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Abstract: As a result of rising environmental awareness, vehicle-related emissions such as particulate
matter are subject to increasing criticism. The air pollution in urban areas is especially linked to
health risks. The connection between vehicle-related particle emissions and ambient air quality
is highly complex. Therefore, a methodology is presented to evaluate the influence of different
vehicle-related sources such as exhaust particles, brake wear and tire and road wear particles (TRWP)
on ambient particulate matter (PM). In a first step, particle measurements were conducted based
on field trials with an instrumented vehicle to determine the main influence parameters for each
emission source. Afterwards, a simplified approach for a qualitative prediction of vehicle-related
particle emissions is derived. In a next step, a virtual inner-city scenario is set up. This includes a
vehicle simulation environment for predicting the local emission hot spots as well as a computational
fluid dynamics model (CFD) to account for particle dispersion in the environment. This methodology
allows for the investigation of emissions pathways from the point of generation up to the point of
their emission potential.

Keywords: particle emissions; particulate matter; non exhaust emissions; brake wear emissions;
exhaust emissions; tire particle emissions; TRWP; tire wear; ambient air quality; PM inventory;
emissions prediction

1. Introduction

As a result of negative health effects linked to particulate matter exposure, limits were
introduced for ambient PM;g and PM; 5 concentrations in Europe. On the vehicle side,
exhaust PN and PM emissions were limited as well. However, it is expected that non-
exhaust sources already exceed exhaust emissions. Brake wear and TRWP are not subject
to legal regulation [1]. The relationship between ambient PM concentrations and vehicle
emissions is very complex and influenced by numerous parameters. In order to develop
effective protective measures, a holistic approach is necessary. The main sources have to be
identified and put into relation. Furthermore, the particle dispersion in the environment
has to be taken into account. The exposure concentration level of each particle sources has
to be determined individually. Within this work, a novel simulation approach is presented
to predict vehicle-related emissions as well as particle dispersion in the environment.

In a first step, a literature review was conducted regarding methods for vehicle-related
particle emission prediction. Domingues et al. used an artificial neuronal network (ANN)
as well as symbolic regression in order to predict exhaust emissions such as Op, NOx
and particle number [2]. Ghiasi et al. applied an ANN for the prediction of parameters
for an exhaust after-treatment system [3]. Ricciardi presented a semi-empirical brake
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wear model. Furthermore, brake wear emissions were predicted using an ANN [4]. Riva
et al. used an FEA approach for the prediction of macroscopic brake wear and air-borne
particle emissions. Therefore, the influence of the local contact pressure and sliding speed
was included into the model. For this purpose, wear and emission maps from pin-on-
disc tests were implemented [5]. Sasa et al. presented an approach for the prediction of
PM; and PM; 5 brake wear emissions using a neural network. Based on an inertia brake
dynamometer, the neural network was trained and validated. In addition, different ANN
algorithms were compared [6]. Nguyen et al. developed a mathematical tire wear model.
The model includes the influence of directional effects and wear history. Additionally,
local contact conditions such as temperature, sliding speed and contact pressure were
implemented. The model was validated by experiment (Grosch wheel) [7]. Braghin et al.
presented a methodology for the prediction of global tire wear and local wear distribution.
A mathematical tire model was combined with an experimentally determined local friction
and wear law [8]. Ivanov modelled the influence of longitudinal and lateral slip on tire
wear. The model was applied for the investigation of wear loss [9]. Feifiel et al. presented
an approach for the estimation of air-borne TRWP emissions as a function of lateral and
longitudinal acceleration as well as vehicle velocity [10]. As it can be seen from this review,
several approaches for modeling and prediction of exhaust, brake and tire emissions already
exist. However, few of them include air-borne particles.

In order to improve the evaluation of the toxic potential of air-borne particles, it is
necessary to create a holistic methodology that can be used to determine the exposure
concentration in the ambient air. Therefore, a CFD model can provide insights into the
particle dispersion process. Likewise, a literature review has been conducted for this
topic. Wingstedt and Reif analyzed the particle transport and deposition for different
wind conditions in an urban environment. The study investigated a vehicle as a moving
emission source. It was found that the wind velocity has a decisive influence on the
horizontal and vertical particle dispersion [11]. Nikolova et al. investigated the dispersion
of ultrafine particles (UFP) based on an inner-city scenario in Antwerp [12]. Gidhagen
et al. analyzed the particle concentration within a street canyon in order to determine the
relevance of aerosol dynamic processes such as coagulation and deposition [13]. Amorim
et al. investigated the influence of urban trees on the dispersion of toxicity in the air in
Aveiro and Lisbon. Therefore, the respective mean wind values were applied as boundary
conditions. Due to the aerodynamic blocking effect of the trees, a reduced exchange
rate of the polluted air was observed [14]. Wang and Zhang analyzed the air quality
near streets in Los Angeles. Since an increase in local turbulence due to the traffic was
expected, simplified block-shaped modelled vehicles were included in the model [15].
Pospisil and Jicha investigated the relationship between the wind speed and the associated
particle resuspension. The study showed that above a certain threshold of the wind speed,
deposited particles are resuspended, which leads to an increased particle concentration
within street canyons [16]. Camelli et al. analyzed the influence of tall buildings (chimney
effect) on the vertical particle dispersion in Manhattan. Furthermore, the influence of the
street layout on the lateral dispersion was investigated [17].

As shown in the review, various individual approaches exist for the prediction of
emissions as a function of vehicle dynamic parameters. The same applies for the prediction
of particle dispersion within street canyons. However, a holistic approach connecting both
models is still missing.

Within this work, a novel methodology for the tracking of particle pathways from the
point of formation up to the dispersion in the environment is presented. It contains a first
approach for the generation of an emission database, the derivation of emission predictors
and finally the transfer into a flow model to account for particle-air-interaction. At first,
an emission database for all relevant particle sources was created based on field trails. In
a next step, a methodology for emission prediction was derived and implemented into
a vehicle simulation environment. To analyze the influence on the ambient air quality, a
corresponding CFD model was applied. Consequently, particle dilution and trans-location
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2. Materials and Metheds

2.1. Framework
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2.2. Measurement Set-Up
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vehicle under realistic conditions. The vehicle, shown in Figure 2, has a diesel engine with
a displacement of 1968 cm® and a maximum power of 75 kW at 3500 rpm. The total mass of
the vehicle is 2150 kg. It is equipped with summer tires (255/45 R18) and ECE brake pads.
Exhaust emissions are sampled by a probe placed inside the exhaust pipe. An exhaust flow
meter (EFM) is used to determine the exhaust gas volume flow. Brake wear and TRWP
emissions are sampled by two separate constant volume sampling systems (CVS). Subject
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In order to compare different particle sources, the sample volume flow must be taken
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constant volume flow (120 m®/h), the  exhaust gas volume flow varies depending on

the load condition and the engine rpm. The respective volume flows are recorded with

volume flow sensors. By multiplying particle concentration PC and sample flow V;, the

corresponding normalized emission factor PC ([mg/s] and [#/s]) can be determined.

Furthermore, a measurement efficiency factor ME is introduced accounting for particle
losses due to inlet and deposition losses.
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2.3. Simulation Environment

To investigate the relationship between vehicle-related emissions and ambient PMuio,
an inner-city scenario based on the example of the city of Erfurt was chosen. The focus is
on a specific street (Bergstrafie), where an environmental measuring station for air pollu-
tants monitoring is located. This allows the comparison of measured and predicted @mibii4

ent air concentrations.

As shown in Figure 3a, a vehicle simulation model of the district was set up with the
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Fl'fﬂfs 3: Simulation environment (Effurt, Germany): (3) vehicle simulation medel (B) €FD model
(global wind dirsstion: west/aRuh wind weed 10 Z@(m)

Fherhoosereotar partiviel digpepbivnarofhd toivirdniéntisidhmeshiag algpsékin gnas
appliedpesidtingGRl tatadletadf chunityf st&iddio b detmdathaegiwmetdiad @EBhcvds
ANENSI Rt garissecs Hagres il iftiari day exnslyvile bufikdilagenwdrickejesssohttd ODeataite
snshins aayrs valiieredsydre hegleet8ddigesed rbactiseah thilehshdalrviol Figecafbb¢hiothivatiwatlg
veftoeshasthehoiditysindetsdargenosicdidrediferdatedias alfventimrs ofrthesgl thabwriadesis ewat
ansi grleHad swigld adiyeirtlohit The efiodel apntphesdhreavedletithin theiftonn fedentatid, kine &f
thSBivimobmiente medslieapgriteda hotuerestraf ity fs5dhengha ot Alent viscosity
ratio Bifid friedebunvetfartotahditletelandeanftl¥)® m3. A hybrid-meshing algorithm was
applied resulting in a total cell count of 1.5*10°. The boundary region of the mesh was
covered with 10 prism shaped inflation layers with a fist layer thickness of 1*10~3 m to
ensure a y* value of y* = 1. The 8 edge surfaces of the model volume can be individually
defined as velocity inlets to account for different wind directions. In case the surface is not
assigned as velocity inlet it is defined as a pressure outlet. For the flow calculation, the
k-w-SST turbulence model is applied. A turbulent intensity of 5% and a turbulent viscosity
ratio of 10 is assumed for both inlets and outlets.

To predict the particle dispersion in the environment, a method for the implementa-
tion of the previously predicted particle emissions was developed. For this purpose, an
input file is required. This file contains the normalized emission factor PC, the injection
coordinate position (x,y,z), the particle diameter d, and the vehicle velocity vector Vo
The particles are injected after the flow filed calculation reached its convergence criterion
(residuals < 1¥1073). The particle tracking is based on the discrete phase model (DPM).
Therefore, spherical model particles (parcels) in a size range between 1 and 10 um are



Atmosphere 2022, 13, 1924

LV et ML pal VL Wlopb ol A R BtV LA AL A A UL R A e L e
tion of the previously predicted particle emissions was developed. For this purpose, an
input file is required. This file contains the normalized emission factor PC, the injection
coordinate position (x,y,z), the particle diameter d,, and the vehicle velocity vector .
The particles are injected after the flow filed calculation reached its convergence criterion
(residuals < 1¥10%). The particle tracking is based on the discrete phase model (9P,

Longitudinal Acceleration (g)

Therefore, spherical model particles (parcels) in a size range between 1 and 10 um are
tracked within the flow field while a particle density of p, =1 g/cm? is assumed (aerody-
trachiddiwithire tha d avcbietd fohilelbupenticlie sensity, ofqehastgramllistaaskingdviasea-
dphednidisireretand dmavediunt sde b ithd entrdispessiandsachasiicppeticlerisgskd pg rtiake
arabled (discsetasarolam tyalk modd) phheaiyivbes efddaddro viadk repestipnapeapddithn

sbreagie. praje aRiries! Cdndefakthy, 1&1@%@@1@%@1&asheé:ﬁqmﬁrﬁzmﬁﬁtmlamb%mm
afdheisajestaigem Sseasequently, the local particle concentration within the ambient air

volume was estimated.

3. Results
3. Results

31 LSS B ’é’%@so‘}fﬁzﬂ/é’c‘ileé%%’%%‘%’%b%”

. B }}eefr{‘vvees%“ ation of dhe corsla %’ﬁ‘%’&wggﬁ‘vvgﬁlccﬂe ﬁ‘g%%&s 4R }ﬁaarr 1‘888&‘%5:
811&11155 ff ‘i({i tr aﬁs wereec%%&it}%:(’}t(ecii IEor a 1 Ve%lc(ie reelaacte(f1 I?ar]ﬁlc‘ieessc? rIE:Ceess’t eer{})%% 1lzZee
Smissigneackerasdriermingdas afinesionforshicls unamispasamsiersy the sfudy
padersd g{lealr&%ﬂ{f@ﬁﬁs%{aﬁéleﬁﬁﬁﬁmkﬁwmgrleg}ag @sdFL) A8/ ek
1SYE BB SUBRSS BrsREBEFmOh K Ribd DaEAhs TR e i) 2ndkaai 1;
SN SSESNLP 46 ik }ﬂm@a‘aﬁleaﬁ&lém}s othaie of drdngarivendeadtialisnaih of iy
A9 abRe PRI B SY L3 RRL/A. 55 km/h.

sl samhuatAR sl ARYEChaR i lesns iaYo RS- Mg hanifRt SReFayheae
UadleUndsr iderlieRnditions enlpsiRdioxdlecr aled Mdspbioges seneRtetR adnHit
rdsr éseﬂdq%ﬂgtl@Héqmsﬁuﬂmepmf&&%'aﬁ&ﬁh%%r taifqeadasicajedrsdred:
Hfé§eTﬁ@mm@ﬁﬁﬁhﬁammﬁﬁrmgﬁa%@mmﬁﬁ%amﬁdcmg idast
SPeistes SEMHIQBEN a5 3vEldlasroahic sornthsr forr b partisiesyipsjons [19].

T Hilgwee Atthecepreglatinnheineentthediriming cenndl itipns andl st amissisnsiis
st As expediad, the hiighest eniission values ake shserved duiing aeedlarationanaits
intheuppar engine torgueandl apmrange. The vehidle compliies witth the Eums® emikssiss
sttanttatlaandid qqippeedvirith diciebglapactectidtbittaihd heeasaastnent eaduiesebafeenfiba
difeceffesiisenéshobthewthdtiat abemtcea gperhsyStearall) veeathe tha reesnigdoentidsion
arelues avergparatimgbprativédydbw level.

Exhaust Emissions ><110'5 100 Exhaust Emissions ><110'5
0.4 0.8 0.8
0.2t §
06 2 9 06 2
- S
°f = E E
0.4 = 2 0.4 =
[ T o
0.2 | &
m
04t 0.2 0.2
-0.6 - ' : - . 0 0
-0.6 -04 -02 0 0.2 0.4
Lateral Acceleration (g) Velocity (km/h)
(a) (b)

Higte - Cqalation Ratvsst vahigle dhmamics AR Rathigle Ransmtinn: st SHTRons 25
AHRSHIN S )il RIS TR () SIS Re b e A UsLReY

Friction brakes are based on the conversion of kinetic energy into thermal energy.
They are most commonly used to control and regulate the vehicle speed of vehicles with
conventional internal combustion engines. One way to reduce brake-related emissions
effectively is to use vehicles with regenerative braking systems (electric drive or hybrid
drive). Under specific operating conditions, the regenerative electric drive can replace
the function of the friction brake [20]. The brake system consists of the brake disk and
the brake linings. During the braking event, the boundary layer undergoes continuous
buildup and degradation due to wear mechanisms. The third layer is composed of the
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Figute 5: Eorrelation between vehielg égﬂamieé and particle éileﬁ‘@féﬁsﬂ Brake wear emissions as a
FHReHSR Sf (3) vehicls dessleration; (b) Braks pressiys and velide spssd:
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the sinel ainel riae] rodsichvlvighisles dseth anechlaabeabidlorasianhanid e tiornuitiathef cebles
paathd geattitlesn( Innaddd It éitibe sortbemie-hemivhipstierg@ pargo pait abtlagiderasies
(28694pi9 QM) tteeinmitthd fortheofarivief plastiz platidgzantithes neithsives wmto hrtha chsdlod
hagh efrhighi atness;da ¢ina sech peeatemgaratieas! dantliact drittiltiv-o pidatisse prOoessepu by,
segnanitipfmeparticdénep@dtiohel (sl 3daum)Idan occur [1].

Figure 6 shows the relationship between the diriving diymamics amd TRWIP emissions.
Opposed to tthemesssireeneerh b6 Exhaststad biadakennisdsionth eldr divgrigsteste recar ried
oietlaoud pnav g giragp oot dorce dack Gawlug doundli émidere froas fotne rotitad i crpfhiti gipetidss.
Prentio®sbyvtomslyateddastettitess babees buthd B EheoRIpHanhtgdtaytctesdidynlet didwot
sleaw coctedationrbettivgebdhecd i viegldyhagndssnand gsartidlp emidtsiomd sdioh sadthe toptbe
spepkag pYistersyspamigtoatignranidthenkdighentiphen ohbisterbdisearbariablearialplublia
paislitradiaa thhefefdieetbforaptieatiesn the RPHheRIPEVEclepras vepebdm tbé
test track. However, due to the layout of the test site, the motorway segments could not be
reproduced to full extend resulting in a shorter cycle distance of 37 km. TRWP emissions
mainly occur during accelerated driving maneuvers as a result of the force transmission.
The largest contribution of tire emissions is observed during cornering. Furthermore, the
relative velocity between the tire and the road (slip velocity) is of importance.

PC = f(dp,pp,...) * Pys, )
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strong simplification, vehicle emissions can be estimated as a function of power transmis-
sion. The frictional power, transmitted at the vehicle brakes and tires, is primarily con-
verted into thermal energy. A further power component is responsible for the wear gen-
eration. Therefore, a proportionality between power transmission P,,, and the particle
emission factor PC is assumed, which can be describe by a transfer function f(d,, gyef19
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hsiRroRleaR R PEs Qésthaehidicmas vedditdpraiudinahaedrlaiaish fitestion. A
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wéleinkinpgriver Ry daking infloanceypatengiteed éogbeaké, pandctngimissiiatiortad setidnal
Pogeretdgnsmitted at the tire-road interface P; is determined based on the wheel forces
acting ablerigitudinabath® ln¢speatiivectioriss avefhatdte fetalivéw eliodi N dre twhendthertind
puohitie trebriiissioainvdole prasemt ofgoacd trectspisgiontien ity tEt dvefore cthiedriidiong)
plotivervttaicbenitbed et tinel rogitudihabankd atedatidérecitoral dtlhtghemdhatidapdedie ace
spestive Liviay atsb Py arcen tribienef Sepipkictehosse o haérpegldutetidg eofifitisteipe somad
the vehicle cross sectional area A, have to be taken into account. As shown in Figure 6,
lateral and longitudinal acceleration are the main influence variables of TRWP formation.
Similarly, exhaust emissions can be estimated as a function of engine power P, taking into
account engine torque M, and engine rotational speed 1, (Figure 4).

Table 1 outlines the respective emission factors for PM;g and PN as a function of
power transmission while assuming a direct proportionality. Therefore, the frictional
power transmitted at the front right brake and tire was calculated and related to the
respective PMjy and PN concentration. Sampling losses are neglected in a first step, since
the measurement efficiency factor (ME) cannot be validly determined. However, it has to
be considered that especially the TRWP-measurement is subject to major sampling losses
due to the open sampling system configuration [18].
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be considered that especially the TRWP-measurement is subject to major sampling losses
due to the open sampling system configuration [18].

Table 1. Estimation of vehicle-related particle emissions (PM1 and PN) as a function of power trans-
mission. 9 of 14

Source

Power (Kw) PMio (mg/kWs) PN (#/kWs)

Brake
TRWP
Exhaust
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P; eragthisbignt 0.50,.CaA,v7) * v ~0.051 ~4.21 * 108
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cordpses (AR Mggggqgmﬁgﬁ%ﬁcatlon 400x). The number of particles and the

re]ﬁ gdl%aétld%%z sst‘ﬂgr% ren%“é‘ ‘%ﬁ‘“& elmf‘ea&‘i);aeﬁ? Hpn 5815‘9"“1{]» GO SFNFRWP
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relgted pastige siges. were determined using an image recognition software. According to

the mass related size distribution, the previously predicted TRWP particle stream was
subdivided into ten discrete particle streams (size range: 1 um-10 um). The particle
streams were injected into the flow field to determine the local PMio concentration as a
result of the TRWP contribution.
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of the measurement inlet.
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The presented method allows the estimation of the generatlon of particle emissions
from different sources depending on the vehicle type and driving behavior. Furthermore,
the influence on the ambient air quality can be estimated taking into account global and
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the influence on the ambient air quality can be estimated taking into account global and
local wind conditions as well as particle transport within the street canyons (heat map).
Therefore, the presented approach represents an excellent tool for the assessment of the
effectiveness of protective measures (i.e., speed limits, bans for certain vehicle types, etc.).
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List of abbreviations

Abbreviation Name

PN Particle Number

PM Particulate Matter

TRWP Tire and Road Wear Particles

CFD Computational Fluid Dynamics

ANN Artificial Neural Network

UFP Ultra Fine Particles

EFM Exhaust Flow Meter

CVS Constant Volume Sampling

DPM Discrete Phase Model

PSD Particle Size Distribution

RDE Real Driving Emissions

List of nomenclature

Symbol Quantity Unit
PC Particle flow (number/mass) (#/s) (mg/s)
v Sample volume flow (m3/s)
ME Measurement efficiency (%)

dp Particle diameter (m)

Op Particle density (kg/m?3)
Py, Frictional power (brake) W)

P Frictional power (tire) W)

P, Engine power W)

Py Brake pressure (bar)
Ay Brake pad contact area (m?)
Up Coefficient of friction (disc/pad)  (-)

(4 Brake disc velocity (m/s)
My Vehicle mass (kg)
Axy Longitudinal/lateral acceleration  (g)

Qa Density (air) (kg/ m?)
cq Drag coefficient )

Ay Cross sectional area (vehicle) (m?)
Uy Vehicle speed (m/s)
Vs Slip velocity (m/s)
1e Engine rpm (1/s)
M, Engine torque (Nm)
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