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Session 10: Brake and tyre wear particles (Part2), Talk S10-1

Analysis of Morphological and Chemical Properties of Tyre and Brake Wear Particles Using Real-Time
Measurement Techniques

A. Schwendimann', E. Graf', M. Loeber?, F. Epple’, E. Niederberger', N. Reijrink?, F. Philipps**

'Swisens AG, Meierhofstrasse 5a, 6032 Emmen, Switzerland, ’German Aerospace Center (DLR), Institute for Combustion
Technology, Stuttgart, ’German Aerospace Center (DLR), Institute for Vehicle Concepts, Stuttgart

This study focuses on the real-time analysis of tyre and brake wear particles (non-exhaust emissions) by utilising advanced
techniques. The research aims to better understand the dynamics of these emissions under controlled conditions. The
primary goal is to explore the morphological and chemical properties of non-exhaust emissions using real-time data
acquisition methods for a better understanding of the factors that lead to tyre abrasion.

The study aims to evaluate the feasibility of measuring non-exhaust emissions with advanced instrumentation and to
compare the accuracy of direct and indirect sampling methods to support further regulatory frameworks with robust
emission data.

A chassis dyno test bench with testing vehicle, which is equipped with a tyre particle sampling system (DLR tyre testing
system™), was used. Direct sampling involved immediate particle collection from emission sources, while indirect
sampling accumulated particles before analysis. Digital holography, UV-induced fluorescence spectroscopy techniques were
employed for morphological and chemical analysis using a SwisensPoleno Jupiter [1] which can differentiate several
microplastics classes under laboratory conditions [2].

The analysis revealed that indirect sampling captured larger particles, whereas direct sampling showed limitations for
particles >20 um. with strong correlations between mechanical stress and emission characteristics. Comparative analysis
highlighted significant differences in size distribution between sampling methods.

Particle measurements on DLR tyre testing system™ and isokinetic sampling with Smm nozzle
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Figure 1: left: rate of valid- and fluorescent particles measured. Right: Particles binned by size measurement based on
light scattering. Left and right: Brake problem phase indicated by the red bar.

Sampling of larger particles necessitating optimized sampling setups. These findings emphasize the need for
standardised emission measurement protocols and support upcoming regulations.

This research demonstrates the effectiveness of SwisensPoleno Jupiter, in characterising non-exhaust emissions,
providing a foundation for future environmental policies and sustainable automotive technologies.

[1] Sauvageat, Eric, Yanick Zeder, Kevin Auderset, Bertrand Calpini, Bernard Clot, Benoit Crouzy, Thomas Konzelmann,
Gian Lieberherr, Fiona Tummon, and Konstantina Vasilatou, Atmospheric Measurement Techniques, 2020, 13 (3):
1539-50.

[2] Beres, Nicholas D., Julia Burkart, Elias Graf, Yanick Zeder, Lea Ann Dailey, and Bernadett Weinzierl, Atmospheric
Measurement Techniques, 2024, 17 (23): 6945-64
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Session 10: Brake and tyre wear particles (Part2), Talk S10-2

Advancing Tire and Road Wear Particles (TRWP) Measurements: Balancing Laboratory Conditions and Real-
World Relevance

J. Wahlstrom', Y. Lyu', J. Lundberg?®, J. Pagels’, R. Hjelm'

'Department of Industrial and Mechanical Engineering, Lund University, Sweden, “Department of Technology and Society,
Lund University, Sweden, *Ergonomics and Aerosol Technology, Lund University, Sweden

Airborne non-exhaust emissions (NEE) from road traffic originate from multiple sources, including brakes, dry clutches,
tires, and roads. A significant proportion of these pollutants is believed to consist of airborne tire and road wear particles
(TRWP). Studies on airborne TRWP typically involve particle collection in field conditions or controlled laboratory setups.
Literature reviews report that airborne TRWP may contribute 5-30% of total road transport PM,, emissions, depending on a
wide range of conditions [1]. The need for reliable TWP measurement methods has been highlighted in the literature to
improve overall understanding [2]. This knowledge is crucial to assess whether airborne TRWP in urban environments pose
a public health concern. The contact between the tire and road can be divided into a rolling and a sliding (tire slip) part.
Most primary TRWP are generated from the sliding interaction between road surfaces and tires. Existing experimental
approaches sometimes overestimate slip speed, resulting in excessively high contact temperatures. Consequently, the
airborne TRWP generated and analysed under such conditions may not accurately represent those from real-world road use,
especially nanosized particles. Furthermore, some experimental methods fail to include both contact surfaces (tire and road),
which is essential to simulate the actual tribological mechanisms occurring during real driving.

This study identifies representative load and slip conditions using a scaled experimental approach. The method allows
testing under different nominal contact pressures and slip speeds. Load and slip speed conditions are iteratively adjusted
based on visual comparisons of tire wear scars to those observed on real, used car tires. A pin-on-disc tribometer, designed
specifically for NEE studies, was employed to investigate friction, wear, and airborne TRWP. Test specimens were prepared
from a used commercial tire (pin) and an asphalt road disc (SMA11 with pen. Bitumen 70/100). The tribometer was
enclosed within a sealed box. During testing, compressed particle-free air (35 L/min) was directed at the contact zone to
maintain clean air within the box and simulate airflow equivalent to 100 km/h, cheering wear particles to become airborne.
A TSI CPC and a Grimm MiniWRAS were used to measure particle number concentrations inside the box. Nominal contact
pressure was varied between 0.64 and 2.56 bar, with sliding speeds ranging from 0.08 to 0.16 m/s (28.8 to 56.7 km/h car
speed assuming a tire slip of 1%). Test durations ranged from 30 to 120 minutes, corresponding to a total sliding distance of
576 meters (57.6 km of driving assuming a tire slip of 1% ).

The results indicate that sliding speed and normal load strongly influence friction and wear behaviour, and resulting TRWP
generation. Under moderate contact conditions, almost no concentration (< 2 cm™ for both instruments) of airborne TRWP
were measured inside the box. These conditions produced smooth surfaces, a stable coefficient of friction, and reasonable
coefficient of wear. Airborne TRWP were observed under severe or catastrophic contact conditions, where friction and wear
mechanisms (and contact temperatures) drastically changed, resulting in significant detachment of tire material. However,
such worn contact surfaces are not representative of those found on road-used car tires. This study therefore suggests
prioritizing representative test conditions in future experimental studies, as they better replicate real-world driving
conditions.

1. Giechaskiel B, et al. Contribution of Road Vehicle Tyre Wear to Microplastics and Ambient Air Pollution. Sustainability,
16, 2024

2. Mennekes D, Nowack B, Tire wear particle emissions: Measurement data where are you? Sci. Total Environ., 830, 2022
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Session 10: Brake and tyre wear particles (Part2), Talk S10-3
Enhancing the Testing Methodology for Measuring Tyre Particle Emissions
M. Chacén-Mateos', N. Reijrink’, M. Léber', S. Reiland®, M. EBI%, F. Epple?, N. Gaiser', F. Philipps®*, M. Kohler'*

'German Aerospace Center (DLR), Institute of Combustion Technology, 70569 Stuttgart, Germany, ’German Aerospace
Center (DLR), Institute of Vehicle Concepts, 70569 Stuttgart, Germany

Road transport is one of the major contributors to environmental pollution. The exhaust emissions have been regulated for
years, and with the current trend, it is expected that by 2050, non-exhaust emissions (NEE) will constitute up to 90 % of all
particles emitted by road transport [1]. The Euro 7 regulation, which has recently been introduced, is the first legislation
where non-exhaust emissions are regulated. In this context, more research is needed regarding the standardisation of the
testing methodologies for measuring tyre abrasion.

At DLR, NEE have been a focus for the past years. For instance, a zero-emission vehicle (ZEDU-1) was designed aiming to
promote the transition towards clean mobility [2]. Moreover, a brake- and tyre encapsulation (patent pending) was
developed, to increase the collection efficiency of emissions coming from tyres on a chassis dynamometer test bench. The
particles are measured and characterised by a plethora of instruments. A condensation particle counter is used for counting
the smaller particles (7 nm — 2 um), an optical particle sizer (0.3 —10 pm) as well as low-cost sensors (0.35 — 40 um) are
used to count larger particles and determine the size distribution. An impactor and cyclones are used to collect particles by
size fraction. The collected filters have been used for offline analysis with a scanning electron microscope (SEM) and
energy-dispersive X-ray spectroscopy (EDS) for morphological and chemical particle characterization.

In this talk we will present the most recent research carried out at DLR in the field of NEE, with special focus on tyre
emissions characterisation and how the encapsulation of tyres combined with optical sensors can help to improve the
sampling performance and can thereby be a robust methodology for tyre abrasion assessment.

[1] EU Directive 2024/1257, Official Journal of the European Union, 2024, Regulation - 2024/1257 - EN - EUR-Lex
(accessed on 24 Jan. 2025)

[2] M. Léber, L. Bondorf, T. Grein et al. Investigations of airborne tire and brake wear particles using a novel vehicle
design, Environ. Sci. Pollut. Res., 2024, 202431, 53521-53531. https://doi.org/10.1007/s11356-024-34543-9
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Session 10: Brake and tyre wear particles (Part2), Talk S10-4
Approach for Measuring Volatile Tyre Particle Emissions
G. Tsakonasl, D. Kontses', A. Dimaratosl, R. Ouzounis], L. Ntziachristos', Z. Samaras'*

'Laboratory of Applied Thermodynamics, Aristotle University of Thessaloniki, GR 54124, Thessaloniki, Greece

Tyre emissions are a critical source of airborne particulate matter, contributing to urban air pollution and
posing potential risks [1].

This study presents findings from two experiments designed to investigate the mechanisms behind tyre
particle emissions. The measurement setup included a thermodenuder to remove volatile particles and

two pairs of an ELPI and a CPC for particle detection. One pair, placed after the thermodenuder, measured
solid particle number, while the other, connected directly to the sampling line, measured the sum of solid
and volatile particles. A preliminary oven experiment, which involved heating a small section of the tyre
tread, was conducted to identify the temperature range at which volatile particles are released. The

results indicated two key temperature ranges: the first between 125°C and 150°C, and the second

between 150°C and 175°C. The latter range exhibited a substantial release of volatile particles.
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The second experiment involved measurements on a chassis dynamometer using a novel sampling system
to capture tyre particles. Based on the findings from the preliminary experiment, the thermodenuder
temperature was set to 180°C. This temperature was chosen to effectively remove volatile particles while
minimizing particle losses and preventing the further volatilization of semi-volatile components which
may be caused by excessive heating. During these tests, volatile particles were detected only under the
most demanding driving patterns.

[1] Grigoratos, T., Martini, G., Report EUR 26648, 2014, Publications Office of the European Union.
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Session 10: Brake and tyre wear particles (Part2), Talk S10-5
Distribution of tire wear in the environment through atmospheric transport and deposition
C. Hueglin], M. Rahmanl, B. Sinnetz, R. Kaegi2

lErnpa, Swiss Federal Laboratories for Materials Science and Technology, 8600 Diibendorf, Switzerland, 2anag, Swiss
Federal Institute for Aquatic Science and Technology, 8600 Diibendorf, Switzerland

When driving, the friction between the tires and the road produces particles consisting of a mixture of tire wear and road
wear. These particles are called tire and road wear particles (TRWP), the tire wear in TRWP is referred to as tire wear
particles (TWP). In European countries, around 1.0 to 2.0 kg of TWP are produced per inhabitant per year. In Switzerland
alone, around 13,500 tons of TWP are released every year.!'! A large proportion of the produced TWP ends up in road
runoff and is treated in the sewer system or in runoff treatment plants or is washed into roadside soils.”! However, a smaller
proportion of the TWP produced is suspended in the air and transported by the wind and deposited into the environment far
away from roads. The amount of tire wear that is transported via the atmosphere is largely unknown due to a lack of
measurements.

The typical size of TWP is above the size of inhalable particles, with several per cent of the mass of TWP produced being in
the PM10 and PM2.5 size ranges. TWPs are therefore important for air quality. The release of TWP into the environment is,
however, of additional concern as tire wear particles are a major source of microplastics and they contain a wide range of
potentially toxic organic chemicals.

The quantitative determination of TWP in the environment is challenging due to the high uncertainties associated with the
available analytical methods.”) We present a new methodology for analyzing TWP based on pyrolysis gas chromatography
mass spectrometry. The developed method has been applied to determine TWP in atmospheric deposition samples collected
for one year at multiple sites in Switzerland. The sampling sites were selected to represent different land-use situations
including roadsides, urban, suburban, rural and mountainous environments. These measurements are used to calculate the
total amount of tire wear entering the environment every year in Switzerland through atmospheric deposition. The results
are discussed in the context of the total tire wear produced and the general mass flow of TWP in the environment.

[1] Empa & wst21 (2023), Reifenabrieb als grosste Quelle von Mikroplastik — Massnahmen zur Verminderung,
https://www.bafu.admin.ch/bafu/de/home/themen/abfall/mitteilungen.msg-id-97440.html.

[2] Baensch-Baltruschat, B., Kocher, B., Kochleus, C., Stock, F., Reifferscheid, G. (2020). Tyre and road wear particles -
A calculation of generation, transport and release to water and soil with special regard to German roads. Science of the
Total Environment, 752, 141939,

[3] Rauert, C., Radland, E.S., Okoffo, E.D., Reid, M.J., Meland, S., Thomas, K.V. (2021). Challenges with Quantifying
Tire Road Wear Particles: Recognizing the Need for Further Refinement of the ISO Technical Specification. Environ. Sci.
Technol. Lett., 8,231-236.
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Session 1: Aircraft, marine and other non-road sources (Part 1), Talk S1-1
Comparison of non-CO, Turboshaft Engine Emissions using Jet A-1, HEFA- and FT-SPK
M. Rohkampl, A. Rablz, J. Bendl', B. Giocastrol, M. R. Saraji-Bozorgzadl, A. Hupferl*, T. Adam'*

'University of the Bundeswehr Munich, Werner-Heisenberg-Weg 39, 85579, Neubiberg, “Technical University of Munich,
Boltzmannstrale 15, 85748 Garching, Germany

In this presentation, experimental data on the reduction of non-CO, emissions is presented, based on the use of neat and
blended sustainable (HEFA-SPK) and synthetic (FT-SPK) aviation fuels in comparison to Jet A-1. These findings are
derived from measurement campaigns conducted between 2022 and 2024 [1,2] on a turboshaft engine (Allison 250-C20B)
used for helicopters.

For all fuels, the emission indices (ElIs) for gaseous compounds decreased at higher operating conditions, driven by
enhanced combustion chamber efficiency resulting from improved fuel atomization, better fuel-air mixing, and higher
temperatures. While the differences in gaseous emissions between HEFA-SPK and Jet A-1 were negligible for all ICAO-
regulated pollutants (CO, UHC, NO,), FT-SPK exhibited distinct behavior. Specifically, the use of FT-SPK led to
significant reductions in Elqg (22%) and Elyye (37%) compared to both Jet A-1 and HEFA-SPK. A similar trend was
observed for volatile organic compounds (VOCs) in the C,-C, range.

In addition, non-volatile particulate matter (nvPM) emissions also varied significantly. Using zero-aromatic and higher
hydrogen-containing fuels resulted in substantial changes in the number, mass, properties, and formation behavior of soot
particles. Number concentrations were reduced by up to 80% with 100% HEFA-SPK compared to Jet A-1. Additionally,
due to changes in particle diameter, the particle mass decreased by up to 40%. Sustainable and synthetic fuels shifted the
mode of the particle number size distribution (PNSD) by 50% in diameter [2]. For a detailed comparison of soot particles,
which were corrected for size-dependent losses, the number El,,.zp1o and mass El,.p1o concentrations as well as size
distributions (SMPS+DMS) were analyzed.

These emissions improvements can be attributed primarily to fuel composition. Unlike Jet A-1, HEFA- and FT-SPK lack
aromatics and consist mainly of n- and iso-alkanes. Even minor differences in hydrocarbon class compositions (e.g.,
between HEFA- and FT-SPK) can significantly influence the formation of non-CO, emissions. This research underscores
the environmental advantages of SAFs in reducing both gaseous and particulate emissions, offering valuable insights for
advancing cleaner aviation technologies.

[1] M. Rohkamp, A. Rabl, B. Giindling, M. R. Sarji-Bozorgzad, C. Mull, J. Bendl, C. Neukirchen, C. Helcig, T. Adam, V.
Glimmer and A. Hupfer. 2023. Detailed Gaseous and Particulate Emissions of an Allison 250-C20B Turboshaft Engine.
Journal of Engineering for Gas Turbines and Power. GTP-23-1459. https://doi.org/10.1115/1.4063693

[2] M. Rohkamp, A. Rabl, J. Bendl, C. Neukirchen, M.R. Saraji-Bozorgzad, C. Helcig, A. Hupfer and T. Adam. 2024.
Gaseous and particulate matter (PM) emissions from a turboshaft-engine using different blends of sustainable aviation
fuel (SAF). Aerosol Science and Technology, 59(1), 111-126. https://doi.org/10.1080/02786826.2024.2417977
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Session 1: Aircraft, marine and other non-road sources (Part 1), Talk S1-2
Determination of aircraft gas turbine nvPM charge state and its impact on sampling system losses
E. Lidstone-Lanel, P. Williams', E. Durandz, A. Lea-Langton], M. Johnson®, A. Crayfordz, D. Kilic'

'University of Manchester, *Cardiff University, *Rolls-Royce

Aircraft gas turbine engines produce ions through chemi-ionisation and thermal ionisation leading to charged non-volatile
Particulate Matter (nvPM) emissions'"). In typical combustion systems, nvPM charging results in a bipolar equilibrium
charge distribution”). However, due to high temperatures and pressures observed in an aircraft engine combustor, aircraft
nvPM is predicted to have a non-equilibrium charge distribution®. If aircraft nvPM does carry a non-equilibrium charge
distribution, this could have several far reaching implications, including; enhancement of contrail formation[4], and
unaccounted-for additional particle losses for regulatory measurements.

This study aimed to quantify the charge state of aircraft nvPM for three different engines running on four different
commercially used fuels (two JetA-1 and two 50% blended SAF), over a range of engine conditions from idle (low power)
to near take-off (high power). For this study, the charge state was quantified for all engines, powers, and fuels by
determining the charge fraction and mean charge per particle.

From Figure.1.a, it was observed that as the engine power (exhaust temperature) increased, more of the particles
became charged - up to 45% at near take-off power. To add to this, a small fuel dependence was observed where JetA-1
produced more charge nvPM than SAF. From the mean charge per particle plot (Figure.1.b), it was observed that at low
engine powers, the charge distribution was slightly biased towards negative polarity, which flipped to positive as the engine
power increased. This result confirms the theoretical predictions that aircraft nvPM charge distributions are non-equilibrium,
which are particularly evident at high engine powers.
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Figure.1: Charge state of aircraft engine nvPM as a function of engine exhaust temperature for four different fuels. a). is the
charge fraction and b). is the mean charge per particle.

By using the mean charge per particle measurement, an estimate of additional unquantified particle losses has been
developed. Assuming that all particles carry one charge, and correcting for diffusional losses and system dilution from
sampling probe to measurement instrumentation, the ion concentrations can be calculated. From this, a prediction of the
charged nvPM losses through sampling systems can be predicted. This estimation predicts that there could be an additional
unquantified nvPM loss of up to 15% inside sampling systems for high engine powers. Therefore, this study shows that it
may be necessary to adopt new charged nvPM correction methodologies in sampling systems to accurately determine the
aircraft nvPM emissions.

[1] Burtscher, H. J. Aerosol. Sci. 1992. 32

[2] Fialkow, A. Prog. Energy. Combust. Sci. 1997. 23
[3] Sorokin, A. et al. Atmos. Chem. Phys. 2003. 3

[4] Yu, F & Turco, R, P. Geophys. Res. Lett. 1997. 26
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Session 2: Aircraft, marine and other non-road sources (Part 2), Talk S2-1
Measurements of Ultrafine particles and chemical traces from aviation emissions near the Ziirich airport

S. Tinorua', J. Slowik', P. Alpert], M. Ammann], A. Prévétl, M. Bauerl, S. Mishral, M. Gotsch?, J. Sintermannz, M. Gysel-
Beerl, Z. Decker3, B. Brem'*

'PSI Center for Energy and Environmental Sciences, 5232 Villigen PSI, Switzerland, ’AWEL, Amt fiir Abfall, Wasser,
Energie und Luft, 8090 Ziirich, Switzerland, *NOAA CSL & Cooperative Institute for Research in Environmental Sciences
(CIRES), Boulder, CO, USA

Aircraft particle emissions at the engine exit are largely composed of Ultra Fine Particles (UFPs, diameter of <100 nm). Due
to their small size, UFPs are transported deeper in the human body, causing adverse health effects '.

In the framework of the Aviation Plume PROPeRtles AT point of Exposure (APPROPRIATE) project, a state-of-the-art set
of gas- and aerosol-phase instrumentation was deployed 1 km at the east-side of Ziirich airport to characterize aircraft UFPs
during 1 month in fall 2022. The EESI-ToF mass spectrometer was used to measure their chemical composition at a
molecular level, using previously reported oil tracers 2. Measurements showed that airport activities are the principal
contributor to the UFPs measured at the site, thus driving their median diameter (around 17.5 nm) and bringing high number
concentrations (> 30000 cm™). While the literature tends to identify UFPs from aviation by their typical small diameter, we
highlighted that their modal diameter can grow up to 40 nm by condensation and/or coagulation processes. Figure 1 shows
the total particle number (PN) concentration — mostly made of UFPs - as a function of the EESI-ToF signal intensity for two
lube-oil tracers (the tricresyl-Phosphate TCP, and a C,5 ester). An increase of the PN concentration with the lube-oil signal
has been found. This finding highlights that online detection of lube-oil tracers can be used as a predictor for high UFPs
concentrations from the airport.

This work was supported by the Swiss Federal Office of Civil Aviation (SFLV 2020-080). We acknowledge Frithjof
Siegerist, the ZHAW Centre for Aviation, Empa and the City of Kloten for their support with logistics, instrumentation, and
the sampling site.
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function of the EESI-ToF signal intensity for a) TCP and b) C.sester, two
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measurements o.

[1] Bendtsen, K. M.; Bengtsen, E.; Saber, A. T.; Vogel, U. A Review of Health Effects Associated with Exposure to Jet
Engine Emissions in and around Airports. Environmental Health 2021, 20 (1), 10.

[2] Decker, Z. C. J.; Alpert, P. A.; Ammann, M.; Anet, J. G.; Bauer, M.; Cui, T.; Durdina, L.; Edebeli, J.; Gysel-Beer, M.;
Prévot, A. S. H.; Qi, L.; Slowik, J. G.; Spirig, C.; Tinorua, S.; Ungeheuer, F.; Vogel, A.; Zhang, J.; Brem, B. T. Emission
and Formation of Aircraft Engine Oil Ultrafine Particles. ACS EST Air 2024.
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Gaseous and Non-Volatile Particulate Emissions from a Private Jet Using Fossil Jet A-1 and a 30% HEFA-SPK
Blend

L. Durdinal’z, Z. C. Decker® ’4, J. Edebeliz, C. Spirigz, T. Frischknechtz, J.G. Anetz, B.T. Brem3, F. Siegerists, T.
Rindlisbacher®*

'GreenLet Research, Oberglatt ZH, Switzerland, *Centre for Aviation, ZHAW Zurich University of Applied Sciences,
CH-8401, Winterthur, Switzerland, 3Lalboratory for Atmospheric Chemistry, Paul Scherrer Institute, Villigen, CH-5232,
Switzerland , *NOAA Chemical Sciences Laboratory, Boulder, CO, 80305, U.S.A, SR Technics Switzerland AG, Zurich-
Airport, CH-8058, Switzerland, Swiss Federal Office of Civil Aviation, Ittigen, CH-3063, Switzerland

Small turbofan engines (<26.7 kN thrust), widely used in private and business aviation, remain exempt from emissions
regulations despite their growing contribution to aviation’s environmental impact. This study examines gaseous and non-
volatile particulate matter (nvPM) emissions from a popular small turbofan engine using fossil Jet A-1 (two batches) and a
30% Hydroprocessed Esters and Fatty Acids Synthetic Paraffinic Kerosene (HEFA-SPK) blend. Compared to the fossil
fuels, the HEFA-SPK blend contained up to 5% fewer aromatics by volume, about half the naphthalene content, and up to
75% less sulfur. The fuel hydrogen content of the HEFA-SPK blend was ~0.33% higher.

Measurements at ground level, performed with advanced instrumentation and a standardized exhaust sampling and
measurement system, revealed significant reductions in nvPM emissions with the sustainable aviation fuel (SAF) blend. The
nvPM mass and number emission indices (Els) were reduced by ~35% and ~20% at idle, respectively. The reductions were
less pronounced at higher thrust settings, aligning with known trends for fuel composition effects. SOL] emissions were
proportional to the blend’s lower sulfur content, while VOC analysis highlighted reduced emissions of complex unsaturated
hydrocarbons due to lower aromatic content. Notably, nvPM number Els at cruise were estimated to decrease by ~10%,
suggesting a corresponding reduction in contrail ice particle concentrations. These findings underscore SAF’s potential to
mitigate climate and air quality impacts of small turbofan engines while highlighting the need for improved predictive
models of fuel composition effects on nvPM emissions.
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Effects SAF use & Fuel composition on Volatile and non-Volatile PM aviation emissions
R. C. Miake-Lye', B. 2023 ecoDemonstrator Team’, G. 2024 G700 SAF Test Team’

' Aerodyne Research, 2Boeing Commercial Airplanes, *Gulfstream Aerospace Corporation

Recent on-wing measurements of Particulate Matter (PM) emissions have been made using Sustainable Aviation Fuels
(SAFs) and low Fuel Sulfur Content (FSC) jet fuels. These tests have achieved minimal to no sulfur contamination of 100%
SAF, allowing the importance of FSC at levels below a few ppmm to be examined. The dramatic changes when sulfur
emissions are no longer significant demonstrate the potential of 100% neat SAF for improving local air quality near airports.
These results also indicate that there may be possible benefits of reducing the formation of condensation trails with very low
FSC fuels. In all recent tests of current aircraft engines, the contributions of oil are a major component and cannot be
ignored, especially as aircraft engine combustion emissions continue to decrease.
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A “2nd” (> 150 nm) Size Mode in Aircraft Gas Turbine Engine Exhaust
D. Kittelson', A. Zelenyuk®

'Department of Mechancal Engineering, University of Minnesota. Minneapolis, MN, 55455, USA, *U.S. Department of
Energy, Pacific Northwest National Laboratory, Richland, WA, 99352, USA

Several years ago, we presented preliminary work on this topic. This report is a describes additional analysis and
interpretation of our results. Motor vehicle piston engine exhaust particle size distributions (PSD) typically show three
distinct modes: a nucleation mode between about 3 and 30 nm diameter consisting mainly of semi-volatile material, an
accumulation or soot mode between about 30 and 300 nm diameter consisting mainly of carbonaceous aggregates, and a
coarse mode consisting of larger mechanically generated particles — from oil atomization and re-entrainment from in-
cylinder and exhaust surfaces. Measurement of particles from commercial aircraft gas turbine engines is much more
challenging than from ground-based vehicles with exhaust temperatures as high as 900 C or more and exhaust velocities
approaching Mach 1. This necessitates the use of very long sampling lines that complicate particle measurements. These
lines tend to adsorb much of the semi-volatile material and suppress the formation of a nucleation mode. The carbonaceous
aggregates in the soot mode are smaller than from typical piston engines with diameters in the 15 to 50 nm range. Compared
to piston engines there is less opportunity for the exhaust to interact with surfaces and there are no piston rings to atomize
oil so coarse particles were not expected to be an issue. However, under some conditions, especially when soot
concentrations were low, we observed a distinct size mode, a “2nd mode”, in the coarse mode size range consisting of
particles larger than about 150 nm. Also note that no evidence was found for mechanical generation by particle shedding
from the sampling system as demonstrated during the daily pre-test zero checks of the system and response to step changes
in concentration. The results reported here were observed during a series of measurement campaigns, VARIAnT 1-4,
conducted by the U. S. Environmental Protection Agency in collaboration with the U. S. Air Force’s Arnold Engineering
Development Complex. The main purpose of these campaigns was to refine methodology for measurement of non-volatile
particles from aircraft engines. The results presented here are based on the last two campaigns, VARIAnT 3 and 4. A
General Electric J-85 turbojet and Libby Welding Model GT-05 and LGT-60 turbine powered start carts running with a
range of test conditions and fuels were used as particle sources. Particle size, concentration, and composition measurements
were made using a range of instruments. The focus of these studies was measurement of accumulation mode soot
aggregates. The coarse mode was unexpected. PSD measurements were made using a range of instruments. In VARIAnT 3,
two TSI SMPSs (6 - 225 nm) and a TSI EEPS (6 - 500 nm) were used. In VARIANT 4, three SMPSs (6 - 225 nm), a low
flow SMPS (15 - 690 nm), a TSI EEPS (6 - 500 nm) and a Cambustion DMS500 (5 - 1000 nm) were used. Additional
measurements related to the coarse mode were made using an Aerodyne CAPS PMSSA that measures light extinction and
scattering in both campaigns. In VARIANT 4, a single particle laser ablation mass spectrometer (miniSPLAT) that measures
particle size, morphology, composition and mass was also used. We define the 2nd mode in two ways; Volume above 150
nm (V150) and V 2nd, where V 2nd is determined by fitting the PSD to a bimodal lognormal distribution. V 2nd and V150
are well correlated. With the J-85, V 2nd/Vtotal ratios of nearly 50% were observed in some tests. In most cases, V
2nd/Vtotal ratios varied inversely with engine load and total volume (mass) emissions. Formation of the mode was much
more pronounced with the J-85 than with the start carts. The formation of the 2nd mode was also associated with an increase
in the single scattering albedo (SSA) measured by the CAPS and appearance of particles with different compositions and
morphologies in the miniSPLAT data.
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Numerical Investigation of Fuel Injection Control on Aerosol Formation and Transport in Canyons and Open Areas

M. Bezaatpourl, M. Nazemianz, M. Miikka Dal Masol, M. Rissanen’

' Aerosol Physics Laboratory, Tampere University, 33720 Tampere, Finland, *Faculty of Mechanical Engineering, Sahand
New Town, Tabriz, Iran

Combustion processes are a significant source of air pollutants, contributing to atmospheric aerosol formation and adversely
affecting air quality [1]. Modelling the combustion chamber is essential for accurately predicting pollutant emissions,
optimizing combustion efficiency, and minimizing the environmental impact of fuel combustion [2]. Moreover, modelling
air quality is crucial for understanding the dispersion and transformation of pollutants, enabling the assessment of their
impact on human health and the environment [4]. In this study, we present a comprehensive numerical modelling approach
to predict pollutant emissions from a combustion chamber and their subsequent transport and transformation into aerosols
within street canyons and open areas. The first phase of our work involved developing a detailed combustion chamber
model to quantify the impact of fuel injection control on emissions of key pollutants, including particulate matter (PM),
nitrogen oxides (NOy), and volatile organic compounds (VOCs). It underscored two pivotal characteristics for injection
pressure function: a continuous increase coupled with specific number of vibrations, forming an increasing oscillatory
function. Not only did it enhance power efficiency and reduced VOC emissions, but it also yielded more irreversibility,
opening opportunities for more waste heat recovery. The predicted emission profiles were then used as input for the second
phase, which focuses on simulating the dispersion, chemical transformation, and secondary aerosol formation in both open
areas and street canyon environments. Advanced computational fluid dynamics (CFD) techniques, coupled with
atmospheric chemistry models, were employed to capture the complex interactions between emitted pollutants,
meteorological conditions, and environmental geometries. The study aims to provide insights into the spatial and temporal
evolution of aerosol concentrations, contributing to better air quality management and emission control strategies.
Preliminary results highlight the influence of fuel injection strategy, canyon geometry, and atmospheric conditions on
pollutant dispersion and aerosol formation. This research can aid policymakers in designing effective mitigation strategies to
reduce human exposure to harmful airborne pollutants.

b
©
b}

[1] Hong-Li, Wang, et al. "Volatile organic compounds (VOCs) source profiles of on-road vehicle emissions in China."
Science of the Total Environment 607 (2017): 253-261.

[2] Pelosin, M, et al. " Combustion Modeling Approach for the Optimization of a Temperature Controlled Reactivity
Compression Ignition Engine Fueled with Iso-Octane." Energies (2022): 15(21), 8216.

[3] Seinfeld, John H., and Spyros N. Pandis. " Atmospheric chemistry and physics: from air pollution to climate change."
John Wiley & Sons, (2016).
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Lithium-ion battery thermal runaway particle emissions
E. DeFrancel, Z. Toumasatos', E. Goftari®, H. Liz, B. Kwon®, V. Premnath3, J.A. Jeevarajans, G. Karavalakis'

'University of California, Bourns College of Engineering, Center for Environmental Research and Technology (CE-CERT),
1084 Columbia Avenue, Riverside, CA 92507, USA , San Diego State University, Department of Civil, Construction, and
Environmental Engineering, UL Research Institutes, Electrochemical Safety Research Institute (ESRI), 5000 Gulf Fwy,
UHTB, TX 77204, USA

In recent years, the use of lithium-ion (Li-ion) batteries has seen significant growth, driven by their widespread application
in electric vehicles and the broader energy transition. However, this increased use has brought to the forefront safety
concerns, particularly regarding their susceptibility to thermal runaway. Battery fires are known to pose significant risks as
they release toxic gaseous and particulate emissions that can adversely affect human health and the environment. Moreover,
the methods used to extinguish these fires can alter the composition and nature of these emissions, further complicating the
risks. In this study, experiments were conduced with modules composed of li-ion cells that were triggered into thermal
runaway by overcharging them. Experiments were conducted in a 20-ft container that was equipped with instrumentation to
measure temperature, pressure and particulate emissions. Three experiments were conducted as a part of this study — one
involving no fire suppression, and two tests during which fire suppressants were engaged. Among these two tests, water was
used as the suppressant for one of the tests, and an aerosol-based suppressant was used for the other. Detailed
characterization of emissions included collection of fine particulate matter (PM) on filter media, and real-time measurement
of particle number concentration and size distribution. Near-real-time metal concentration was measured with a toxic metal
aerosol analyzer (TARTA). Further analysis of PM filters to examine chemical composition of PM (via inductively coupled
plasma mass spectrometry), morphology (via scanning electron microscopy), the presence of particle phase inorganic ions
(ion chromatography) and polycyclic aromatic hydrocarbons (via gas chromatography) was conducted. Results from this
program will provide critical insight into airborne emissions from battery fires, and the influence of suppressants on these
emissions. Such information will be invaluable for first responders, and stakeholders focusing on the environmental impact.
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Relating condensable reaction product formation with nanoparticle growth rates: Select monoterpene + NO;
reactions under varying oxidizing conditions

M. Rissanenl’z, S. Barual, L. Gao3, R. Asgherl, S. Farhoudianl, A. Kumarl, S. Iyerl, M. Riva® , B. Bénédicte Picquet-
Varrault*4, M. Dal Maso*!

lTampere University, Physics Unit, Tampere, Finland, 2University of Helsinki, Chemistry Department, Helsinki, Finland, 3
CNRS, IRCELYON, Lyon, France, “Université Paris Est Créteil and Université Paris Cité, CNRS, LISA, Creteil, France

Secondary aerosol (SecA) formation is a leading cause of air quality issues, and a critical process in the formation of clouds
droplets. Notwithstanding the importance, the first steps of secondary aerosol formation keep eluding the researchers. The
single most important molecular property describing SecA formation potential is the compound vapor pressure. As most of
fresh molecular clusters and small secondary nanoparticles are prone to evaporation and scavenging by larger particles and
surfaces, the rate at which condensable products are provided determines their probability to survive. The smallest clusters
requiring the lowest vapor pressure molecules to induce SecA growth.

The tendency to form new particles and the subsequent generation of SecA mass was studied in the CESAM atmospheric
simulation chamber in Paris Creteil. Several monoterpene + NO; reactions were investigated including a- and g-terpinene,
limonene and a-pinene. The nitrate radical was prepared either by N,Os; decomposition or by mixing NO, + O; in the
chamber. Significant differences were observed between the reaction systems likely due to O involvement in the second
case. The oxidized gas-phase product distributions were quantified by NO;™ and Br™ chemical ionization mass spectrometry
(CIMS) and the dynamics of the nanoparticle formation were monitored by a combination of a particle-size magnifier
(PSM) and a scanning mobility particle sizer (SMPS). The resulting aerosol chemical composition was determined by an
aerosol chemical speciation monitor (ACSM). By combining information on the rate of direct aerosol precursor formation
(e.g., highly oxygenated organic molecules, HOMs) and the rate of nanoparticle growth (i.e., formation and growth rates of
ca. 2 to 10 nm particles), allows to assess the efficiency of SecA mass generation at a molecular level. The studied
monoterpenes contained distinct functional features (e.g., different number and type of double bonds) and offer insights into
molecular reactivity and closely related affinity for oxidative molecular growth.
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Real-time analysis of trace metals in air by microwave induced plasma time-of-flight mass spectrometry (mipTOF)
A. Gundlach-Graham', M. Tanner'
'"TOFWERK AG, Schorenstrasse 39, 3645 Thun

Determination of the elemental composition of airborne nanoparticles and micro-particles is essential to understand the
source(s) of these particles and also to predict potential health effects. ' The most common approach to measure the metal
content of air is to collect samples on filters and then analyze digests by ICP-MS; * however, this strategy offers poor time
resolution (e.g. days) and only provides bulk element composition information. To understand the spatiotemporal
characteristics of the emission of metal-containing aerosols, which is key to assessing exposure, real-time analysis strategies
are essential. Here, we report the development of a microwave induced plasma time-of-flight mass spectrometer (mipTOF)
that can be used for the direct analysis of metal-containing airborne particles.

A Concentric
Pneumatic
Nebulizer
Stainless Steel Nz, ~1L/min
Sampling Tube l

TR —
Ambient Ambient
Air Aerosols
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Membrane pump
to flush line

A) Schematic of venturi sampling setup. B) Image of plasma source with direct introduction of ambient air.

The mipTOF is a field-deployable trace-element mass spectrometer. It uses a nitrogen-sustained high-power plasma
(MICAP, Radom Instruments) > * to vaporize, atomize, and ionize acrosols with sizes from the ultrafine to PM10.
Ambient air is sampled into the plasma via a concentric pneumatic nebulizer set up as a Venturi pump (see figure).
Atomic ions generated in the plasma are extracted into the mass spectrometer, where they are sorted according to mass-to-
charge ratio (m/Q) and recorded. With the mipTOF, concentration LODs range from 10 ng/m’ (potassium) to 0.05 ng/m’
(lead) in a 10 second measurement. The high-sensitivity, high-speed metal-aerosol measurements possible with mipTOF
enable new research into real-time spatiotemporal analysis of metals in air. We will report on the use of the mipTOF in
long-term air monitoring and mobile lab measurements.

[1] Daellenbach, K. R. et al. Nature 2020, 587 (7834), 414-419.

[2] Suzuki, Y.; Suzuki, T.; Furuta, N. Analytical Sciences 2010, 26 (9), 929-935.
[3] Jevtic, J.; Menon, A.; Pikelja, V. PCT/US14/24306, 2015.

[4] Schild, M. et al. Analytical Chemistry 2018, 90 (22), 13443-13450.
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Performance and Uncertainty of Portable Emissions Measurement Systems (PEMS) in Laboratory and On-Road
Tests for Improved Quantification of Vehicle Exhaust Particles

M. Kazemimaneshl, J. Saturnoz, K. Winther3, R. Pettinen®

'National Physical Laboratory, Teddington, United Kingdom, *Physikalisch-Technische Bundesanstalt, Braunschweig,
Germany, *Danish Technological Institute, Aarhus, Denmark, *VTT Technical Research Centre of Finland, Espoo, Finland

Ultrafine particles (UFP) and gaseous pollutants emitted from vehicle exhausts are major contributors to air pollution in
urban areas. In the EU, the number of solid exhaust particles larger than 23 nm is regulated for type approval of vehicles by
testing real driving emissions (RDE) using portable emissions measurement systems (PEMS). However, PEMS have larger
measurement uncertainty than reference instruments used in dynamometer test setting and their metrological validation is
currently lacking. Thus, it is critical to determine this uncertainty to underpin the current and future conformity factors.

In this study, the performance of four PEMS devices were evaluated by performing dynamometer and RDE tests. The
PEMS devices were evaluated with four Euro 6 passenger cars and in Finland and Denmark. Over the course of three years
during this study, three commercial PEMS devices were evaluated as well as a ‘GoldenPEMS’ which was validated
metrologically by three National Metrology Institutes (NMls). The PEMS devices used condensation particle counting
(CPC) and diffusion charging (DC) technologies for particle number concentration (PN) measurement.

The results showed that a significant day-to-day variation exists in RDE tests performed with the same vehicle, test route,
and driver. Day-to-day variations are mostly larger than device-to-device variation. Measured PN can vary by more than
50% depending on the PN measurement system. In addition, the RDE results recorded with DC-based PEMS correlated
better with laboratory results for tests producing lower PN emissions (diesel engines), while the CPC-based PEMS
performed better for tests producing higher PN emissions (gasoline engines). The results suggest that the two PN PEMS
devices may have to be tuned for different emission matrixes.
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Figure 1. Comparison of measurements by different PN-PEMS devices under laboratory (WLTC) and on-road (RDE)
testing conditions
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On-road PN and BC emission measurements of L-category vehicles
G. Triantaﬁgllopoulosl, L. Raptisz, N. Kousiasz, A. Tziovasl, L. Ntziachristos**

'EMISIA SA, Thessaloniki, GR 57001, Greece, “Laboratory of Applied Thermodynamics (LAT), Aristotle University of
Thessaloniki, GR 54124, Greece

This study aims at quantifying the in-use particulate emission levels of L-category vehicles, by performing on-road PN and
BC measurements on actual vehicles. The use of PEMS devices, commonly used in cars and trucks for RDE-ISC testing,
was rejected due to limited space for equipment installation and safety concerns. Instead, a commercially available
miniaturized DC particle counter was used for PN emission measurement, and a novel optoacoustic BC sensor for BC
emissions measurement.

The emission measurements were conducted in the metropolitan area of Thessaloniki. Different types of vehicles were
selected to be tested, of varying age, representative of the current EU L-category vehicle fleet, including L1eB, L2e, L3¢Al,
L3eA2 and L3eA3. The devices installed on each bike were the particle measurement devices either BC sensor or DC
counter, a GPS receiver, OBD data recorder, a SEMS device measuring CO, CO2 and NO and an EFM pitot tube wherever
possible.

Considerable amounts of particle emissions were found for specific subgroups of vehicles, especially under high load

operation, but less particle emissions in others. The experimental campaign demonstrated that on-road emissions testing of L-
category vehicles is difficult yet feasible with devices such as SEMS, BC sensors and miniaturized PN DC counters.
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Can existing periodic technical inspection instruments measure GDI engine emissions?
U. Trivanovicl, T. Hammer], K. Audersetl, A. Melasz, B. Giechaskielz, K. Vasilatou'*

'Particles and Aerosols Laboratory, Federal Institute of Metrology METAS, Bern, CH-3003, Switzerland , “European
Commission, Joint Research Centre (JRC), 21027 Ispra, Italy

Periodic technical inspection (PTI) of vehicles is used in several countries, including Switzerland, to detect defective diesel
particulate filters (DPF). This is achieved by measuring the particle number (PN) with PN-PTI devices that can be used by
non-experts in a garage setting at a relatively low cost. Gasoline direct injection (GDI) engines also have particulate filters
that can be damaged or tampered with and therefore, could benefit from PN-PTI inspection. However, existing devices were
not designed for gasoline exhaust which tends to have higher humidity and smaller particle sizes compared to diesel
engines. Here, we investigate the effectiveness of PN-PTI devices type-examined for diesel vehicles in Switzerland, to
detect emissions from GDI engines with simulated and real GDI exhaust. Laboratory experiments were performed with
miniCAST soot with geometric mean mobility diameters in the range of 15 — 85 nm with and without added humidity. Field
measurements were performed at the European Commission Joint Research Centre (JRC) with six different gasoline
vehicles running at low idle, low loaded idle, high idle and high loaded idle.

The geometric mean mobility diameter (GMD) of the particles from the vehicles studied were most commonly in the
range from 30 — 60 nm. While all of the devices were able to measure particles in this size range, the counting efficiency
(CE) was poor as the 50 % cut-off was also in the GMD range of 34 — 63 nm for miniCAST soot. The raw aerosol from the
miniCAST provides a relatively dry aerosol with about 10 % relative humidity at room temperature. All but one of the PN-
PTI devices were able to measure at elevated humidity levels similar to that observed in gasoline exhaust. Approximately
half of the devices were unaffected by elevated humidity while the other half showed an increase in the CE. The tested PN-
PTI devices employed variations of the direct charging (DC) particle measurement principle. Thus, the increased CE
suggests that the increased humidity seems to enhance the ability of the DC sensors to detect particles. Therefore, existing
PN-PTI devices seem capable of measuring GDI exhaust however, modifications may be necessary to reach an acceptable
CE in the size and humidity ranges relevant to gasoline exhaust.
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Catalytic oxidation of CO, VOC and PM in O,-rich exhaust of small-scale fireplaces
S. Kureti', M. Ulbricht'
'TU Bergakademie Freiberg

In Germany around 11.5 millions of individual room heating systems such as fireplaces and stoves exist. Many of them use
biomass as combustible, for instance wood, which is of importance toward the defossilization of the energy sector.
However, incomplete biomass combustion leads to the emission of carbon monoxide (CO), volatile organic compounds
(VOC) and particulate matter (PM). In the course of the revision of the Federal Immission Control Regulation (“BImSchV”)
emission limits for CO (4 g m”) and PM (0.15 g m™) were introduced. Oxidation catalysts, which are capable of
simultaneously converting these pollutants, are available for new combustion systems and retrofitting. The catalysts are
based on cost-intensive precious metals such as platinum (Pt) and palladium (Pd) and require maintenance due to soot and
ash residues. Thus, the present contribution reports on our R&D dealing with novel low-cost and self-cleaning Fe-Mn
catalysts for the abatement of pollutants in the O,-rich exhaust gas of small-scale fireplaces.

Bare Fe-Mn oxide samples were systematically developed by varying the Fe/Mn proportions and physico-chemical
properties such as crystallinity and porosity. The samples were prepared in-house, physico-chemically characterized and
tested in the laboratory in the form as granulated powders (125 - 250 um). For the catalytic tests, a synthetic exhaust was
used composed of 10 vol.% O,, 10 vol.% H,O and 250 ppm toluene as a model compound for organic soot. Figure 1
exemplarily shows the oxidation performance of the currently best Fe-Mn oxide catalyst compared with a Al,O5-supported
Pt/Pd reference catalyst. As a result, both catalysts completely oxidize toluene above 350°C, which of high relevance for an
efficient removal of organic matter. Temperatures of 350°C and above appear at the outlet of the combustion chamber.
Moreover, the Pt/Pd sample is more active at lower temperature.

Conclusion

Fe-Mn oxide catalysts were investigated toward the lean oxidation of toluene as a model compound for organic particles
present in the exhaust of small-scale fireplaces. The precious metal-free catalyst shows a promising oxidation activity at
relevant temperatures and offers the possibility to replace state-of-the-art Pt/Pd catalysts. Moreover, the contribution at
NPC-25 will report further results of our systematic study on the effect of catalyst properties and exhaust gas conditions on
the removal of CO, VOC and PM. Additionally, some up-scaling results will be presented.
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Figure 1: Toluene conversion on Fe-Mn oxide (blue curve) and Pt/Pd reference catalyst (black curve) in lean model
exhaust of small-sale fireplace
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Influence of electrostatic precipitators at small-scale biomass combustion systems on particle number emissions and
particle size distributions

M. Ml’illerl, M. K('jnigl, R. Bindigl, 1. Hartmann'
'DBFZ Deutsches Biomasseforschungszentrum gemeinniitzige GmbH, Torgauer StraBe 116, 04347 Leipzig

The harmful effects of ultrafine particles out of biomass combustion provides the background of measurements at different
wood combustion systems equipped with electrostatic precipitators. Simultaneously, gravimetric measurements according to
VDI 2066 and particle number measurements have been done before and after the precipitators in parallel, using three
different types of devices (MPSS, NPET, ELPI®+). To evaluate the comparability of the different measuring devices and
the variance, quality assurance and calibration analyses of the measuring devices with aerosol generators and comparison
measurements using the measuring devices in one flue gas measuring section during operation of a wood log stove have
been carried out. Beside of the particle number changes induced by a precipitator also those in the flue gas pipe without the
electrostatic influence were analyzed.

The ELPI devices showed the highest particle number concentrations, followed by MPSS and thereafter the NPET devices,
due to the different measurement principles and as well size ranges covered. The measurement data shows the reduction of
the particle number concentration (15-50 %) in course of the flue gas pipe accompanied by a shift of the particle size
distribution to bigger particles. The observations are reasoned by agglomeration and coagulation and as well deposition at
the pipe walls. The electrostatic precipitators were able to reduce the number of particles by more than an order of
magnitude in some cases. However, the reduction was different for the various combinations of furnace and separator. The
investigations provide a data basis for several aspects like the impact of precipitators on particles as well as the assessment
of operating condition based on gravimetric and particle number measurements.
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Reducing fleet emissions by periodical technical inspection
H. Burtscher', A. Mayer”
'FHNW, Institue for Sensors and Electronics, >VERT Association,

Particle emissions from diesel engines, equipped with properly working particle filters are very low, often lower than
ambient concentrations. However, small cracks or manipulations may lead to emitted particle concentrations, which are
orders of magnitudes higher. A number of studies from different countries demonstrate the severity of this problem. Recent
studies show that the situation is very similar for gasoline engines. As an example Figure 1 shows the fraction of cars and
their contribution to emissions in 5 concentration ranges. It is very obvious that most cars a clean and a small fraction is
responsible for most emissions. We call this the ‘dirty tail paradigm’. A summary of several studies is shown in Figure 2.
There the average emissions of all cars are compared those of the cars below a limit of 250°000 cm™. Emissions of cars,
fulfilling this limit are more than an order of magnitude lower.
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These high polluters have to be identified and one option therefore is a periodic technical Inspection (N-PTI) of the PN-
emissions. At least for diesel engines a simple measurement at low idle is well correlated with results from type approval
testing. For gasoline engines this correlation is not as good, there more work is needed. In several countries PTI
meanwhile has been introduced, at least for diesel engines.
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DT Brake and Tyre Programme Phase 2: Emissions of PN10 and PM2.5 from brake systems during chassis
dynamometer testing

L Anderssonl, L. Kramerz, J. Southgatez, I. Marshallz, M. Campbellz, G. Waitel, S. de Vries'

'Ricardo UK Limited, Automotive and Industrial, Ricardo Clean Energy and Environmental Solutions

The first phase of the DfT Brakes and tyres project successfully developed an effective system and methodology for
measuring and characterising particles emitted from brake and tyre wear under real driving conditions. Phase 2 studied
major influences on brake and tyre particle emissions. For brakes this included different brake pad types, discs, braking
technology (regenerative, friction, mixed) and varied vehicle test masses.

Brake emissions tests on 9 different brake pads and 2 discs were conducted on a two-wheel drive chassis dynamometer
using a modified Phase 1 brake particle measurement approach. This encloses the brake pad, disc and caliper and passes
brake particles to the measurement instruments without ingress of background particles. Simple metrology was also carried
out on the pads. Components tested included low dust, organic, ceramic and budget brake pads, with two different discs.
One pad type was tested at high (~50000km) and low (~1000km) mileage.

PN10 and PM2.5 emissions results showed discrimination of emissions levels between pad types, and that the rate of pad
wear changes through its life. The calculation of average PN10 and PM2.5 emissions levels over a variety of drive cycles,
pads and two discs will contribute to the development of emissions factors for brake pads in everyday use on UK roads.
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The VERT GPF-Retrofit Program for Cleaner Urban Mobility: Nanoparticle Emissions Reduction via Filtration
within the HORIZON Europe AeroSolfd Project

L. Rubinol, A. Mayerl, T. Lutzl, I Czerwinskil, L. Larsen'
'"VERT Association, Aemetstrasse 3 CH- 8166 Niederweningen, Switzerland

Emissions of ultrafine and nanoparticles from petrol engine combustion are a threat to human health and the environment.
Clean urban mobility is the main goal of the HORIZON Europe AeroSolfd project launched by the European Commission
in 2022 that runs over a three years period until mid-2025. AeroSolfd will deliver affordable, adaptable, and sustainable
retrofit solutions to reduce not only tailpipe exhaust emissions from gasoline engines, but brake emissions and pollution in
semi- closed environments. The Swiss-based VERT association, within AeroSolfd, focuses on reducing tailpipe emissions
of gasoline vehicles by using the best available retrofit filtration Technology (BAT), and in particular the best available GPF
technology, using an uncoated CORNING ceramic multicell wall-flow filter. VERT, with its member partners HJS, CPK,
BFH and CORNING, investigates the performance and delivers a TRL 8 GPF-retrofit system for future market applications.
The VERT GPF-retrofit system showed excellent performance with filtration efficiency over 99% on standard cycles
(WLTC & RDE) as well as on road. Fifty gasoline vehicles, both GDI and PFI engines, have been retrofitted in Germany,
Switzerland, Israel and Denmark; the GPF retrofit system performance is continuously monitored for all vehicles over a
period of 6-8 months and no issues have been observed in any of the 50 vehicles in terms of filter regeneration or increased
fuel consumption or secondary emissions. A NPTI testing campaign of 1000 gasoline vehicles is also conducted in
AeroSolfd, confirming a dirty-tail phenomena for the Swiss petrol fleet. The GPF-retrofit application is succesfully reducing
nanoparticle emissions, providing a fast solution to the adverse health effect of nanoparticles from gasoline engines in
congested urban areas and for controlling global warming. The final results of the overall VERT GPF-retrofit project and
the NPTI testing campaign are presented.
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AeroSolfd: Advancing Air Quality through Retrofitted Gasoline Particulate Filters — Insights from Laboratory and
Real-World Evaluations

D. Engelmannl, T. b. defined’
'Laboratory for Powertrain and AFHB
The AeroSolfd project, an EU-funded initiative, focuses on improving air quality by reducing atmospheric particle
emissions. In response to the growing challenges posed by air pollution and its impact on environmental and human health,
the project aims to generate robust scientific data and develop practical solutions. A primary objective is the implementation

of Gasoline Particulate Filters (GPFs) as retrofit solutions for in-use light-duty vehicles (LDVs) to mitigate particulate
emissions effectively.
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Key results stem from an in-depth measurement campaign conducted at the BFH Exhaust Emissions Test Center on four
representative vehicles. The campaign evaluated non-aged GPFs to establish a baseline for long-term performance
monitoring and after six months and several thousand kilometers of use. The vehicles, comprising two with direct petrol
injection and two with intake manifold injection, were tested under laboratory conditions using the Worldwide
Harmonized Light Vehicles Test Procedure (WLTC) and Steady State Cycle (SSC), as well as in real driving
environments (RDE). Comprehensive analyses were performed to assess the reduction in particle numbers and evaluate
potential impacts on gaseous emissions. Fourier-Transform Infrared Spectroscopy (FTIR) was employed to analyze non-
regulated emissions, capturing both gaseous and particulate data before and after the installation of GPFs. Preliminary
findings demonstrate the GPFs’ significant effectiveness in reducing particulate emissions with no observable adverse
effects on gaseous emissions.Moreover, the project extended its scope by equipping fleets in Germany, Switzerland,
Israel, and Denmark with retrofitted GPFs and data loggers. These fleets are monitored over the long term to evaluate the
filters' real-world performance, durability, and operational impact under diverse driving conditions.
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Health Impact of Nanoparticles emitted by in-use Gasoline Engines reduced by GPF Retrofit Life Cycle Analysis and
the resulting Benefit/Cost Ratio

A C. Ma;ger1

'WERT-Association

Worldwide health impact by traffic related toxic emissions polluting the breathing air is dominated by nanoparticle
emissions of petrol engines, which is still widely neglected. Particle filters with efficiencies close to 100% are available and
could be used in all fleets at very low cost even as retrofit of in-use petrol vehicles as the EU-AeroSolfd project has
demonstrated 2022-2025.

However, since classic epidemiology still refers to PM2.5 as the official metric for the dose/effect factors, it is difficult to
provide numerical evidence for the health impact when using such filters because the eliminated overall particle mass of
these numerous but very small particles has only very little gravimetric influence on the mass of PM2.5.

Using a non-classic approach to estimate the health impact of these nanoparticles based on the particle number
concentration, size and substance, we can estimate the contribution of these filters on worldwide traffic related mortality and
with WHO monetary assumptions we can conclude on health cost.

Including all important elements of a life cycle analysis with respect to internal and external cost from the time of retrofit to
final waste disposal we can conclude on Benefit/Cost of this technical measure and we are coming to values >50 if all
vehicles are retrofitted and >>100 if the high emitters are selected by dirty tail analysis and retrofit is only concentrated on
those high emitters.
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Next-generation gasoline particle filters: Impact on genotoxic compounds, assessment of risks for secondary
poisoning

N. Heebl, M. Zenneggl, K. Zeyerl, J. Mohnl, P. Comtez, M. T. G('jpfertz, Y. Zimmerliz, D. Engelmannz, L. Rubino® , T.
Lutz’ , A Mayer3 * L.C. Larsen’*

'Empa, ‘UASB, *VERT

Abstract: Particle filters (PFs) have become the most efficient and reliable technology to abate particle emissions of diesel
engines. PFs are increasingly applied on gasoline vehicles (GPFs) with direct injection (GDI) and multi-point injection
(MPI) engines. These engines have high particle number emissions, often exceeding the current PN emission limit of 6x10"'
particles/km.

In the EU Horizon Europe framework project AeroSolfd the next generation of gasoline particle filters were retrofitted and
tested on two Euro-6b vehicles, one equipped with a GDI-engine (VW Golf TSI 1.4 L, 92 kW), the other with an MPI-
engine (Fiat 500X 1.6 L, 91 kW). Both widely used vehicles were tested under transient driving in the cold- and hot-started
WLTC cycle and in a steady-state cycle.

For each vehicle, retrofitted particle filters of the type of multi-cell wall-flow Cordierite filters were integrated in the tailpipe
systems. Both vehicles were studied on the chassis dynamometer in standard configurations without filters and with
retrofitted filters.

A comprehensive characterization of gaseous, liquid and solid exhaust constituents was performed. The focus was on toxic,
carcinogenic and mutagenic compounds such as polycyclic aromatic hydrocarbons (PAHs), nitrated PAHs (nitro-PAHs),
polychlorinated dibenzodioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs).

Particle number emissions of the MPI vehicle (Fiat 500X) were 1.0x10'" and 0.4x10"" particles/km in the cWLTC and
hWLTC, respectively. Considerably lower PN emissions of 0.03-1.0x10'" particles/km were observed in the SSC. PN
emissions of the GDI-vehicle (VW Golf TSI) were 5- to 10-fold higher, at 6.1x10"" and 6.2x10"" particles/km in the c(WLTC
and hWLTC. PN emissions of the GDI-vehicle in the SSC were higher too compared to the MPI-technology.

The higher PN emissions of the GDI- compared to the MPI-vehicle also affected PN filtration efficiencies in the cold- and
hot-WLTC, which reached 95.8% and 95.1% for filter F1 on the MPI-vehicle and 98.3% and 98.4% for filter F2 on the GDI-
vehicle.

We conclude that both retrofitted filters are highly efficient with respect to nanoparticle emissions, indicating that soot
particles are retained and possibly converted in these filters.

This brings us to the question how emissions of semi-volatile genotoxic compounds like PAHs, nitrated PAHs and
PCCD/Fs are affected by these filters? It has to be mentioned that the up-take of these toxic compounds via the alveolar
system of the human lung occurs via inhalation of combustion-generated nanoparticles with particle sizes of 10-200 nm.
These nanoparticles offer enough surface area to adsorb semi-volatile compounds at lower temperatures, what has been
described lately as the Trojan horse effect.

We will report on the effects of next-generation particle filters for gasoline vehicles on the emissions of genotoxic
compounds and assess the risks of a secondary formation of these pollutants in the filters.
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In-use gasoline cars retrofit with a particle filter — Israeli experience
D. Buntinl, A. Ben Ari', B. B. Ben-David Holtzer], V. Baybikovl, A. Mayerl, J. Czerwinskil, L. Tartakovskyl’z*
'"Technion — Israel Institute of Technology, Haifa 3200003, Isracl, *Presenting author, email: tartak@technion.ac.il

In the framework of the AeroSolfd EC Horizon project, two in-use gasoline cars were retrofitted with a gasoline particle
filter (GPF) produced by HJS. To monitor the filter health, the cars were instrumented also with CPK data loggers that
allowed monitoring backpressure and GPF temperature values.

The cars were tested before GPF installation, immediately after installation, three months after start of the road test, and at
the test end (half a year after test initiation). The cars were tested at four operating modes: low and high idle with and
without air conditioner switched-on.

No sensible influence of GPF installation on operation of the car’s catalytic converter and its effectiveness was observed.
The measured gaseous pollutant concentrations were similar in the car with and without GPF. The measured data confirm
no negative influence of GPF retrofitting on the noise level of tested cars. Moreover, the obtained data in most of tests show
a tendency of slight noise reduction after GPF retrofit. There is no indication of any negative influence of the retrofitted
GPF on gaseous pollutant concentrations and noise level as compared to the OEM-installed filter.

Both tested cars demonstrated quite stable PN emission behavior during the six months of the test period. In absolute
majority of tests GPF demonstrated a very high effectiveness in PN emissions mitigation. The calculated values of PNFE for
both tested cars at four investigated operating modes during the six months of the test duration were usually higher than
97%. Comparison of the results of particle number concentration measurement in the VW Golf cars with a retrofitted and an
OEM-installed GPF allows us arriving to a conclusion that the car with a retrofitted filter emits similar amounts of particle
matter at all tested regimes.

There were no indications on the backpressure rise during the six-month’s test in both tested vehicles. However, half-a-year
test duration is not long enough to assess in a reliable manner a durability of the retrofitted gasoline particle filters.
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Beyond current air quality standards: studies of ambient ultrafine air pollution and its effects on mortality and
hospital admissions in Germany

M. Schwarz', A. Schneider', J. Cyrysl, S. Bastianz, S. Breitner-Busch'* , A. Peters" 34,5

'Institute of Epidemioloégy, Helmholtz Zentrum Miinchen GmbH - German Research Center for Environmental Health3,
Neuherberg, Germany, “Saxon State Office for Environment, Agriculture and Geology (LfULG), Dresden, Germany,
Institute for Medical Information Processing, Biometry and Epidemiology, Medical Faculty, Ludwig-Maximilians-
Universitit Miinchen, Munich, Germany, 4Department of Environmental Health, Harvard T.H. Chan School of Public
Health, Boston, MA, USA , > Munich Heart Alliance, German Center for Cardiovascular Research (DZHK e.V.),
Munich, Germany

Background: Ambient air pollution has been identified as a major threat to human health. Numerous studies have
consistently shown associations between several air pollutants (e.g., fine particulate matter with diameters <2.5 pm; PM, 5)
and cause-specific morbidity and mortality. Consequently, national and international air quality standards and limit values
have been established to guide exposure reductions, prevent premature deaths, and improve public health. However, not all
air pollutants are subject to regulation. For instance, ultrafine particles (particles with diameters < 100 nm [] 0.1 pm; UFP)
remain unregulated due to limited monitoring, few multicenter epidemiological studies, and conflicting epidemiological
evidence. Therefore, the objective of our study was to conduct a multicenter time-series analysis to examine the short-term
health effects of UFP exposure on cause-specific mortality and hospital admissions in Germany.

Material and methods: We obtained daily counts of cause-specific cardiorespiratory mortality and hospital admission
endpoints between 2010 and 2017 in the three German cities Dresden, Leipzig, and Augsburg. Daily averages of UFP
number concentrations (10-100 nm) and size-fractionated particle number concentrations (e.g., total particle number
concentration, PNC, 10-800 nm) were measured at six fixed monitoring sites, in addition to PM, s, nitrogen dioxide (NO,),
and black carbon (BC). We applied station-specific confounder-adjusted Poisson regression models to assess immediate (lag
0-1), delayed (lag 2-4, lag 5-7), and cumulative (lag 0-7) effects and used a novel multi-level meta-analytical approach to
obtain pooled risk estimates. We performed two-pollutant models to investigate interdependencies between pollutants and
examined possible effect modification by age, sex, and season.

Results: We found that elevated UFP concentrations were associated with a delayed increased risk of respiratory mortality
five to seven days after UFP exposure (4.46% [95% confidence interval, 1.52% to 7.48%] per 3,223 particles/cm’).
Moreover, particles of the smallest size mode, the nucleation mode (10-30 nm), showed larger risks compared to larger
particles. Comparable results were observed for both the warm and cold seasons and across different age groups; however,
larger effects were seen for women. In contrast, UFP number concentrations did not show a clear association with cause-
specific hospital admissions, suggesting a delayed pattern of an increased risk of respiratory hospital admissions two to four
days after exposure (0.69% [95% confidence interval, -0.28% to 1.67%] per 3,220 particles/cm’). However, larger particle
size fractions, such as accumulation mode particles (100-800 nm), exhibited consistent and more pronounced effects. The
findings indicated a higher risk for children as well as in cold seasons, while the risk for men and women was comparable.
In general, no significant change was observed after adjusting for particulate pollutants. However, the additional adjustment
for NO, resulted in wider confidence intervals and null findings.

Conclusion: Our study provides evidence that ultrafine air pollution is associated with adverse health effects, particularly in
the respiratory system, and independently of other particulate air pollutants such as PM, 5. Furthermore, the observed effects
may vary by particle size and, to a certain extent, by exposure setting. Further multicenter studies are needed using
harmonized and size- and source-specific UFP measurements to draw definite conclusions on the health effects of UFP.
Finally, the revised EU Ambient Air Quality Directive mandates the monitoring of ultrafine particles at so-called
"monitoring supersites" to support the scientific understanding of the UFP effects on human health and the environment.
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Efficacy of HEPA air purifiers at reducing blood pressure for near highway residents

D. Brugge], M. Eliasziwz, V. KuchhalS, C. Morson4, T. Vazquez-Doderol, W. Goldstein-Gelb’, S. Kunwarl, H. Gatesl, F.
Majluf’, W. Zamore®*, S. Oakley Hersey *

'University of Connecticut, *Tufts University, *Olin College, ‘University of Connecticut , “The Welcome Project, °
Somerville Transportation Equity Partnership

Background: Airborne particulate matter pollution (PM) emanating from motor vehicles is a leading cause of cardiovascular
risk and illness. Blood pressure (BP) is one indicator of the effects of and risk from exposure to PM, including near
highway ultrafine and black carbon PM.

Objectives: To assess efficacy of in-home air purifiers to reduce BP in healthy adults living next to highways.

Methods: We conducted a double blind, randomized crossover trial with one month each of high efficiency particulate
arrestance (HEPA) vs. sham filtration that was completed by 156 participants. Indoor/outdoor air monitoring was conducted
at a subset of homes. Brachial and central BP were measured at the start and end of each month. Linear mixed models were
used to compare the mean change in BP between the HEPA and sham filtration periods. We included a random intercept to
account for within-participant correlation of repeated BP measurements, sequence and period effects. Models were adjusted
for participant’s age, sex, BP measurement at start of each intervention period, number of hours spent indoors a week prior
to the BP measurement, and outdoor temperature and perceived stress score at the time of the BP measurement.

Results: PM, 5 and UFP were reduced during HEPA compared to sham filtration periods. The overall results yielded no
significant differences in BP between the HEPA and sham filtration periods. However, in a pre-planned subgroup analysis,
participants who had an elevated SBP (i.e., brachial > 120 or central > 110 mmHg) at the start of the intervention period had
a significant 3.2 mmHg difference in favor of HEPA filtration (P = 0.03). A similar 3.1 mmHg net difference was observed
for central SBP (P = 0.02). In contrast, only small, clinically unimportant, reductions in DBP were observed that were not
statistically significant.

Conclusions: In this randomized crossover trial that effectively controlled for most time invariant and time varying
confounders, we showed that air purifier use can result in a clinically meaningful reduction in SBP for people with elevated
SBP. Thus, air purifiers may be a viable intervention for at risk populations living near high volumes of motor vehicle
traffic.
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Figure. Difference in BP Changes between HEPA and Sham Filtration. Mean differences with 95% confidence intervals
of changes in BPs between HEPA and sham filtration.
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Associations between Short-Term Exposure to Ambient Ultrafine and Fine Particulate Matter and Biomarkers of
Inflammation and Coagulation in Seniors in the German CorPuScula Study

M. L. Jakobil, K. Ogurtsoval, P. Thoelkel, S. Luchtl’z, L. Glaubitzl, P. H6ppe3, D. Nowak3, C. Herder4’5, P. Angererl, B.
Hoffmann'

'nstitute for Occupational Social and Environmental Medicine, Heinrich Heine University Diisseldorf, *Real-World
Evidence & Insights, Cardinal Health, Dublin, OH, United States, *Institute for Occupational, Social and Environmental
Medicine, Ludwig-Maximilians-University Munich, “Institute for Clinical Diabetology, German Diabetes Center, >
Department of Endocrinology and Diabetology, Heinrich Heine University Diisseldorf

Introduction. The current evidence on the short-term effects of ultrafine particles (UFP) on biomarkers remains
inconclusive, as only a limited number of studies have accounted for co-pollutants or analyzed multiple time points. In this
study, we analyzed the associations between short-term exposure to ambient ultrafine and fine particulate matter and
biomarkers of inflammation and coagulation in elderly institutionalized participants of the CorPuScula panel study.

Methods. Participants were recruited at the senior retirement home Wohnstift Augustinum Munich-North in the year 2000.
Inclusion criteria were: (1) age >55 years and (2) availability to participate during the study period. Exclusion criteria were:
(1) physical health conditions preventing measurements, (2) current smoking, (3) presence of a pacemaker, (4) diagnosis of
a blood disorder, and (5) use of anticoagulant medication. At baseline, the participants completed a questionnaire on
demographics, lifestyle factors, chronic illnesses, medications, and allergies. Venous blood samples were drawn repeatedly
between May 2000 and July 2001.

UFP concentrations were measured using a condensation particle counter (TSI 3022 A, detecting particles >7 nm), located 3
km from the retirement home. Particulate matter concentrations (PM,, and PM, 5) were measured using a Low Volume
Sampler (LVS3; Leckel) positioned in the garden of the retirement home, 30 m from the residential road. Data on co-
pollutants (NO[J, O3) and meteorological conditions were gathered at a state urban background monitoring station and at the
Meteorological Institute in Munich. Hourly mean values were used to calculate individual exposures for 24-, 12-, 3- and
1-hour periods before venopuncture, as well as lagged exposures for lags 0, 1, and 2 calendar days. Biomarkers of
inflammation and coagulation, including C-reactive protein (CRP), fibrinogen, von Willebrand factor (VWF), plasminogen
activator inhibitor-1 (PAI-1) and factor VIII (FVIII), were analyzed. Associations between short-term exposure to air
pollutants (UFP, PM, s, and PM,,) and these biomarkers were assessed using linear mixed-effects regression models
adjusted for environmental and individual confounders. Two-pollutant and multipollutant models adjusted for NO[I and
O0. For UFP models, additional adjustments were made for PM, s levels.

Results. The study included 50 participants (mean age at baseline: 76.9 years; 51% female) with 576 total observations
(mean 11.5 per person) and identified positive associations between UFP, PM,,, and PM, s and CRP with specific time
points for each pollutant. Additionally, UFP was positively associated with PAI-1. Negative associations were observed
between UFP, PM,,, and PM, 5 and fibrinogen, FVIII, and vWF for various lagged time periods. Associations of UFP and
fine PM with fibrinogen were not robust to adjustment for NO[I, O[], or PM, s in multi-pollutant models, whereas
associations for other biomarkers remained largely consistent.

Discussion. Short-term exposure to concentrations of ambient UFP and fine particulate matter was associated with several
biomarkers of inflammation and coagulation in a panel study involving residents of a senior retirement home, and most
associations remained robust after co-pollutants adjustment.
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Studying adverse effects of diesel exhaust particles on human intestine tissue in vitro
G. Gunasingaml, R. Hel, A. Petri-Finkl’z, B. Rothen-Rutishauser' *

' Adolphe Merkle Institute, University of Fribourg, Chemin des Verdiers 4, 1700 Fribourg, Switzerland, 2Chemistry
Department, University of Fribourg, Chemin du Musée 8, 1700 Fribourg, Switzerland

Traffic-borne pollutants represent a major proportion of ambient air pollution and are known to contribute to adverse human
health effects. Fractions of these particles can be deposited within the respiratory tract upon inhalation. Ultrafine particles
(UFPs) can even translocate from the alveoli across the air-blood tissue barrier into the bloodstream and accumulate in
secondary organs beyond the lungs, such as the brain, liver, kidneys, and intestines. Understanding the impacts of UFPs on
secondary organs remains an area of active investigation.

This study aims to evaluate the effects of standard diesel exhaust particles (DEPs) on human intestine tissue in vitro. Direct
exposure to DEPs simulates particles that are swallowed after being cleared by the airway mucociliary activity after
inhalation and deposition in the airways. Indirect exposure simulates the components, including translocated particles from
the lungs and lung-derived mediators, circulating by the blood circulation to the secondary organs. Human intestinal tissues
composed of human enterocytes, and mucus-producing cells were cultured for 21 days, and then macrophages were added
to investigate these effects. Direct exposure involved treating intestinal tissues with DEPs at 5, 20, and 80 pg/mL
concentrations for 24, 48, and 72 hours. Indirect exposure used conditioned media from DEP-treated human lung tissues.
Biological responses, including inflammatory reactions, xenobiotic metabolism, and genotoxicity of the intestine tissue,
were analyzed.

We found that direct exposure to DEPs predominantly accentuated xenobiotic metabolism with the upregulation of genes
encoding for proteins such as aryl hydrocarbon receptor (AhR) and Cytochrome P450 monooxygenase, but no inflammatory
reactions. Indirect exposure with conditioned media primarily triggered inflammatory responses in intestinal cells, with an
increased release of the pro-inflammatory chemokine interleukin-8 (IL-8), suggesting that mediators originating from the
lungs are likely pivotal contributors to the observed secondary tissue effects. Furthermore, genes involved in DNA damage
and repair pathways - specifically ATR, CHEK2, and GADD454 - were upregulated in both direct and indirect exposure
scenarios, implicating DEPs in the potential induction of genotoxicity in intestinal cells.

Our findings reveal that DEPs adverse effects on human intestine tissue depending on the route of exposure and that lung-
mediated- pro-inflammatory mediators could influence the homoeostatic conditions of the tissue. Building on these insights,
we advocate for the indirect exposure approach in our further study utilizing conditioned media from advanced human lung
tissue cultures exposed to real-world engine emissions.

Acknowledgements:
¢ ULTRHAsS from the European Union’s Horizon 2020 research and innovative program under grant agreement No

955390
¢ Adolphe Merkle Foundation
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Associations between PM2.5 components, brake and tyre wear markers, ultrafine particles, and childhood cancers in
Canada

E. Lavignel, S. Weichenthalz, M. Cloutier!

"Environmental Health Science and Research Bureau, Health Canada, Ottawa, Ontario, Canada, 2Department of
Epidemiology, Biostatistics, and Occupational Health, McGill University, Montreal, Quebec, Canada

Background: Prenatal exposure to fine particulate matter (PM, ) and ultrafine particles (UFPs) is linked to childhood
cancers, but the role of its components, especially brake and tyre wear particles, are unclear. The objective of this study was
to examine the associations between early life PM, 5 components exposure and childhood cancer risk.

Methods: This was a retrospective epidemiological cohort study including over 6 million singleton live births across
Canada from 2000 to 2022, with follow-up until age 5 for cancer incidence. Early life exposure to PM, 5 components (black
carbon, dust, ammonium, nitrate, organic matter, sulfate, sea salt and metal components) as well as UFPs were assessed
from conception to 36 weeks as well as during childhood using residential address at birth to assign exposures.
PM, 5 concentrations and UFPs were estimated from satellite data, a chemical transport model, and ground-based
measurements. The primary outcome was cancer diagnosis by age 5 and subtypes included leukemia, non-Hodgkin
lymphoma and astrocytoma. Cox proportional hazards models assessed the associations between the exposures and cancer
incidence.

Results: Among over 6 million births, prenatal exposure to sulfate (SO,4), Barium [Ba] as a marker of brake dust and UFPs
were associated with the risk of astrocytoma, a type of brain tumor. The effects were particularly observed during the
second trimester of pregnancy exposure. Effects of SO, were found for the impact on acute lymphoblastic leukemia. Effects
appeared more pronounced among more deprived socioeconomic status populations.

Conclusions and Relevance: Prenatal PM, s components, UFPs and a specific marker of brake dust wear were associated
with specific types of childhood cancers. These findings underscore the need for further research to understand components
of particle’s role in the development of cancers in children.
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Heavy duty brake wear emissions: an on-road measurement campaign using a novel fully open sampling system.
M. Steinmetz', Q. Vroom', J. Aschersleben', R. Gijseman', A. Panagiotidou'
'TNO (NL)

In UNECE GTR24 a test procedure for brake wear emissions of light duty vehicles has been determined. In the Euro 7
regulation limit values have been agreed upon for light duty brake wear emissions. Meanwhile, official test procedures or
Euro 7 limit values for heavy duty have not yet been determined. A lot of research is currently ongoing on heavy-duty test
procedures and limit values. The research provides important insight into real-world heavy duty brake wear emissions by
taking a novel approach to on-road measurements with a fully open sampling system.

Current research into on-road brake wear emissions almost exclusively involves some form of encapsulating the braking
system. Although this provides clear advantages w.r.t. high emissions capture rate and elimination of external particle
sources, this will influence the heating and cooling behaviour of the braking system compared to the original configuration.
The open design measurement setup provides the possibility to measure the brake wear emissions and vehicle conditions in
an on-road setting, without artificially influencing the system temperature significantly. Most importantly a nozzle is
designed for sucking in the brake wear emissions nearby the source while also fitting within the wheel of the vehicle. The
design of the nozzle together with high flow suction provide the opportunity to measure the total brake wear emissions.

Extensive analysis of the on-road measurement campaign has provided valuable insights in temperature distributions and
corresponding particle emissions of on-road brake wear emissions allowing for the calculation of emission factors. Highest
particle number emissions per kilometre were seen during urban driving and the lowest during motorway driving. Moreover,
additional analyses were performed to study brake wear emissions during a typical delivery route, hilly driving and
congested motorway driving. After some filtering, brake temperature heating and cooling models were fitted and a model
for the number of emitted brake wear particles was derived.

This research was, in part, funded by the EU Pilot Project PP012101 [1].

[1] European Commission, Feasibility study on reduction of traffic-related particulate emissions by means of vehicle-
mounted fine dust filtration, PPO12101 Pilot project.
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Effect of pad material and regenerative braking on brake wear emissions
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Non-exhaust sources, including brake, tire and road wear, have been identified as a major source of current traffic-related
particle emissions [1]. Brake wear particle characteristics and quantity depend on factors such as vehicle properties, brake
material composition and driving characteristics. Recent studies have been conducted to analyze effect of these topics. For
instance, composition and structure of brake wear particles has been analyzed [2] as well as the effect of regenerative
braking on particle emissions [3], which is important topic due increasing number of hybrid and electric vehicles on roads.

In our study, a set of brake pads, from different manufactures, was purchased from local spare part suppliers. In total of 7
pads were tested with X-ray fluorescence (Olympus Vanta VMR) to obtain their elemental composition. Two of the pads
were selected for testing in a dynamometer bench: original pads and pads with low Cu and Fe content.

Brake particle emissions were tested in a measurement campaign using a dynamometer with WLTP brake cycle and with
repetitive from constant speed to stop cycle. Increased mass of the vehicle was simulated by increasing the brake torque
demand and effect of regeneration by decreasing the torque demand. Several type of particle properties were measured, for
instance PM10, PN10 and size distribution.

There were significant differences in the chemical composition of the analyzed pads. Light elements (LE<Mg) were the
most abundant and could not be specified with the XRF. Amount of Fe (0.7-35%), Cu (0-11%), Zn (0-10%) and Ba
(0.1-30%) varied significantly between the pads. Mg, Al, Si and S were detected from all the pads.

The brake pads with low Cu and Fe content were consistently found to produce lower (-30...-90%) PM and PN emissions
than the original pads. Regenerative braking reduced PM10 and PN10 emissions significantly in most cases, often more than
-50%. However, in some cases, relatively high PN10 concentrations were observed during regenerative braking although the
brake pressures and resulting torques were low compared to normal braking. Also during heavy braking, where the share of
the regeneration is low, the particle concentrations were close to conventional braking.

This research was conducted as part of NEX-EL project (www.nexel.fi) funded by Business Finland (grant number
7806/31/2022) and Finnish companies. Authors acknowledge project partner Dekati for providing instruments to the
measurements.

[1] R. M. Harrison, J. Allan, D. Carruthers, et al., Atmospheric Environment; 2021, 262, 118592.
[2] C. Neukirchen, M. R. Saraji-Bozorgzad, M. Méder, et al., Journal of Hazardous Materials, 2024, 482, 136609.
[3] H. Hagino, Atmosphere, 2024, 15, 75.
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Beyond Emission Factors: Brembo’s Protocol for Chemical and Toxicological Analysis of Brake Wear Particles
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Air quality remains one of the significant risks to both human health and environment. To address this challenge, regulations
like EURO 7 have been introduced to reduce harmful emissions and improve air quality. Notably, introduction of EURO 7
marks a turning point by including, for the first time, limitations on non-exhaust emissions, such as those generated by
brakes. However, the emission factor defined in EURO 7, expressed in terms of mass of PM;, particles generated per
kilometer, provides only a partial understanding of the impact of brake emissions on air pollution. To fully assess their
effects, it is essential to go beyond quantity and investigate the chemical composition and toxicological response of these
emissions, offering deeper insights into their potential risks to health and environment.

This work presents analytical protocols for the chemical and toxicological characterization of brake emissions. Emissions
are collected using a GTR-compliant dynamometric bench at the Brembo Testing Department, simulating standard driving
and braking conditions under the WLTP (Worldwide Harmonized Light Vehicle Test Procedure) cycle. Key parameters
such as emission factors, relative wear of pads and discs, and particle number (PN) are recorded during sampling.

For chemical characterization, emissions are analyzed using a range of techniques: SEM/EDS for morphology and elemental
composition, XRD for crystalline compounds, Raman spectroscopy for crystalline and amorphous compounds, XANES for
metal speciation, ICP-MS for trace element quantification, and SEM with Image Analysis for particle size distribution. The
presence of specific organic compounds, such PAHs and PCBs, is also evaluated using additional analytical methods, such
as GC-MS analysis.

Toxicological characterization assesses both cytotoxicity and ecotoxicity. For cytotoxicity, A549 lung epithelial cells are
exposed to emissions in submerged conditions via drop deposition, with endpoints such as cell viability (Alamar Blue), ROS
generation, mitochondrial membrane potential (JC-1), and caspase activity. Ecotoxicity evaluations include a chronic
aquatic toxicity test with Raphidocelis subcapitata (OECD 201, 2011), an acute immobilization test with Daphnia magna
(OECD 202, 2004) and assessments using Vibrio fischeri (ISO 11348-3, 2007). Phytotoxicity is examined using Lepidium
sativum in accordance with UNICHIM guideline 1651 (2003).

This comprehensive protocol provides a robust framework for understanding the environmental and health impacts of brake
emissions. For each methodology presented above example of results obtained for PM, 5 brake wear emissions using friction
couple composed by grey-cast-iron brake disc and ECE R90 Low Metallic brake pads will be presented and discussed.
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Characterization of UFP Emissions at a Railway Brake Test Bench
D. Obandol, U. Vogt], D. Straubl, J. M. Duran’
'Universitit Stuttgart. Institut fiir Feuerungs- und Kraftwerkstechnik — IFK

Introduction: Although non-exhaust emissions have been the focus of attention in recent years, even more so with the
introduction of the Euro-7 vehicle legislation, these emissions in rail transport have been neglected or little investigated,
especially in the range of UFP[1].

A report published by the German Federal Environmental Agency compared PM emissions from various passenger and
freight transport modes (land, sea, and air). While rail transport emits fewer pollutants than road transport, it still has
environmental impacts. However, this analysis omitted non-exhaust emissions creating a significant data gap regarding rail
transport's total PM contribution [2].

The present study focuses on addressing this issue by determining the brake related emissions.

Methodology: Measurements of UFP were carried out on a railway brake test bench using a measuring program based on
the technical standard UIC 541-4 [3] and DIN EN 16452:2019 [4]. 7 braking cycles were performed, consisting of 50
repetitions each, in which operating parameters such as initial speed (30, 60 and 100 km/h), mass to be braked (loaded and
empty train) and contact force (9 and 38 kN) were considered.

To measure UFP (10-300 nm) within the exhaust tube, a diffusion charger (DISCmini from Testo) was employed. Fine and
coarse particle concentrations were determined using an impactor (3 levels from Dekati) and an aerosol spectrometer
(GRIMM EDM 180). A Prandtl pipe was used for flow measurement.

Results: A peak in UFP concentrations was clearly observed in each repetition of the braking in all cycles. While, for the
lowest initial speeds, the concentration of particles emitted was around 1E4 l/em?, in the case of the highest speeds, an
exponential increase in the emission was evidenced and reached outside the upper measurement limit of the device (> 3E6
1/ecm’). With respect to the average particle size, when the initial speed was 30 km/h, the average particle size was slightly
reduced in the first seconds of the braking, reaching 35 nm and then increasing during the rest of the braking to more than
100 nm.

When the initial speeds were 60 and 100 km/h, the braking times were considerably longer, leading to more complex
relationships between the two variables analyzed (number and average particle size). The average size was repeatedly below
15 nm and the number concentrations above 1E6 1/cm’.

Conclusions and outlook: This study provides data to fill the gap by using standardized test for the quantification of UFP
emissions under varying braking conditions. The results show exponential relation between initial speed and particle number
emission with complex variations in particle sizes. Additional research is required to fully characterize the UFP emissions
including different kind of braking pads, as well as the chemical composition of particles in the ultrafine range, to assess
their impact and develop solutions to reduce their emission.

[1] Fruhwirt D, Nost T, Leonhardt P, Leitner M, Brunnhofer P, Bode G, Michael S, Rodler J. Transportation Research Part D: Transport and Environment; DOI:
10.1016/j.trd.2024.104181

[2] Allekotte M, Althaus H, Bergk F, Biemann K, Knorr W., Sutter D. Umweltfreundlich Mobil!: Ein 6kologischer Verkehrsartenvergleich fiir den Personen- und Giiterverkehr in
Deutschland. Dessau-Rof3blau; 2021

[3] International Union of Railways. UIC 541-4:2020 Brakes - Composite brake blocks: General conditions for certification and use. 2020

[4] Deutsches Institut fiir Normung. DIN EN 16452:2019 Railway applications - Braking - Brake blocks; 45.040; 45.060.01 (16452). Briissel: European Committe for
Standardization, 2019
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Physical and chemical characterization of brake and tyre wear measured on a custom-built combined dynamometer
C. Neukirchen', M. Reza Saraji-Bozorgzad', M. Miader®, A. P. Mudan', T. Adam'*
'University of the Bundeswehr Munich, “HDC Blueprints

Automotive non-exhaust emissions, such as brake- and tyre wear are of rising interest, since they will be regulated for the
first time with the EURO 7 regulation. While the majority of the particle mass of these abrasion derived particles is between
1 and 10 um, a considerable percentage of the particle number is also generated in the nanoparticle range [1]. These
particles can penetrate deep into the lungs, where they deposit in the alveoli and eventually reach the bloodstream via the
blood-air barrier [2].

In this study particles generated from non-asbestos organic brake pads (NAO) and so called low metallic brake pads (LM),
as well as summer, winter and all-season tyres were characterized regarding their emitted particle mass (PM), particle
numbers (PN), as well as their size and morphology utilizing the WLTP brake cycle. A newly developed custom-built
dynamometer that is capable of individual and simultaneous measurement of brake and tyre wear, was employed. This
unique combined testing approach, which is the first dynamometer of its kind worldwide, allows for a more accurate
comparison of contributions from the individual sources, compared to studies from single source dynamometers, which each
have varying designs and particle transport efficiencies. To minimize particle losses and ensure realistic testing procedures,
the dynamometer components, where applicable, were derived from the GTR24 specifications that regulate brake wear
emission testing as part of the EURO 7. The custom-built brake and tyre wear dynamometer is depicted in figure 1.

Elemental analysis carried out via ICP-MS was used to determine heavy metal emission factors for individual sources.
Furthermore SEM/EDX analysis was conducted to study the distribution of elements among different size ranges that
were generated. Extracts of tyre particle containing filters were further analyzed for 20 organic tyre marker molecules.
Distinct chemical changes, caused by processes such as thermal degradation and tribo-oxidation, that significantly
changed compositions from the initial material to emitted particles, as well as a large contribution of the brake disc were
observable based on chemical patterns.

[1] T. Grigoratos and G. Martini, Environmental Science and Pollution Research International, 2015 22(4), 2491-2504.

[2] G. Bachler et al., Particle and Fibre Toxicology, 2015, 12(1), 18.
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