to a standard cascade 

impactor, another two instruments: a cascade impactor operating at a high 

temperature with a heated sampling line (HSL), and a standard cascade impactor 

with a thermodenuder (TD). In particular, it is observed that the size fraction above 

200 nm is composed of non-volatile particles whereas the part below 200 nm is 

made up of semi-volatiles particles. 

 

RQ7: Is it possible to reduce PM10 non-exhaust brake emission by 50%? 

A holistic approach should be as simple as possible, but it must also be as detailed 

as required: the level of detail and accuracy required is context dependent. What is 

developed in the framework of the REBRAKE EU-financed project demonstrates 

that PM10 emission reduction by 50% for car brakes is possible, using a holistic 

approach that includes: i) the tribological testing of the friction pair at different 

scale levels – e.g. inertia brake dynamometer test set-up and road tests -  and the 

material level – therefore, pin-on-disc apparatus,  ii) an analysis of the relevant 

wear products and correlated wear mechanisms, iii) the development of specific 

contact mechanics simulation approaches; iv) the optimisation of the friction pair 

materials. 
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