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Summary Friction brakes and tires are integral systems or compotiegitsare cruciatluring normal drivingand

emergency maneuvejs|.

Brakes and tires wortogether to deliver multiple functions and features, providing safe, comfortable, and
effective driving to occupants while protecting vulnerable road users, its eadthevehicle'sintegrity.
Besides providing safe deceleration and holding#hstationary (on demand), friction brakalso perform
other functions during driving. E.groviding full (orpartialas part of regenerative braking) decelerating
torque,wheelslip control on dry, wet or icy surfaces;ting duringdriving (including tansverse) dynamider
the Electronic Stability Control (ESC) and Traction Con8gdtem(TCS); supplemental transverse dynamic
during enhaced understeer contrabllover preventionor trailer sway mitigation; special driving dynamics
for commercial vehicles including directional stability for comhioatvehicles, and reducing risk of
overturning for single or combination vehicles) during quatationaryanddynamic vehicle maneuvers; and
automatic brake sysinoperation including pneumatic or hyadilic brake assist, automatic brake pressure
increase at the rear wheels, automatic brake pressure increase with forceful brake pedal input, brake d
automatic prefill, electromechial parking brake (EPBJill-hold control, hill descent control, Automatic
Emergency Braking (AEB), and active brake applmaduring Automatic Cruise Control (ACC).

Tires are the only componeritgat connect the vehicle to the road, providing active séfedyigh the vehicle's|
power transmissioduring normal driving and steering, as well as during braking A8, ESC, and TCS.
Tires also perform multiple functions during driving. E.g., cushion, daurrake, accelerate, hold stationary
steer, and transmit vehicle dynamic forces in three directisinsultaneouslyTires can operaten various
surfaces, including dry or wet roads, snow, mud,asphalt, concrete, gravel, or dirt roads. Tires need to
absorb overloads, roll straight, provide precise intended steering, absorb road irregatatitigsacts,and
deliver vibration damping and comfas part of the suspension system.

During their life in the vehicle, the contact (intentional or not) between the friction material and its matin
or drum, and between the tire and the road, friction braikes and the road itselfiear (through highly
dynamic ad complex mechanismgkleasing wear debris, particulate matter, and gaseous organic and v
compounds into theoad,soil, runoff water, and the atmosphere.

To gain a deepemore comprehensive understandingofirexhaust particulate matter from brakes, tires, a
road surfaces, this report presents a systematic review of over 300 studies, with a focus on recEimé work
reviewevaluates emission factors, test methods, chemical composition, and mitigation strasegalsas
regulatory developmensuch as Euro 7. The review emphasizes harmonized testing (e.g., GTR 24, £&8D
UNR[XXX] for C1 tireg, identifies key influencing factoreind research gajor future studiesAlthough the
main methods for brake emissions and tire abrasion have matured significantly over the past several yg¢
substantiapercentage of brake systems and tires sold in the European market today require redesign o
reformulation before pursuing type approval in the next decade, as Euro 7 is implemented and comes i
Test cycles for light vehicledakes and tires) have matured into draft European regulations with
corresponding limits. Laboratory methods for brakengstycles for commercial vehicleas well as
laboratory (indoor) or operoad testing, along with the corresponding limits (for brake emissions or tire
abrasion index), aren the agenda of multiple working, advisory, or negotiating groupstleerext 10 years.

Even though testing methods and laboratory setups are well developed for several test cases and appl
the lack of the proper documentation or standard methods, insufficient validation protocolsthagher
expected or nonexplainable measurementbdity, low repeatability / Reproducibility, or absence of recen
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experimental results using realistic test cycles, hinder the ability of researchers (and other stakeholders
compare among different technical solutions, testing methods, results, and propose limits that both alig
the objectives of the Europeéimion and other regions, and are achievable by individual vehicle or comp
manufacturers, including the aftermarket segments. At the time of this report, other countries (e.g., Sou
and China) are considerirglopting Euro felated limits andegulations, with timelinesarying bycountry.
The United States does not have any public announcement related to state or federal proposed rulema
non-exhaust emissions from anad vehicles at the time of this report. Also on tires (except for the ongoin
work under the auspices thfe United Nations and a few projects in California) it becameoab\during the
preparation of this report the lack of a new (publicly available) body of knowledge (also moabléacel
using standardized methoasd reports) on tire abrasion or emissions to quantify the impact of new tire a
vehicle technology.

Another dimension of developments portrayed in this report includes technologies to miidatdate matter
generation, ranging from disc coatings to regenerative braking, as well as new brake formiNatiotise
compounds or designs and their impact on tire abrasion or tire emissions have not found their way into
world of journal publications at the time edmpletingthis report.

Two salient topics related to both brake anddir@ssions are the increased interest in measuring volatile
organic compoundt® account for secondary emissions and more advanced simulations to estimate the
transport and fate of particulate matter ingdural receptors (e.g., soil, water, air, anddoeered regions).

Lastly, the authors present a series of possible research projects or topics the industry can consider in
along with a list of main entities leading research, developmerdgolatory work on norexhaust emissions.

This report is nointended to be comprehensive ofstlidiesaboutnon-exhaust emission®ather it highlights
important or pivotal studiemnd encourages the reader to follow closely the development and dynamics g
upcoming regulatory work in the European Union, as well as to monitor the development of similar man
or regulations in other regions owee coming decadéastly, with theabundance of research papers and
publications, the reader must stay up to date by subscribing to notificationsgr scientific journals and
actively attendingndustry events.

Keywords Brake wear, tire abrasion, n@xhaust emissions, R PM. s, particle number, Euro 7, GTR 24, UNR 117,
WLTP, CBDC, LCA, microplastics
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AbbreviatDescription

e/ B Emi ssion factor per brake corner

é/ s Emi ssion factor per stop

él/ Vv Emi ssion factor per vehicle

3H ACT Los Angel edDy@iatmpo memwat hhTarusr8 dur ati on

3PMSF ThrReak Mountain and Snowfl ake Tire Design for sevce
ADAC Al l gemeiner Deil sbhéd i Aetramdlyi ' Gener al Ger man Aut o
AEB Aut omatic Emergency Braking

ANOVA Analysis of Variance

AP Aerodynamic Particle Sizer

ARTEMI S Assessment and Reliability of Transport Emission M
ATR Attenuated Total Reflection

BEV Battery Electric Vehicle

BR But adi ene Rubber

BSL Brake Systems Laboratory (formerly a General Mot or
BW Brake wear
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AbbreviatDescription

B Wi Brake Wear | ndex

B WP Brake Wear Particles

BWPM Brake Wear Particulate Matter

C Friction Brake Share Coefficient for GTR 24; Carbo
Ccl1 Tires in conformance with UNECE Regulation No. 30

clec21 St r acihgahitn al kanes for different numbers of C (carbc
c2 Tires in conformance with UNECE Regulation No. 30

C3 Tires in conformance with UNECE Regul ation No. 54

CARB California Air Resources Board

CBDC Cali fornia Brake Dynamometer Cycl e

ccC Carbon Ceramic

CED Cumul ative Energy Demand

CEM Conceptual Exposure Model

CFR Code of Feder al Regul ati ons

CMTT Cryd |l |l ed tire tread

co Carbon Monoxi de

CoF Coefficient of Friction

CoV Coefficient of Variance

Cp Total torque over brake pressure ratio during chas
CPC Condensated Particle Counter

C Rolling Resistance Coefficient

CsoO Combined Sewer Overflow

CVs Constant Vol ume Sampling

ds o Particle size corresponding to the cumulative fregq
demo b El ectrical mobility diameter of a particle

di I nternal duct di ameter

DCE Dani sh Centre for Environment and Energy

DO Di ssolved Oxygen

DOC Di ssolved Organic Carbon

DPMFA Dynamic Probabilistic Materi al FIl ow Analysis

DQI S Data Quality Indicator Source

EC El ement al Carbon (refer to the context)

EC European Commi ssion (refer to the context)

ECE Economic Commi ssion for Europe

ECE Generic term for metallic friction formulations de
ECEotp ECE formulation optimized for brake emissions

EDS El ectron Dispersion Spectroscopy

EDXRF Enedgysperrsaiyvd I Xuorescence spectrometry

EEA Environment al European Agency

EEES Engine Exhaust Particle Sizer

EF Emi ssion factor

ELPI EEPI El ectriPocalssluow | mpactor

ELT EndfLi fe Tires

EMFAC EMi ssion FACtor model

EPB Electromechani cal Parking Brake

ESC El ectronic Stability Control

ESM Environment al Scanning Electron Microscope

ETH Equi val ent Test Weight

ETRTO Europeard Rim Technical Organi zati on

ER Energy Recovery

FA Front Axl e

FA/ RA Front to Rear axle brake work or test inertia spli
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AbbreviatDescription

FAST/KI'T I nstitute of Vehicle System Technology (transl ated

FR Friedrichstrasse (location in Berlin, Germany)

FTP Federal Test Procedure

FTI R Fourier transform infrared spectroscopy

GAD Gaseous Analytical Detector

GAI NS Greenhouse Gas and Air Pollution Interactions and

GAM Generalized Additive Model

GBM GradBems$ti ng Machines

GClI Grey cast iron

GCGMS Gas chr omad g rapeagtrometry

GHG Greenhouse Gases

GNSS Gl obal navigation satellite system

GPS Gl obal positioning system

GRBP United Nations Working Party on Noise and Tires

GRPE United Nations Working Party on Pollution and Ener

GTR Gl obal Technical Regul ati on

GV WR Gross Vehicle Weight Rating

G WP Gl obal War ming Potenti al

HCN Hydrogen Cyanide

HDV Heabyty Vehicle

HDHS Hi ghl y DiHsipgehr sSwrifeace ar ea

He, s H Di mension for sampling tunnel (see GTR 24)

HEPA High Efficiency Particulate Air (filter)

HEV Hybrid Electric Vehicle

HLW Heavily Loaded Weight

HMC Ha Me t-cad ad ie sl c

HNCO Il socyanic Acid

H-PEM Harvard Personal Environment al Monitor

| CE I nternal Combustion Engine

| CEV I nternal Combustion Engine Vehicles

I C®S Inductively Coupled Plasma Mass Spectrometry

I LS Interl aboratory (accuracy or variability) Study

I MU Il nertial Measurement Uni't

I N I ndustri al Roadsi de

I SO I nternational Organization for Standardization

JASI C Japan Automobile Standards I nternationalization Ce

JASO Japanese Automobile Standards Organization

J AT MA Japanese ARiuMamoftd ovwteur er s Associati on

JRC Joint Research Centre

KD Kottbusser Damm (|l ocation in Berlin, Germany)

LCA Life Cycle Assessment

LC/ MS Liquid chr-manas ogpapthyometry

LCS LoMost Sensors

LDV Light Duty Vehicle

LOD Level of Detection

L GU LeveUniOver sal Fixture for testing according to GTR

L GP LeveRost Style fixture for testing according to GTI

L owme t Low metallic friction materi al

M1 Passenger transport car with no more than eight se
exceeding 3500 kg

ML Machine Learning

MMD P | Mul tidisciplinary Digital Publishing Institute
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AbbreviatDescription

MF C Mass flow controller

MP Mi cropl astics

MO U [El Mi cr o Or i fDecpeo sUinti flompmact or s

MOV ES Mot or Vehicle Emission Simulator

N1 Good tmonoporntehicles with a gReHEDOv &klyi ¢13e S5weioglst) n
NAEI The UK National Atmospheric Emissions I nventory
NAO NoAsbestos Organic friction materi al

NEDC New European Driving Cycle

NHTSA National Hi ghway Traffic Safety Administration

N O Nitric oxide, nitrogen oxi de, or nitrogen monoxi de
NOAA Nati onal Oceanic and Atmospheric Administration (U
NQ Nitrogen Dioxide

N O x shorthand for nitric oxbkde (NO) and nitrogen di oxi
NR Natur al Rubber

OBD Onboard diagnostics unit

ocC Organic Carbon

OES Original equi pment service part

OoPC Optical Particle Counter

OPS Optical cPa Sizer

PAM Potential Aerosol Mas s

PBL Pl anbureau voorNedehelrel eafnodnsg eEvnivnigr oon ment al Assessment
PCA Principal Component Analysis

PCH Phenyl cycl ohexene

P M Particulate matter

PMo Particulate matter with an avermge aerodynamic dia
PM. s Particulate matter with an averemge aerodynamic dia
PM Particulate matter with an avesmage aerodynamic dia
PM. 12 Particulate matter with an avermge aerodynamic dia
PMF Positive Matrix Factorization

PMR WG Particulate Measumémemial PWogkamme Gr oup

PN Particle Number

PSD Particle size distribution

PTFE Polytetrafluoroethyl ene

PT®RS Pr ot oamsfaecrt i on mass spectrometry

p yYGCMS Pyrol yM%$ s GC

QCM Quartz Crystal Mi crobal ance

Qmax miQ s Q Cooling airflow |l evels during the GTR 24 test

QoutodR oult Out puts values for airflow, airflow pressure, and
RA Rear Axl e

RD Road dust

RDE Realor |l d Driving Emissions

RRTP Runoff Treatment Pl ant

RS Residenti al Roadsi de

RT WP road and tire wear particles

SAE Society of Automotive Engineers

SBR StyrBateadi ene Rubber

SEM Scanning Electron Microscopy

SH GHMS Magn&eict or I nductivel-$p€oupdedo Py asma Mass

SFW Specific friction work

SI A Secondary I norganic Aerosol

SL Silt Loading

S MPES Scanning Mobility Particle Sizer
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AbbreviatDescription

SPA Single Particle Analysis

SPN1O Solid particle number with a | ower cutoff diameter
So, P SRS Out put signals for airflow, air pressure, air temp
St dDev, ¢Standard Deviati on

STA Simultaneous Ther mal Analyzer

STEM Scanning Transmission Electron Microscope

SuUvVv Sport Utility Vehicle

SVM Support Vector Machines

TARTA Toxmet al Aerosol Real Time Analyzer

TCS Traction Control System

T CWB Tai wan Central Weather Bureau

TEM/ SEM Transmission/scanning electron microscope

TF TA Task Force on Tyre Abrasion within the UN GRBP
Tf-UI P Transport for Pemdowdyi Vebawcleser

TGA Ther mogravimetric analysis

TOC Tot al Organic Carbon

To-BI MS Ti roehi ght Secondary | on Mass Spectrometry

TP Transformation product s

TPN1O Tot al particle number with a | ower cutoff diameter
TPN23 Tot al particle number with a | ower cutoff diameter
T RWP Tire And Road Wear Particles

TSP Tot al Suspended Particles

TSS Tot al Suspended Solids

TT Tire tread

T WP Tire Wear Particles

UB Urban Background

UCBR Upper Colorado River Basin

UFP Ultrafine Particles

UNECE United Nations Economic Commission for Europe
UPL-ERMS Ul tPreea f or mance Li quHde@hsrod nua ti cogir avpalsys Spectrometry
UTQG Uni form tire quality grading

VMT Vehicle Miles Travel ed

VOC Vol atil e Organic Compounds

VPR Vol atile Particle Remover

WA S Whol e Air Sampl er

Wi P Waste I ncineration Pl ant

WL/ DM Wheel Load/ Disc Mass ratio

WLTC Wor | dwi de Haerdnuotnyi zveedh ilcilgehst Test Cycl es

WL T-B Wor | dwi de Har moni zed Light Vehicle Test Procedure
WWT P Waste Water Treat ment Pl ant

XRF X-Ray Fluorescence
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This systematic review, instead of presenting the ent
studies and recent developments that can support the
technol ogi eos maintdi gdaetsei gannst htr opogeni ¢ emi ssions, and th
emi ssion, dispersion, and ultimately transport into e
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abrasion | imits, appforithmat entay k20Q%wofl [t he triemosved. TI
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mBrake Emissions  mTyre Emissions

Light-Commercial Vehicles (N1 - 11, [II)
Light-Commercial Vehicles (N1 — 1)
Passenger Cars — BEV — Large
Passenger Cars — BEV - Medium
Passenger Cars — BEV — Small
Passenger Cars — PHEV - Large
Passenger Cars — PHEV — Medium
Passenger Cars — PHEV — Small
Passenger Cars — Hybrid — Large
Passenger Cars — Hybrid — Medium
Passenger cars — Hybrid — Small
Passenger cars — ICE — Large

Passenger cars — ICE — Medium

W

Passenger cars — ICE — Small

(=]

0.005 0.01 0.015 0.02 0.025
TSP Emission Factors (g/km)

Figurel wEmission factors from tire and brake wear for lightluty vehicles from [3]

I n addition to the actual l evel s, the combined variat
composition, testing or measurement process, tribol oc
increasefs mdmpti akce for emissions factors (brakes),

OKEGRI t RYUWneHqY! + WnY! WAHI ¢t DWGE !l qRH2
Main test methods for brake emissions measurements

Nevertheless, the industry has coalesced around a f ey
exhaust emissions, bringing the test methods closer t
emi ssions fobrakeghtanehéechanci ng otalde amar d elbatriadcdroriye t( W
(abrasion index for light vehicl(&&Ntregs)atThe tabor dt

r

i

i

|l aboratory procedure for measdutiygvpbjadied )ar CBOLCe ( €mi
Brake Driving Cybheedstastynogmbmewesli dnkedakiongelpéhaat
California dififjarngl icpomtdivieloincsl)esdé brakes, and the pro
(derived f[f®mmf UNRICAVUE ieamesr ged as the pri mar y24 nadnuds tGBy
test procedures, the brake assembly is mounted on an

cycl e. F2d,hbadGWRTP brake cycle with appo oxiirnmadidatdl ed 3
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ng conditions. I n t het yQoB DCG,| tuhreb acny cal ned i sstiebtiuarifblaonm 6
tioned air, filtered and regulated for temperat:?u
ing process. This air stream carries brake wear
dparticujlPPMseamdspa¢PMcl e number (PN) wusing in:
ation parandleptiovalt epar { CPICa)si zers (OPS). Te
S the effect of r ectaasridnegr sf,o ra nlda bnoertahtoodrsy ttoe sdtest
di fferendompfoiwgurt atai oaonss,apabdnvoy i &rsd alnabor at
tires, better understanding of the relation
oduwdhileel eenbrake and tireopmnsgiuessi maeastioemeéhesi
ronmental agencies, and regulators. It is also e\
po,rtuiusigng standarditzedsmpareincy. antdti grapapeonach woul d
sessments and potentially reduce the industry's o0VeEe
eady developed in multiipnldey scteordyd chebroir aa,t i asred irmea dg u lad ti o
ve as a platform for industry to |iaise with and c
ress some of the mespapteebi ag 0bmdeuxshtatuyseth Epeadrst itcou lr
mm ooand vehicles.
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en comparing emission factors (EFs) across studies,
inventories anmcmodédoise MmMelhlsyrenclioased | aboratory syste
inventories are often at | east twice as -Biriagkhe aBs)WL Ehipocsle
This overestimation isntéekehyl egacy odethardemit ead efdry @ 1
friction f or muleaftlieomts,c uwhriecrht dwe mioctl @ t echnol ogies or
only a small fraction of total abrigesmicmsionmtcrtiglpinttead ot
210 %wtoft al tire mass | oss. These findings underscore
har moni zed, modern test met hodexhausnhssoearaescul at ¢ e Q¢
environment al a s seeasrs nsetnutdsi.e sRefgearredminsge iwwe g 19 Jaawamr ce ctema t s
12% of -bcaosuendt reymi ssi ons calculations use direct exper.
Additionally, many studies relied on multiple | evels
stuf@cesca 1997, re®ddt anperi0®dnt s on pwerdleded @lr coardd td
until the kickoff of the Task Force on Tyre Abrasion
United Natiimdwsst rhyasbaere able to accrue a | arge set of
and with extensive peer review.

Economic i mpanéeéefandacakysis

One dimension related to redwacnongr sy atklee eed srsd mins iamp
benefit of -eaxdhdaruessts ienngt Bneoinaps omndgr Eur gt TerEguo me a mnUn
completed and published an ledkh e nstiwdew panpdrcengyaess g8 b me T
exhaust emi-selseée okrbi € b @ e2txehepnd tsnsoin@imea Icyosnissi der s t hree po
di fferent perspectives (effect i veFnuerstsh,e re fafsisceisesnnteynt sc o
gr ojubk] haje2])] ooked at the Euro 7 regarding topics suc

T Productive or counterproductive for the environment
Hel ping or hindering decarbonization?
Cheap or expensive?

I Easy or complicated?

i More or | ess stringent than other global standards?
T Realistic or unrealistic timings?

T Good or bad for industry competitiveness?
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And concluded that the proposed Eumnbfé@céemidsbiyohbemgaqgl
direct cobetiveenefisearofind ten times higher than t hose

Measurements and assessment beyond regulatory compl i a
Recent studies have signifi caenxthlayu satd vpaanrcteidc utl haet ec hnaartatc
and tire wear. These efforts includie Pt anbedl|l anafynae
mor phol ogy, chemical composition (e.g., metal s such &
Techniques such as ebpticah andli ynec paydnttH ee apgdlwrnyteedr s
both | aborraotaedr tysi megpsel, oemnabl ing differentiation between
regulatory tests.

In terms of dispersion, research has shown that part:.i
emitted PM. Ultrafine and fine particles can remain &
contri metwwiomg tamd regional air quality 1 mpacts. Model i
particles tend to deposit near the source. At the san
aerodynamics, rogyd pVypgjnaganiemetebesl on transport anct
Lastl vy, as the research from sever al studies shows, t
and -gematiles compounds (for brakes and tires), and e

understanding of submicrormegdaretrt elxepd mchppmaexi 6 ni Aopdofat
behavi cexmdustonemi ssi ons.

Hi grevel influencing factors

As for influencing cfeatcetroirgsl®dar hbbruaskag ne minsessi o nssd,ludde .d olé

not prelvatdieve rankings becaustehea hdei frfashike entdgesf eacrmed irnsogt ef

i nteractions. E. g. , certain friction formulations, w b

vehicles | oaded to their gross axle rating:

T Friction couple deneit@hadaecd formul atioms i ncrease pa

T Brake dtiysge brakes increase particle emissions

T Axl e poésiomitomr akes increase particulate emissions

T Test or drhiemivigegrmasseshii cles increase particle emissio

T Friction coupdomucronnidsihteido n(innegw or green) brakes i ncr e

T Test cyecwoer lod dreigvp enegd , mountain descent, elevated t
increase particle emissions

And, some factors ceafewmwiesf dpdagi hus e abrasi on,

T Topogrmephyt ai nous regions increase tire abrasion

T Drivingasucrnfnzcete surface, compared to an asphalt s

T Weather cweditoadssurfaces “cause higher tire abrasi
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T Air tempevartaugee :dr i ving temperature influences diff
T Vehicl et weilgihgdher the vehicle weight, the higher th
T Axl e gedmpmenrtry:chassis setup increases tire abrasion

Engine (powertrahinghermatrarcdee iisndircesases tire abrasi
Dri vinghisgpheeerd:speed causes higher tire abrasion
Drivingreobygytevéjciealt driving reduces tire abrasion

Otz | | JUqWT 32130 YGH1JUGq Wea HIWLR G @auDd IRY ¢ IR!
¢HI ¢t RYUWRUWE:21 YGU

The European Union is wormkiarkg teawasrsd © nismfaa«i it ¢ € leif midtms

November | 226 dred iuwnteisl 2036 hfeormaarlkle tt ifroers hpeudtnyobtaxr @ mm:i

Euro 7 emission regulation, the Europegnetding®inoimalsi mi

duty vehicl esx haoustd da wisshiodrsls iammidt af tuitounrse appnh d c Eldudt vy t o

vehicles are cur.r eAdtdiyt iuonndaelrlpyd b sEcus soetiirsrnetnoa bu de $ on i nd
2028036 peri nmkezteemasdhiense by 2050.

The | imimel anéxhfaastnemi ssi ons or abrastitornoddghmia sftarr i
among the European Commi ssion, tQ@QeurEaiflopeiamp®iari o0 amlee
from muttldkhephel decsmamided on t hpl3éE msnaotyio vVRe fnenteanit @d o | d
i nclude

b The Advisory Group on Vehicle Emission Standards (A
b European Automobile Manufacturersoé Association [/ As
ACEAuropean Automobile Manufacturers' Association
b European Association of CAEPAmpt Eueofeppl Aessci{ ELEPA
b European Tyre & Rim Technhnti gal/ Owgw.neétsatdo omr / ETRTO)
b Fuel sHFwred meEBuoppean Fuel Man UuF melt uElerespéssoci ati on
b Gmobility, formerly NatuNGVAGErophdicéebhm@dRSMmE i I(IN
b lnternational Road RUrdndMoodtd BRowiadn T BREport Organis
b lIlnternational Organi zat i oQr goafniMoattoironVelhn tcd ren avtainourf aalce

d'" Aut o hOb WAwWs. oi ca. net

b Association of t he Ger man Automoti ve hltndws t/r/ ywww. Wedra

The current | imits foN¢INbakenerei ssifdres eaate vethiwd ei ©a
busest,ruafrkdsk Force 3 and TIR5)k wriotrhcien 5t h(eT FUBN G/ P MP/ GRP
Amendment 3 of the GTR 24 (i ncanuddionng dae ftirnainnsgi ttihoen tteos
brake families for commercial vehicles, respectivel y.
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https://www.acea.auto/
https://www.clepa.eu/
https://www.etrto.org/
https://www.fuelseurope.eu/
https://lngprime.com/europe/ngva-europe-becomes-gmobility/72481/
https://www.iru.org/
https://www.oica.net/
https://www.vda.de/de
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Tablel wEuro7 limits and timeline for brake emissions

Date Application Powertrain Type Limit per Vehicle
M11 passenger cars. Mi medium buses. M1 heavy buses.
N1 light trucks. N2 T medium trucks. N3 i heavytrucks

Type M/N, Class N, Class Il M_/N,and
1 &Il M /N,
From: A New vehicle types Battery Electric PM,, 3 mg/km 5 mg/km none
29 November 2026/ A Components and Vehicles
systems for type PN none none none
approved vehicles
Others (hybrid, PM,, 7 mg/km 11 mg/km none
fuel cell, and ICE)
PN none none none
From: A New vehicles Battery Electric PM, 3 mg/km 5 mg/km none
29 November 2027/ A Components and Vehicles
systems for those PN none none none
vehicles
Others (hybrid, PM, 7 mg/km 11 mg/km none
fuel cell, and ICE)
PN none none none
From: A New vehicles Battery Electric PM,, thd tbd tbd
1 January 2030 A Components and Vehicles
to 31 December systems for PN tbd tbd thd
2034 those vehicles
Others (hybrid, PM,, thd tbd tbd
fuel cell, and ICE)
PN thd tbd tbd
From: A All vehicles All Powertrain PM,, 3 mg/km 3 mg/km tbd
1 January 2035 A All components Technologies
and systems PN tbd tbd tbd
None= not applicable
tbd = to be defined
Timeline for replacement (aftermarket) not included
N¢ FEslhldws the target | iminhslidinghehabarlsasenonndaxrxgi n

complexity of the abrasion kceeaehcméaspkeemahtt meehgdsl
[ 0. 15 anmrd W.nhHdEJustsitohre ti me of this report

Table2 wEuro 7 limits and timeline for tire abrasion

Vehicle cate Ef fective date and ilriemits f g

New type a|] All tires ol Al'l tires

the mar ke

Cl tires (ce 1 July 2¢C 1 July 2¢C 1 July 2¢(

commercial v AI' CT Nor mal Nor mal tir Nor mal tir

Al CT Snow t Snow tire Snow tire

Al CT Speeict Speaiskelre Speaiskelr e

[not defi [not defi [not defi

C2 tires ( me 1 April 2 1 April 2 1 April 2
headyty vehi

C3 thréemad, 1 April 2 1 April 2 1 April 2

headyty vehi
"Abrasion imeanxs t{MWé Cdi)mensi onl & sasbervaad iucen floe vtedlin gar fe sa vaaagn dwihdkedtae o f
Standardi zedTiRe&RTrTeence Test
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Ng2ll 2R
NMIONG Rt W '+ qUGcqRAEWI J2RIIs

This wor k i s a hsayts tceorhaatoiwd drdapeiseewmon f actors, physi,cal
measurement coadc h n dludagnindg ssft a catt cergd peasr tfiocru Inaittei gmaattitnegr e mi
tires, and roads for light and heavy vehicles.

As tailpipe Particul altiegiMay Der véRMI |l emi dsecbnaetlr omt he

critical. LD vbe htiycpleess oefmiPtM:a tthal i@llepsi tpvee aeemi ¢ sireensvear, r
road dust. Although measurement methods are stil]l i n
road wear are estimated at 30 mg/ mi .| iThii ts odag 3ti ey dikee ¢

Test PRreodd&dP) and the state of. CBatfernwi EBEVYE&]) mg Mminé hi

the five PM tgiplkepi,pexkRptGdéoer nment r egul atadriyf oar gne rac i
Resources Board, havetathpiepe EBMrtianaol agiprerg BWM oG, b
[ LA] t hough it is wunclear wvthénber pirfopld.a%d |ifpa gpuelvahibd reymd |
aim to underesdaemding of this topic.

The questions addressed by this syatbkbemapecemegsewnsgnc
generate particulate matter; main physical p-tr apepitpes
emi ssi ons;d aerakmegtstssesamf the different test and meas:
matter from brakes and ti rteasi;|l painpde feantitsosriso ntsh a(te .ign.f,| ude
mass, powertrain).

The main boundselecobhnhdgtibesi horuded studies are: wor
numeri cal results to substantiate their findings; anc

groupsearching or developing t-eahhpl pgyembsmeanssare ar

With a fewhexcwetpdfiboadkodeaf atur éApg eddthmet wads wustende t o
ri sk of Wihaes diancel wde dbu lalkiec atiiraen sd$uidmegel se, i romwei t sfowi t ho
repeatability, and subjective ratings without numeric
primarily focused on assessments supported by data fr
knowl edgex laau s1to ne nti escsh mincsad)l experts wrepbutableeacpadem
government entities, Thoer reensveiarrocnhmetnetaamt pargeepnacriiensg. t hi s
i nvol vennoemxrthaust measurements, research, testing, and

per spectuirwastiudndgires .and reports

The pri maf gsromaetch mtbeded cur ated web resources and publ
wor ki ng grtoaliplspiome neomi ssi ons.

Some salientidtarcdaducse trhiagsk cafn bias or uncertainty inc
applications or productord efsoirgmuskta(tsiaocnkst, a dosnees & Wetbde at OF
replicate them, or reliance on ol der databases and si
throughout theasyasgremadi cpomvwietwh t he CRC Panel . This
from recentonl dbrga&kestamdi ¢sre emissions, consolidates |
and preovwviidlekensce traceable to other studi elTsheand repadaitfaib
includes 28maisnt wWdnitehsb.asTelde f or d4®G &8 Gbifbters ttaicrdenth o & k8 s )

organiiznedde xobyng number ,aubl@lotijcdcd euiyfeiadre,, vieihrictl e type (I
specific entries to.address the research questions

The studies are broadly split into three main categor
1.Systemaviiews about specific topics (e.g., brake or

QAQUWAILWENFHG ! + qUUGc qRHWAND2RIs WY U W
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2. Targstedies (e.g., effects of propulsion systems on

matter, emission factoaasadf eehdinfdeet gpecfifiict it@erstmaty
3.Reparmnmms opo s adswdrokyi ng groups with ¢xahkeradsaenn arl ateevs df
tire ,devsarginasbi |l ity of tire ,abbreasxuildrmr ffaromd)ifnfterrd mtb otr

MO=ZNNI IN¢ qldl WImHYR t ALY UglRneeHiacYa 3 WG ¢ aqa 11 L

Compa(amd
di fferent

nor mal H zivred teanivdestidoad at aacstedrss )f r omb a thle & mldii |
vehicl asndarmd efhraigeteiodlnd e ikeghsisa b g ar ) sachwwiet o f 6 &

testsmuWwt it ple test setwwstadnd®Ot eestsyoakésg ahe &R 24
T PMd ncreased% bfyr mmougt 1 to set 2
T PMisncrease60 b% farlomosstet 1 to set 2

Froamdetail ed as ods snf@ddd resbr 80K g b d®t o6 ) me@dsur ement s f
fully encl osed s a%pusiendg asny sopeem swhsitleem 6f20r tir esf Thi
met hods and syst eemshafuosrt npeaarsturciunigatneonre mi ssi ons from b
emphasis on measuringcbnakasémiostboprpsffoemust iomesne aBlueg i
al so reflects how t heex hEauusot 7p a rnttiecnudlsa tteo rhatntier .non

The values reported reflect confounding effects relat
andc) sampling systems. Regarding particulate ippatter
N¢ Fasldilthmar i zes emi ssi-basédcawe s4Yajlou d sipisa fianiccei e rtx cefe dv a
100% are valid in the ategtagmiveecdadinecren sien atnlde deoba tha.t i r

Table3 wAverage PM, emission factors xstdv(in mg/km) for single brake and single tire; values in parentheses
show the coefficient of variance

Sampling Method Brake Wear Tire Wear

Fully Enclosed 8.9 £ 6.4 (CoV: 72.0%) d
SemiEnclosed 10.84 + 14.9 (CoV: 137.5%)] 4.9 + 7.9 (CoV 159.3.4%)
Single Probe 0 3

On-Road 3 6.24 + 4.1 (CoV: 65.3%)

Né¢ Hslhld ws emi ssi on
includes a wider
condirtd owlist,s ar e

factors for particulate mgstt &imnwiet |
particle si zFeorr amMile0, unhdee rc ofeuflfliyc i eemct
s | iggrhetd tye rl otwoear 8PiMsi.enedn ccyat i n g

Table4 wAverage PMs emission factors +stdv(in mg/km) for single brake and single tire; values in parentheses
show the coefficient of variance

Theesul ts

Sampling Method Brake Wear Tire Wear
Fully Enclosed 3.12 + 2.4 (CoV: 76.5%) d
SemiEnclosed 3.83 £ 5.8 (CoV: 152.5%) | 1.56 + 7.9 (CoV: 504.3%)
Single Probe 6.1+ 7.6 (CoV: 124.6%) )
On-Road ) 3.30 £ 4.1 (CoV: 72.8%)

meat eohaededbomet he ge

ner al

|l iterature

revi e

next pageshe Howgveght ddlédMalale geinrer al trendandpnlPMhe r e
emi ssi on ttehdet f hgr ant osampl i ng syst,e msemedtlhoosdeod ,o majreds s(if
Hence, CaV medlruies off Vv arainadnicReMe floorwebrotuhn dPeM f ul ly encl

SV e Wl WeEqéeUT ¢l T W?2W2ReqRYUWeW~We Ub WEWNMMIOWe RNG1IJ1 WO Yé WRUT RAC qIt W1 3¢ qldl W2 ¢
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undseeraincl|l osed ones. The | atter suggests higher reprod
sampling system setup.

N¢ ARsldithmari zes values for particle number confcelnlty ati
enclaoskedermiosed sampl i nd rsynset ef msn da rneghsa i Db ¢ deNGNG Bl r 0 m

concentration heavily depends on the sampling system
hi gher variation can be i denRdsdgdardch Mpu@ds)tiindm riImat i on

Table5 wAverage PN emission factors for brakes and tires

PN concentmjation (#/ c

Brake wear Tire Wear
Fulelnjc| o] Semincl o] Single Onr oad | Lab
Average
3.34E+( 7.17E+( 6.00E+( 2.52E+( 6.33E+
Standard Deviation
4. 04E+( 3. 88EH+|( | 4.32E+( 5.68E+
CoYStdDev/ Mean)
120. 8% 54. 1% 171. 8% 89. 7%
EF PN #/ km
Brake wear Tire Wear
Fulelngc| o] Sermincl o] Single Onroad | Lab
Average
5.81E+] 1. 25E+] | 3.00E+] 1.16E+
Standard Deviation
1.40E+] 2. 16E+] | | 5.60E+
CoyYStdbDev/ Mean)
240. 19 172. 99 | | 48. 3%
Aggregate chemical speciation

[ RDEd Wimar i zes common chemical pel e by tawgeiaghlt tihreitrhe of

availabl e
magnitude,

for this studhr alSeys chaaaie red eernpigangt ess phbrye sweenitg hitr
necessitating proper separation at the tir

cresosnt ami nat iwhngrhespececdpl t gquires chemical analysi s.
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70
60 W Brake
ETire
50

40

30

Element [wt%]

20

Wi o iﬁimlﬂlﬂ

Fe Ca Zn Cu Mg Si Al S (Wt%N (wt%) Na
(Wt9%) (Wt%) (Wt%) (Wt%) (wit%) (Wt%) (wt%) (Wt%)

1

o

Figure2 uBrake and tire chemical speciation based on the aggregated values derived from the literature revjew
general matrix

[ RN®d HJdlivs the emission rates f or tbhrisatkcd su daen do ntliyr e se sferaa
encl os edemmldo seedni s a.mfhliil eg t shydsdemtmessmgii mnsvi t hin t he same

there are nuances in the data t hsawtchmaays have different
a)Unknewmf ounding, correlated, or independent effects
all ow a more r{gogousbrcakmpafosmnl ati on or tire comp
axle position, testarmdktugmdloirng asnpdteem)xtracti on
b)Di ffedeaeaces the first measurement principle used to
el ectrodpdamhe) ef fect o$adepceurtaotfifng ecsypcolnocsree s
c)Semincl osed brake testing can have more i ntvermhacctliegns
varying levels tfentransigortsi ogseariability
d)Semincl osed brake testingnewaasl |ememmdrelimyt ywsad EWIiEtth olno v
of which have met al matri x compositions. This may i
particles,wipmdg ecntdmmdrdiyserke with fully enclosed syst
e)Hi gbearoad tire emissions due to the ahluisliintgy ntoad mad midi
cycwietsh | ongitudinal and | ateral l oading
f)Latbesting for tires can include a seriwistdbffaréenfit
whi[lRND®d dJdlt egates data from various studies -eamcdl ossaentp
systamd )ad msl | ustrate general trends in emission fa
Howeverhedeeogeneous test setups and | egacy data, t
the ability to draw definitivevehoineltdastctbasdiabbeaetesao
brake formulations.
To address this |Iimitation, the r2bomplinanoiNcthaMbld { o ¢

Figurna8)s. 117n t hat subset:
Vehtteoleehi cl e differences become discernible due to st

The effects of bBraksetpadstocaul atsbgnificant. Fapr exea
and,RNMi ssions tmen abECk comp aldew

Error bars are-lanadrCoWeval weBB®wf henabkiow hé&ani ngf ul ¢

Thus, [ RA®d rddly i d else vae |hiogvhe r 2ideml,y tahnea IGTsRi s confirms tha
reliably distinguished when test conditions are har mc
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Emission factors from brake wear
enclosed
_—
mPM 10 (mg/km)
PM 2.5 (mg/km)
enclosed
0 5 10 15 20 25 30
PM [mg/km/B]
Emission factors from tire wear
Lab
PM 10 (mg/km)
PM 2.5 (mg/km)
On-road
0 2 4 6 8 10 12 14
PM [mg/km/B]

Figure3 w(Upper panel) for brake and (lower panel) for tire emission factors based on the aggregated values
derived from the literature review general matrix

Ot her afsp&ic tdshhret r i bruaa d nwse oifcl e tires to microplasti cs

b Thearee two main methods to estimate particle emissi
total distance driven, and b) demelrmipki edebmashel o
t htei r e

b Mosttudies rely on previous,widahaebmnm@mi Iglsi@@ini eecit end t
beienmgi tted globally in 2017

b ThBuropean Union (EU) is working towards reducing t
unintentional (tire wear, textiles, road markings)

b ATi wear particleigmaldTWR)aramparfitiicmesd ( TRWP) hafive raen
wear particlesd is more acewmrcatues tierd raemfde mr ixreg two tthh
road, dust, Thheakes m d&ndreoialbr asi on partoclke$eroonhy
tread part emitted to the envir.onmmemntd (peavdar cil fesot(hrd
tread rubber parsthiawlieg @pmaddcecced hbng the tire tread
conduct special studies and analysis

b Tire |Iife exhibits a | arge tgprastatde rdru,e ctoompnoud ittiipdre, f
weather, driving style). @17 ,t0i0r0e sN f6i,t0t0e0d kom olni ¢ Ihte

on the rear .-a@d miesdizendf cro mMmegitti al YOhiRMWOBE3I cinr éast

QAQUWAILWENFHG ! + qUUGc qRHWAND2RIs WY U W



A ¢ AP

mounted on | arge commercial vehichtbdeidantloast on av
600 000 km with retreading

b An average tire sheds 10 % of i tdsutnya svse hficcrl eppa sosveerrg
of tlieretadeed tires excluded)

b The contribution of passenger cars to microplastics
EU, it i si mdrotuter6r6 Bur ope 62 % toardd/i %, Japdrm, a@mi B
Abo2Q@. %Mi croplastics fanem rcoané f rams pamtermaypwur ces,
rodeposdiebeds, or runoff water.

b Because several studies and emissions inventdriles r
reanal yzed primary and secondaruyt yr evseeha rcd he sf. o, rT hefntigstr st
excluding road wear and resmispeinesnonwendel mkeamgi/t k m/e
I n contrast, wdre m2an mognlmiv¥vwncEmedian 1.1 mg/ km/ V)
wear were limgstitenadé anean i s 6.5 mg/ km/V and the medi an
those reported in the setcloynTdhaer ys ilg niefriaa eutrtei bauntdé dcri & oe
mi sunder,s tmainsdg wdgtssaotl ieesmwc,ence of stodiesl dationg baak i
These factors have pr ompthbeas ed vea msiisosniso no rf acchtad rl s nfgrecs
Protection Agency and the European Environment Agen

Thsystematic revietwaforcasebBtdanismamdiess including si mi

test s, provamdo agdn aneradssur e me b t 4 W@ bimbdealt evbiatslee d at A ©tri o
summa(frem a30dtatwuldd edpt dihase statistic does not refl e
the UNECE/ GRBP/ TF TA for tires fitted on | ight wvehicl

TFor brake weaBt eantd camysasHegnmtsd ,ousskedd dsyessieéedmesfniclldaysde d ones
reflecting the GTR 24 setup
TFor tiRet weinewspdmlborat or 1 Utseesdt soand wiidvkteistn ggdy i s evalu
tires and 70 normal tires.

PAC q R MMV tlliy 6 W W2 RIs WRULWa 6 1JLWHY

As tailpipe Particul altiegivMtayzy Der veéRME |l emi decbhneaeflr omt he
critical . LD vfeihviec Iteysp eesmiotf aPtM:b etaaki €l pwiepaer ,e miisrsei owesar ,
road dust. Although measurement methods are stildl i n
road wear are eFhimmgnedudehedcmedwmi pe PM regulatory |
El ectr i cBEWesh)i celne stf {(fvoeu rP M ft ytpheasi ,| pe xpcee pPtM.f cGover nment r
includen&PA and the California Dept of-tTridrmpspaer tPai,i an
from brake. aAldt howaegh wigtarars iufn,c | Wk.aS. whesyiull @it pe yPN’Iiemmtsss
vehicles wildl be proposed, .we want to understand thi s
The rapid pace of researacthhemdr dneidesiby etmbaet Euampd@i gnst
and tire abrasion, as well as research in Japanefahd t
consideration. Both devel opments ( br aklButeymi(sHD)o nvse haincc
presented to Task Forces 3 and 5 (TF3 and TF5) of the
Commi ssiomdiABChsi bheTas®, FoheeGofmameAEfsoci ati on of A
I SO Working Group 13 within the Technical Committee 3
Cycle (CBDC) ahfdrmbei Wedl| dwigthe¢ Ve hiBerlaek eT ecsytc | Per)o,c ead uorne
circuits and | aboratowrypyatdesmeasucre meinte cabmpasigos, @mad:

assess the princi pexhduvxitoamsi amrdalstiieome i ng non

Unl i ke previous systemati ¢cr ewivdvwems ,s ttihdise s rwijtehc ti ncpountt
(i ncl udi ngmagnodvaetrendmewotr ki ng groups) actively drafting
measur ement metnhdo disiaefléedh)b-exdamd osgn parti cul ate emi ssions
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> §HTWHqR2 I

The scope of the systematici $setvo ewwrbowisda@aiiresitg@hlt biynt d
guestions:

1. RQIMagnitudeabnfpnpe RMpemrifesiabnsy expressed in units
tail pipe PM emissions | evels and regulatory standar
dust, etc.)

2. RQ2TTest met hods -tai gpihp€ampPlanenand contrast test met
poteinifilaence of the method on measur ement resul ts,
(e. g., component bench tersdaasd tfaudtls)vehicle | aborato

3.RQ3Char acter i ztaaiilopni poefn EnMindi ng chemical composition,
particle size distribution.

4 RQ4Test met hods t et acihlapriapcet ePrMe teartiesdsnitoon smeasur ement i

5.RQ5Strengths or weaknesses obfasteedsto norf imedaisnug se nfernadm nr
and 4

6 . RQ6l:nf ormati on about thel gi peer PMuf ir om Fdbdhre nepxoai rmpt! es,o ur
hal ffe, dispersion distance, ot adtllpeampeméetM isctayshasruas
at mos,pmelr di spersion characteristics from the source
topic in the 1990s.

7. RQ7Factors known to control or -taafiflepcitp et hPeM Reangi nse stiaatned
vehicl e weitgihrte maeyara,f fvelcitl e brake pad mat erainal tdre o
compogiatni omfl uence tire abrasionexfEéricence vadhield efs
comparabl e conventionala Ic@EbvV emlaitd loeas ,of p did gihkelry vdle c
torque (acceleration). | ncduwcdee Lnie tvieahdidc dpeap apodtdve e mti & S

T EGRNDRAHRGORGq! WHI Rl R¢

The criteria for identifying and selecting the differ
l.Literature published after 200®&r(exczemtg frenvipmwi of 3
2. Test cycleBousCBPCWEDP brakes (circa 2018)
3.Driving circwiorg dbasediong feal tires
4 Numeri cal analysis with comparative resul ts
5.Literature referenced in otrhaekredr aderets)Li terature Re
6. Publications from recognized online Journals (e.g.,
conferences (e.g., SAE Brake Colloqui um, Eur oBr ake,
7.Public presentation and documents from and working
United Nations Workin®GRB&rt WYnoheNoNa¢ei and Woré&s-ng P
GRPE)
The ctoteexal usion of studies and documents include:
a)Test cycles wotl| thadeidviomgirAeka IMa.s,t eSAE J 2522
b)Studies usingbsbmmpmhéong foydtoavmange BMPr egneiGdAcRI Bvolre 8 h  we
devel oped byr exitewsadarnwe exgari ment al validation (for
| aboratory emissions and aerosol engineering (for (
c)Studies without experimental wvalidation
d)Research with normalized results without reporting
e)Studies beyond the 120 total <count after prioritiazi
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The primary sources of studies and reports include ¢t
I Legacy online scientific databases (e.g., Googl e
T Alsupported sdeerveelhe ssufromrarhiegsh t o guide the findings
T UNECE wi KiIGRBPgesdn@RPEusted websites (e.g., CRC,

Conference proceedings

® ENCI #E6W ql ¢ qldn!

The searobedtmategple phehdat db akarEsHly welnkiictREE Wn Y La

I ROoWI WUqWq! GUt WYnW Wel #E6 It a

Table6 wStudy Search Strategies

Il tem Web Search Literature RevielDatabases and Cg
Sources TGoogle SchqiGoogle Schol ar Tinternal LI NK 4
TMDPI TMDPI Il i braries
TBusiness intelliTEuroBrake Conf g
TCitations from TSAE Brake Coll o
review studies Conference
TOpenread. academ{TCRC Conference
iconnectedpapers|{TUNECE GRPE and
pages
Filters an|TEnglish | anguage only
TTitl e, aut hor , abstract, and conclusions or
1Studies with numerical val ues didfi fmemen to nfarl o
Up 1t2d0ot al studi @éso ared idcovw mmentextract i nfor

1
TPublicanhnbbnedateer than 2008
TPrioritize:

frecent publication with direct citation of
fstudies and documents {L£ARBi slyed ei dex2@l1 ® pome
GRP&#4 0)

fpubli dabmoGever nmawor kigegcgresups (e.g., UN
UNECE GRBPaodcttiive sp(aarcta déempiaast $ y ,s toark eihnod idv
reseaideees opment and testi mp@eagkhahbhsandmmak
and tires

fstudies cited i n | aregxeh asuwsstt etnraa kiec, rteivriee,wsar
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I'tem Web Search Literature RevielDatabases and Cg

Keywords of|linoexhaust €TRead (eteot 202(Tnoexhaust emiss

guestions Tno@mxhaust €€ systematic revidino@mmxhaust emiss
factors manually findin¢ginoeaxhaust emiss
Tnoexhaust € answer the sevelibrake emissions
rates TExtraction usin¢itire emissions
ibrake emisg and connectedpal|liroad emissions
itire emissi itire abrasion
Troad emi ssi Tno@x haust emi ss
itire abrasi met hods
inoexhaust e Tno@x haust emiss
| aboratory measurements
inoeaxhaust e ino@x haust emiss
field meas!| vehicles
Tno@xhaust ¢ Tno@axhaust emiss
for electri vehicles
Tno@xhaust ¢ Tno@&ax heaeudts §ioon d ¢
for Iight vehicles
Tno@x haudtss Tphysical and ch
for heavy \ composi teahaoft
iphysical ar emi ssions
composi t4d orn
exhaust emi

Main searc|Tl ndividual Tlndlvidual read |7l ndivi dyalkRlos sad
TFocud uan es|TLi el i readingl for presentati o
numeri cal f find|ngs, dat a, proposals relat
comparing n to the research guestions
factors iCompilation int¢(iExtraction of f

documemeaerf ofrevi e numeri cal resul
find|ngs and dal
NotBeusiinetssl | i gence refers to i#flermaobimon havai bablieetse tmed Plecamd

no@ex haust emissions

The above criteria produced a database of 307 studi es
wor king groups within the European Commi ssion on br ak
few weeksndneodr tthtree pa eparation of this review. The pa
in 2020 or I[aRR&AEI,IEMEnshdivngi with the publication of t
of the Euro 7 initiative.

Number of studies by year

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Year

Figure4 wuNumber of studies per year included in the database
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N¢ Alsihliawscensus of studies on specific items wi
Table7 witems included in the compilation of initial findings

I'tem Coun
RQ1: -tNeoinl pi pe PM emi ssions
PMmg/ km orV mg/ km/ 35
PMang/ km orV mg/ k m/ 41
PMmg/ Wm/ 5
PM mg/ km/ t on 0
PMadng/ t est 2
PN p/ km Br p/ km/ 16
PN# cm 17
PM.gg/jm 9
PMeg/im 16
PMap/ km 2
Fe (ipg/ m 2
Fe (wt %) 14
Ca (pPDg/ m 1
Ca (wt %) 8
Zn (pDg/ m 0
Zn (wt %) 2
Cu (pPpg/ m 0
Cu (wt %) 2
Mg (wt %) 5
Si (inhg/ m 1
Si (wt %) 10
Al (ihg/ m 1
Al (wt %) 9
S (wt %) 8
N (wt %) 1
Na (wt %) 1
RQ2: Test methotdaitpi genBEMat e on
Brake Wear 89
Tire Wear 65
Road Wear 33
Resuspension of Road dust 28
comparisons 27
test influencing factors 119
Test setup: Fully enclosed 13
test setup 106
test conditions 111
measurements 50
test cycle(s) 67
RQ3: Charactetraizlagiipen PM non
chemi cal composition 56
mor phol ogy 25
particle density 3
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I'tem

particle size distribution (PSD)

Particle Mass (PM)

Particle Number (PN)

Physical size distribution, morphology, densit
absorption)

Chemical ChalaotrgrinEkeé memtsa |Or @arnh aan Ploalrybcoync | i ¢ A
Hydrocar bogWwasl 4tPiAlHs Or gani c) Compounds (VOCs

Sour ce App:oCrhteimdicrad ntMass ,Basiancee (MMB)i x )Raceptic
Model i ng

Thermal PiTbpembgeavimetr)bi Ahatgsisall T&EAanni ng
Electrical ®Rompectiweisty, dielectric constant

HygrosygopMat ier Upt ake

RQ4: Test met hodst atid pci hpaer aPcM eerniizses inoonns ( see RQ4
CPC based

GCMS

TSI Dust Tr ak

TSI OPS

EEPS

1D Gri mm

APS

Dekati ELPI +

P Mo

PM. s

P M

PM. 12

Solid particle number
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Fat e

di spersion time and distance

residenct¢i daedthaleb
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I'tem Coun
Hybrid mode 23
Mat erainadl scomposition 6 4
Dri viomgtrol s 70
Pr opulsyisdre ms 10
El ectric propul sion 4

Ambi ent conditions 12
Vehicle type (electric cars or combustion cars) 13
Traffic management 11

NMEUDGUWHqRYUWGI YHIIt |

The sedfecsttiwdhi es and findings to bring into this syst

1.Does it meet the search criteria?v
2.Does the study include reference values from ot he
qguestion?
3.Do at | east two Pls agree on the finding and the
4 Subsequent joint review of whether the finding fr
sufficient evidence to retain the finding, even i
NN? cqc¢c WHAYTOGWHqRYUWGI YHIIt |
The Pls conducted individual searches on databases, v
with sufficient details (e.g., doi numbers, author, t

downl oadclfervaamt scientific journal s anJdNEWLrEl iGReP Et,envdaknd
GRBP). Subsequentsluych tehse Ndmrsd eulseeyd ttaooodisar acteri ze t he
seven resear Allhdgbulees tsitoundsi es wer e ruegpd wxaidtedr y.o Tleirsshed actal:
the basis for the |ibraryaceess ontwowdecedraklgeshiadnreport

Theeviewers worked independent | y vig¥Uhl 1p2eR 1Jsolda 6¢ld Lt | af 2gl nR
b6l BT Ws WAWNYGT W1 WnY! WaRqWI ¢aqel WWwe U7 UR @lc @R tqlRIFY & L& 101 S
DG G6ct RARUNDWI WHIIU qiy e d IRWIA dloyld ¢ alllia 1016 R WM W a6 YT + Wel 1JHON K
qRIEDE 3O 132 RIIs I d dN&IYYOd 12 dRLo 191D ALR IIHOBIKY o @I IGIGA 13 Rdji ¢ atgiR Un we UT L
I au2¢UqllgY W6 Wl 3t Wel H#6 Wha IghIdR Y RIAHLLGRIDW 3y (AR @ ©LUHJI 8 & ILIG 1R
¢ GGURHCECHTIO

N=?2 ¢ qc¢ WRalJdt

From all studies included in this systemadascs irgenveidew,o
specific research questions:

b emission factors for particle mass and particle cou
b abrasion or wear rates

b chemical composition

b concentration | evels per the test or measurement re
b scope of the measurement (physical, chemical, dispe
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on

met hod(s) used to test, sampling system, and measur
di stribution, wear)

key findings from the study and validation or compa
sourdimcertainty on the values reported

potential falr future research

Z ouooT

ot all stwudies provided sufficient information to ex

Vd s

NOEgeal ! W Rt t WYnWHRctH Wet t 13+ a1

The UCR and LI NK Pl s cofnidnuccitregds aandimrti areivtiieawe o fs tt thcei
alignment with this sysptreinmaatriicl yr ecvoinesw.d eTrheed jsotiundti erse vw
with GTR 24 for brakes and UNR 117 for tires, publi st
i ndustrreyg,ulaantdor y or environmental agencies). To avoid
guide the assebsmerstobnshe researc

NAOE! Uqd6 13t Rt WG a6 YT 4

Thfeirst | evehvofvedgnahdeitailed reading of tdkRrackagrdyurm
anal ysi s, st atdefmerm desgtadam d Tfhien siercgpsnd | ev el i nvol ved e
with metrics or data ipempesuppsegmegtihg tkheeneshl Bs
articleaclosmid, fuBTR 2d4cl 63RdIRNDEABIMIVES ycheshirst 10 o
the import details.

Basic detais  Import details
index DOI Identifier First author [Study tite Source (journal, report series, [Year |Imported by (partner ID)  [UCR selection LINK selection import date Vehicle type
e)

, TiTires, (B , TiTires, Light- | Heavy-
BT: Brakes and BT: Brakes and Duty | duty
Tires Tires
1 Ihitps //doi.orq/10.1016/;citotenv.2010.06.011 [Aatmeeyata, & Sharma, M. |Polycyciic aromatic hydrocarbons, Science of the Total 2010 UCR 08/16/2024 1
elemental and organic carbon emissions Environment
[from tire-wear.
2 Ihitps //doi.ora/10.1007/510661-016-5377-1 [Adamiec E. Jarosz- Heavy metals from non-exhaust vehicle | Environmental Monitoring and | 2016 UCR 08/16/2024 1 T
Krzeminska E. & Wieszala |emissions in urban and motorway road Assessment
R. dusts. Environmental Monitoring and
3 hitps://doi.ora/10.4271/2020-01-1637 [Agudelo C. Vedula R.T. [Brake particulate matter emissions SAE Technical Papers 2020 UCR B B 08/16/2024 1
Colier & Stanard A measurements for six light-duty vehicles
using inertia dynamometer testing.
4 [Allen 3.0. Alexandrova P. |Tire Wear Emissions for Asphalt ‘Arizona Department of 2006 UCR 08/16/2024 1 1
E.O. &Kaloush K. E. Rubber and Portland Cement Concrete | Transportation Contract KR-04-
Pavement Surfaces 0720-TRN Final Report.
5 hitps 7idot.ora/10.1016/;atmosres. 202110 [Alves C. Evtyugina M (Organic profiles of brake wear particles. | Atmospheric Research 2021 UCR 08/16/2024 1
|Vicente A. Conca E. &
|Amato F.
6 https://doi.org/10.1016/). 023.139874 |Asma Beji, Karine Deboudt, [Physical and chemical characteristics of Chemosphere 2023 UCR 8/22/2024 1
Bogdan Muresan, Salah |particles emitted by a passenger vehicle
Khardi, Pascal Flament, Marc |at the tire-road contact
Fourmentin, Laurence
7 Ihitps //do.orq/10,1007/978-3-658-26435-2_65 [Augsburg K. Wenzel F. & forthe of 10th Munich | 2019 UCR 08/16/2024 1
Gramstat S. tire wear particles Chassis Symposium 2019
8 Ihitps //dot.ora/10.3390/atmos14030488 Bondorf L. Kohler L. Grein |Airborne Brake Wear Emissions from a ‘Atmosphere 2023 UCR B B 08/16/2024 1
. Epple F. Philipps F. Aigner |Battery Electric Vehicle.
M. & Schripp T.
A hitps 7idot.ora/10.1016/;scitotenv.2022.160% Charbouillot T. Janet D. C. |Methodology for the direct Science of the Total 2023 UCR 08/16/2024 1
Schaal P. Beynier I. et al. measurement of tire emission factors Environment
10 hitps //doi.0ra/10,1007/540825-018-0105-7 Chasapidis L. Grigoratos T.|Study of brake wear particle emissions | Emission Control Science and | 2018 UCR 08/16/2024 1
Zygogianni et al. lof a minivan on a chassis Technology
|dynamometer.

Figure5 wrirst ten rows of the main database

The systematic review reports values in their native
presenting fsiemdingvethat uaval i-Bht edeagsumassomsnpyatt
estimate an emission factor).
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NPAIUGY!| qRUNDWHR¢t Wet t Ittt adUq

The nwwmmher of setxuhdaiuesst oenminsosni ons, mi croplastics, and
atilnclusive report, as on averageybluipsh ed 3wl e kal pgits usidioceh
the main database to select 140 studi el35f et udlates eoxtr

extrddtidngqmgs, progress, r ecommen deaxthi aounsst, eammids sciuornrse.ntT
Panel i s encouraged t oa rfewldl € rn dunvd edrusatl a ,sd iundg eosf tsop egcaii
publications and reports (e.g., Eur gpenadre dCmmmijsesitesn r

environmenitmlt lhree sWmairtcehd St at es

N9 I q¢ RUq! Wctt+ 13ttt GUq

Theli verscaye, nresources, test setups, trlR@ostucdctige sned ihg
hi ndtelhe dda mi laistsyes s ¢ on fFiedve rsd a1 dd teast ii sntcil cwadlec ynud & i pé eve mal
and manygverpgpetval ues without recording standard devi

NTAWUt edqt WYnwt ! Uqd 13t 134
NTKN DURGq 2 pyld IBYYGIRGYIUWA ~ WIJI G Rt + RY U
NTHONKNI ¢t [Jt

Emi ssion factors studied by the European Commi ssi on

As part of the devel opmemftoromalt hWo rGTPFRa 2t4iG cpar Logpt oesfaM ¢, & st ut
Programmehe European Commi ssion has coor dilnLale,d lalnsd2 ,r
I LS3@afl lwhilkhakeedynamolmest eerartleyp pMagrttkmtgo st i cal t ool s f o
Repr odudcuirbiinigi thyr ake i nert isat udyipcddnbbmef @i e @use ntngawpplsi ¢
emi ssions initiative within[ 2a]e, UNEI]E, i RMIPAr|veerde2ait]d,oulmz
GTR 24 as the 't eesxthianugs tmebtrhaokde feonti snsoino m&.Twli it 81 nf e hes @d
WLT-B cycle without emissions measur ement s.brlakS®s st NAIC
| omet vehiMdl easnnd ANdAdArndhi cEB8s)ncl,udkead ht wd tphhashease .di ff

| LSflor validation ,iofvdlewsdad nagi ghtp albda b o rfaote rli 3e sn(eaansdy.r par nod
braking speed, average deceleration, brake torque, cc
t emperuastinrge)r obust algorithmel f ea&EYRdEddhenhsotube mwbdek
| L18 e polryt 2 9]

51

6 qqGt aoossstOARUNIOARYGorHt ocer OOGI ANTST ARZONOPIHN=T NOAOYHSANHATI ¢ TODE HIZINHP = =
G5t 61 NOn# i RP O @UPENETS n

MTAMPYNNSYYOCOGt hul GAGeRUqUI G¢HYI ¢qVYl ! €cHAz]l ¢cr! € dal oelRoE ¥ IAg O 1o vEd A Mo =3
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~260k values
WLTP Focus FA single setup 8 labs 2 tests each 6 x WLTP / test 8 labs x 2 tests x 6 repeats x 303 events x 11 parameters:
braking speed, avg. dist. (torque, pressure, and COF),
max. disc temps., cooling air temp. & cooling air RH

Figure6 wworkflow for interlaboratory accuracy study for the WLTB cycle

The report provides det aiclco mpfanmidgad cdtjyatd xsamrlads tareda td
results of the analysis show the standard deviations
effect (between |l abs), and totalfaefpogpibdwicigitliha yEC Tthhe
develop the draftPMoandheRN, measlthemwgtrti hpst emy. of t h
( COF)s hdwmEfl dJrll awil t h atopser tlealhh sand si x repeats per tes:
statistical met hods for heterogeneous mater. als and

14
12

10 —~ s

Frequency
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0.225 0.300 0.375 0.450 0.525 0.60! 0.675
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0.150

Figure7 uHistograms for the coefficient of friction for eight labs with two tests and six repeats on each test

A seconhdr | & b29se pudryt 8] by[ 24i]n,c spukdéek e pblsi onsemeasbr a
assemblies from fitwewedah cb6¥a pldbomuadt ig@asy)d@d wi t h- ECE
met) and NAO fwvrehcitciloen(lt2eas e Diapsl sst, est i nertia 16-#418ckg
mass (MMaLt/iDaM¥4otmk 22 : 1. The study applied all dalhengrwitteh
checklists to validatdNotheltebkabsetapwermtbeadvtaasbuta |tiezsatts
pesrORé&r |l y on during the assessment, we detected | abs
temper[aRtNYrl,dJlfool i ng] RN |, lhitma k| RPR K PHI@add (aver age brake
temperature dRPDEMIJWtrip # 10 (
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EEC FILES: AIR TEMPERATURES PER LAB

e Brakes

i " :

H i I

i i !
| | M LabC
i | M LabD
@ : H H M LabF
5 || & I M LabG
S = I  LabH

51 J 1 o) |L e
g @ 1 R 1 ' 'y 1! LabJ
E ‘g il'+L‘Ivll i ]L;-{»I- It;_‘ 1 i!: i 1 I;th_ .l_i u 44' M LabK
B 3 efr= = FTi- el e b s e 4 =t iy Hiea s 120°C WLabL
s g : I : H ] I.-I .T } l f‘-l ?f—ff i} !ii S S M LabM
2 @ H : L § 2 CIhh | I IR | M LabN
= . H ik i ! ' L L M LabP
| i M LabQ
1 M LabR
M Labs
1 M LabT
+ Lab-B faced serious challenges maintaining a target temperature
« Labs C, D, H, M, and T showed some fluctuations
PMP TF3RR/ILS | 16.03.2022 | BMW @ EEC EvaluotionTeom Lubs ’ -5-

Figure8 uBoxplots for cooling air temperature during WLTB tests for up to seven brakes. The dashed line at 20 °C
indicates the target GTR 24 air temperature used for the ILS2

EEC FILES: AIR HUMIDITY

‘ : l L M Labc
' . . HEH R : M Labp
TR 1 ; H ' : 1 ' i : i M LabF
g _= b4 I ; I ; : l ' 1 | ! ! M LabG
g EA1 i R ARREE (AR (SR EAR L B
E :E H}I%JI{[HI }I‘}[“i il I%TIFII}” 'i}'[] ‘5”‘41”’[7 M Labk
S . i I i 1 * M LabL
B IURUI (IR (el [RUT R sh)
g L. i I { N oot | : it M LabN
a8 < ' : | : : M Labp
i Y : . M Labq
l ) ! M LabR
I I ) W Labs
] i ‘ 1 M LabT
+ Lab-B faced serious challenges maintaining air humidity T
* Labs D systematically dryer, best results with low fluctuations with Labs J, L, N, B, S
<> check in EED files whether there are violations of the PMP protocol spec.
PMP TF3 AR/ ILS | 16.03.2022 | BMW @ EEC EvolutionTeom Labs -6-

Figure9 wBoxplots for cooling air humidity during WLTB tests for up to seven brakes. the set value for the ILS2
was 50 + 10 % RH
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EEC FILES: CORRELATION OF BRAKE SPEED PROFILE VS. SETPOINT (2)

lab
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'g_ = I M Labc

o i - = M LabD
@ wul I M LabF
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b a | N LabH
o (%] - LabJ
E £ . = . LabK
= C,g ' = Only data for emissions tests shown, B LabL
1 . 50 . f H M Labm
= g - without bedding steps B LN
g 2 LabP

a M Labq

o

[l . M LabR

@ + Systematic error for Lab D W Labs

g~ - + Good controls for Labs B, C, EH,L,N,R. S, T M LabT

| « Outliers for Lab G, J and M

< + Deviations for Lab Q &R
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¢ 5 = 2 £ 8 £ 5 5 § % 2 § 3§ § =2
PMP TF3 RR/ ILS | 16.03.2022 | BMW @ EEC EvaluationTeam Labs

Figure10 wBias for braking speed during WLTFB tests for up to seven brakes

EEC-FILES: AVERAGE DISK TEMPERATURES OF SECTION #10

= Some labs below target value of min. temperature

= For WL/DM 44.6: Lab R, . s
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PMP TF3 RR/ILS| 16.03.2022 | BMW @ EEC EvaluationTeam

Figurell wBias for the average brake disc temperature during WLIBPtests for up to seven brakes. The stairstep
red line indicates the minimum value as a function of the WL/DM ratio for the brake under testing
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The drum brake emkl trag/ dmadcBO .|50 wegri BPnMl B(R Mo € s B &adtuiev & oy
encl os eadn dn atthuer es mal | est WL/ DM ratio

Al m@g3sttd% of the emitted PM falls in the yne particl
Approxi(atwted¥%yof the tot al brake mass | oss falls in
being measured

EF faqwownPMwo brakes compared to previous studies, wi
correspodii mpg/tkaen/2/5 assuming a scaling factor of 3:
Except fBM oneepadbtabilityophbexhberessédr asecneeotbh af pokramuél e
was below 5 %. The repeatability of the same refere
|l evels and higher covariance

The PRI ati o aMas Ml oss ratio exhibited satgsnsiufeisc arnetl
transporotv el roesssteidmaotdiormg | abs exhi bited systemaRaicct obris
inducing variability in the ratios include transpor
encl osure; gravitational or inertial l osses in the
sampling pr obbleebsaniinsloekti;n eptoiscsiand/ or anisoaxial sampl
that it could also |l ead to overestimating and not o
wi t hitln 16.)9 and variability in airflow control and &
The reprbbbdat-iwbhbhvagfitammrcenemoving | abs fwirtitdasli gane fti @
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Table8 wPM results from PMP ILS3
Par ameter P Mo PM. s
Br ake BMW X| Ford RBJLR (N BMW X]| Ford JLR (N
Labs 13 14 14 13 14 14
Res 1)t s 75 82 79 75 82 79
PM{ mg/ km/ 8.7 4.7 1.4 b b b
PM.[smg/ k m/ b b b 3.0 1.4 0.7
Std. Dev. 1.4 0. 45 0. 4 0. 8 0. 35 0. 2
|l nfmd cov 15. 8 9.4 ( 27.7 26. 2 25. 2 27.9
(IAfter removideg|l ayeldesa,s sealvfal id by three | abs
The I'LS3 also measured particle number (TPN21O
and solid (after removingNoHitslhlbws eshesTRN1@ aatd abBpPNiC
their correspondand ®heamnthdi ditechewabht{Blyc | feonmr epsgpadireckeinlti
of the average for all labs with valid test results.
grasping the magnitude of the variation when deal
Table9 wPN results from PMP ILS3
Par ameter TPN1O SPN1O
Brake Ford RBRJLR (NFord HJLR (N
Labs 14 14 14 14
Res Ult s 81 77 81 77
TPNL®&/ km/ B] 1. 35E| 1. 14E b b
SPNL8/ km/ B] b b 1.50E| 1. 23E
N 2 1TStd. De 1.14E| 6.39E| 1.47E|[ 7.99E
95 % Ctwogygetle 16. 3 21. 6 12.0 20. 5
Emi ssion factors for light vehizOmbdabk part of CARBS®:
As tailpipe emissidounsy ofl eReM fhraovne tdhed¢caliellagshietle sP M ne mii <ai
brake and tire wear have become more relevant
pr ojweacst conducted to measure and anal yzwet ypavdahicallatler
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https://ww2.arb.ca.gov/sites/default/files/2021-04/17RD016.pdf
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CARB to update emission factors in,tas Wel bsasntleabert
vehicle operational conditions associated with varyir
dynamometer (in which the brake components of a singl
emi ssionsrobed dr pROEPWUESeng s-ltelve |l velrisawll e s for each
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Figure13 wVehicle level braking emissions vs. vehicle test weight by friction material type
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In 2021, Caltransreported the results from a stuiygather brake particulate matter (PM) data on a range of Hoedyy

(HD) trucks and one lighduty (LD) electric vehicle with regenerative brakind16]. The main objective was tbeasure
brake PM orvarious(HD)t r uck cl asses and brake conf i guSonethightightsof r e
the study include the followingvhen rolled up to full truck emissions:

T Refuse trucks had the highest emission rates at 210 mg/mi (130.5 my/km/V

1 Class 8 trucks were estimated to produce nearly 150 mg/mi (93.2 mg/km/V) when accounting for the projected 50/-
mix of drum and disc brakes within ten years.

1 For individual wheel tests, Cla8sdiscbrakes on a drive axle under full load and{speed brakintensive operation

had the highest PM emissions, at nearly 50 mg/mi (31 mg/km/B).

The TeslaModel3e x hi bi t ed a very aggressive regenerative br

disc brakes.

1 As aresult, the PM emissions fothe TeslaModel 3were quite low, with a full vehicle estimate of 1.42 mg/mi,

which is about 44 percent of t Hewever theoPlysrackon bases on filfeu | |

data collected for the Tesla was relatively high70 percent.

Loading and duty cycles were significant sources of variability in overall PM emissions

In-use brake temperatures were first characterized with track testing on four HD trucks and one trailer to simulate

reatworld thermal regimes for dynamometer emissions testing

[ RN bvémdewsof PMio EF for the different vehicle, brake, and axle positions.

M Drive Steer M Trailer

60

PM10 mg/mile
IS
<)
T

W
o
T

N | I I
0

Urban | Refuse |Cement |Drayage | LH OOS | Cement | Drayage | LH 00S Beverage Local

Bus Mow ng
Air Disc | Air Disc Drum Air Disc Hyd Disc
Bus Refuse Class 8 Class 6

Figurel4 wEmission factors result for Caltrans commercial vehicles
Updates to the EPA&6s MOVESS

Upon completion of the two campaigns for ligrend heavyduty vehicles, the United States Environmental Protection
Agency conducted a systematic update to the emission factors for both vehicle categories, including hybrid and electric
powertraing32], [33]. In summary:

MOVESS includes updates to brake wear for ligirtd heawyduty vehicles for model years 2011 and later, incorporating
analysis of new data

A I'n gener abrake wehreatesa@eny P M
T Lower for light and mediunduty vehicles, light heavgluty vehicles, and urban buses
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i Higher for other heawyehicle classes, most notably for heavy heduty vehicles
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Figurel5 wEffect of new emission factors on brake wear projections within MOVESS5. Image released by source
Emi s & o0norvsa ruitse@ceggs | e

The academia and industry studies on EF for particle mass and particle number have shifted significantly towards
conducting laboratorpased measurements after publication of the GRPEO using the WILP-B cycle and the

subsequent GTR 24 from April 24, 20iB}. Some studies use the CDBC, also developed as a laboratory dynamometer
test using an enclosed brake with conditioned and clean air, and isokinetic sampling on a constant volume sampling tu

[7]. Previous st wdti.eemmp aredti lerde omy oMeeas [ad, 4] bcoitthy edxrhiivbiintg ns
due to reéhecggyngr haghpressive driving or |l ack of equi
from reporting the EF as mg or particle coutnitometro uen
into effect i[B5Ndwem &g FNINhERES the, datd f8r e statistical assessment that follows.

The statistical analysis initially evaluated the hypothesis that Pivlission rates per brake pahterialare (statistically)
significantly differentThe data entrincludes summary results from 68 studies with varying conditions, including different
test setups and test cycles.

Table10 wEmission factors (EF) of full friction brakes at vehicle level for particulate mass (mg/km/V) or particle
number (#/km/V)

QAQUWAILWENFHG ! + qUUGc qRHWAND2RIs WY U W

Index | Year | Source | Powertrain Axle Type Pad Vehicle or PM1o PM2s
Test Mass | mg/km/V | mg/km/V
kg average | average

1 2000 | [35] ICE n/a D SM 1600 4.15 2.3

2 2000 | [35] ICE n/a D + Drum SM PT 7.5 5.5

3 2002 [35] ICE n/a n/a n/a n/a 7

4 2003 [35] ICE F D LM 1600 24.6

5 2003 [35] ICE F D SM 1600 6
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Index | Year | Source | Powertrain Axle Type Pad Vehicle or PMao PM2s
Test Mass | mg/km/V | mg/km/V
kg average | average
6 2003 | [35] ICE F D NAO 2100 5.4 -
7 2004 | [35] ICE n/a D) n/a 1600 1.8 -
8 2004 | [35] ICE n/a D + Drum n/a 1600 12.6 -
9 2008 [35] ICE n/a n/a NAO 2000 17.4 -
10 | 2015 | [35] ICE n/a D NAO 1600 0.67 0.53
11 | 2015 | [35] ICE n/a D NAO 1600 1.38 1
12 | 2016 | [35] ICE n/a Drum NAO 1600 0.16 0.11
13 | 2017 | [35] ICE n/a D NAO 1500 26.55
14 | 2017 | [35] ICE n/a D LM 1500 30 -
15 | 2019 | [35] ICE F D + HMC LM 1600 5 -
16 | 2019 | [35] ICE F D + HMC proto 1600 - -
17 | 2019 | [35] ICE n/a D n/a 2286 - -
18 | 2021 | [35] ICE n/a D n/a 1840 - -
19 | 2020 [35] ICE n/a D LM n/a 25 -
20 | 2020 [35] ICE n/a D NM n/a 1.25 -
21 | 2021 [35] ICE n/a D LM n/a 14 -
22 | 2021 [35] ICE n/a D NM n/a 3.25 -
23 | 2021 | [35] ICE n/a D LM 1600 7.4 -
24 | 2022 | [35] ICE n/a D LM 1300 17.1 6.3
25 | 2022 | [35] ICE n/a D NAO 1300 33 2.3
26 | 2022 | [35] ICE n/a D LM 1400 7
27 | 2022 | [35] ICE F D ECE 2310 35
28 | 2023 | [35] ICE F D ECE 1800 10.2 3.1
29 | 2023 | [35] ICE n/a D SM n/a 12.3 2.75
30 | 2023 [35] ICE n/a D Ceramic n/a 3.1 0.7
31 | 2020 | [37] ICE F D ECE 1300
32 | 2019 | [39] ICE F D ECE 1719 5.4
33 | 2019 | [38] ICE F D SM 1719 45
34 | 2020 [7] ICE R D NAO 2617 6 2.55
35 | 2020 [7] ICE R D NAO 2695 5.4 1.35
36 | 2020 [7] ICE R D LM 2617 5.7 1.44
37 | 2020 [7] ICE R D LM 2695 5.85 1.44
38 | 2020 [7 ICE F D NAO 2617 5.25 1.35
39 | 2020 [7] ICE F D NAO 2695 4.95 1.77
40 | 2020 [7] ICE F D LM 2617 15.3 5.55
41 | 2020 [7] ICE F D LM 2695 24 6.6
42 | 2020 [7] ICE R D LM 1665 5.7 1.17
4 3 | 2020 [7] ICE R D NAO 1665 2.55 0.9
4 4 | 2020 [7] ICE F D LM 1665 6.6 0.96
45 | 2020 [7] ICE F D NAO 1665 5.25 1.65
46 | 2020 [7] HEV R D NAO 1592 0.6 0.3
47 | 2020 [7] HEV F D LM 1592 2.55 1.35
48 | 2020 | [39] ICE F D LM n/a 7.5
49 | 2020 | [39] ICE F D NM n/a 45
50 | 2021 | [40] ICE n/a D ?) B n/a 0.882 0.618
51 | 2021 | [40] ICE n/a D ?] B n/a 0.663 0.216
52 | 2021 | [40] ICE n/a D ?] B n/a 0.483 0.294
53 | 2021 [40] ICE n/a D ?] B n/a 0.753 0.348
54 | 2021 | [40] ICE n/a D ?] B n/a 0.339 0.147
55 | 2019 | [41] ICE F D ECE 1600
56 | 2019 | [40] ICE F D ECE 1600
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Index | Year | Source | Powertrain Axle Type Pad Vehicle or PMao PM2s
Test Mass | mg/km/V | mg/km/V
kg average | average
57 | 2024 [42] ICE F D ECE n/a 39 12
58 | 2024 [42] ICE F D ECE n/a 42.6 6.6
59 | 2024 [42] ICE F D Ceramic n/a 21 6.3
60 | 2024 | [42] ICE R D ECE nl/a 18 45
61 | 2024 [42] ICE R D ECE n/a 33 5.1
62 | 2024 [42] ICE R D Ceramic n/a 6 2.4
6 3 | 2024 [42] ICE F D ECE n/a 63 12
6 4 | 2024 [42] ICE F D ECE n/a 29.4 45
65 | 2024 [42] ICE F D Ceramic n/a 45 1.8
6 6 | 2024 [42] ICE R D ECE n/a 135 3
67 | 2024 [42] ICE R D ECE n/a 18 2.7
6 8 | 2024 [42] ICE R D Ceramic n/a 3 2.55
Table10 weontinued
Index | TPN #/ Sampli I nstru Test s Test ¢ Comment s
avera syste
1 - n/ a Mass | Mass | Esti mat e
2 - n/ a Mass | Mass | Esti mat e
3 - n/ a Mass | Mass | Esti mat e
4 - Singl e P M Onr oad RDE -
5 - Singl e PM Dyno RDE Wind tunnel,
6 - Singl e PM Onr oad RDE -
7 - n/ a Mass | Mass | RDE Onr oad
(Motor
8 - n/ a Mass | Mass | RDE Onr oad
(Ur ban
Mot or w
9 - FE PM Dyno Acclzd ce Esti mat e
10 - FE PM Dyno JCO08 Dyno, JCO8
11 - FE PM Dyno JCO08
12 - FE P M Dyno RDE Dyno, RDE
13 1. 53E-1 FE PM, PN Dyno SAE J2 Dyno, SAE J
14 4. 95E- FE PM, PN Dyno SAE J2 Dyno, SAE J
15 7. 40E- FE PM, PN Onr oad LACT On road, L
16 1. 00E- F E SPN Dy no LACT Dyno, LACT
17 1. 20E- FE PM, PN Onr oad RDE Onr oad
18 3. 00 E - FE PM, PN Dyno WL T-B Dyno, -BNVLTP
19 - FE PM, PN Dyno WLTC Dyno, -BALT®PC
20 - FE PM, PN Dyno WLTC Dyno, -BNLTP
21 - FE PM, PN Dyno WLTC Dyno, -BNLTP
22 - FE PM, PN Dyno WLTC Dyno, -BNLTP
23 - FE PM, PN Dyno WLTC Dyno, -BNLTP
24 - FE PM, PN Dyno WLTC Dyno, -BNLTP
25 - FE PM, PN Dyno WLTC Dyno, -BNLTP
26 - FE PM, PN Dyno WL T-B Dyno, -BVLTP
27 - FE PM, PN Dyno RDE Dyno, RDE
28 3.70E FE PM, PN Onr oad RDE On road RD
29 FE PM Dyno RDE Dyno, RDE
30 FE P M Dyno RDE Dyno, RDE
31 1. 20 E{ FE PM, PN Onr oad RDE On road RD
32 2. 10 E - FE PM, PN Onr oad RDE On road RD
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Index | TPN #/ Sampli I nstru Test s Test ¢ Comment s
aver a syste

33 6. 00 E FE PM, PN Onr oad RDE On road RD
34 3. 00E-H FE PM, PN Dyno CBDC Dyno, CBDC(C
35 2. 55 E- FE PM, PN Dyno CBDC Dyno, CBDC(C
36 2. 64E- FE PM, PN Dyno CBDC Dyno, CBDC(C
37 3. 30EH FE PM, PN Dyno CBDC Dyno, CBDC(C
38 4. 50E-1 FE PM, PN Dyno CBDC Dyno, CBDC(C
39 3. 00E- FE PM, PN Dyno CBDC Dyno, CBDC(C
40 7. 20E- FE PM, PN Dyno CBDC Dyno, CBDC(C
41 8. 40E - FE PM, PN Dyno CBDC Dyno, CBDC
42 4. 50E-4 FE PM, PN Dyno CBDC Dyno, CBDC
43 1. 50EH FE PM, PN Dyno CBDC Dyno, CBDC
4 4 3. 30E- FE PM, PN Dyno CBDC Dyno, CBDC(C
45 2. 55 E- FE PM, PN Dyno CBDC Dyno, CBDC(C
46 1. 35EH FE PM, PN Dyno CBDC Dyno, CBDC(C
47 1. 47EH- FE PM, PN Dyno CBDC Dyno, CBDC(C
4 8 9. 60 E FE PM, PN Dy no WLTC Brake Dyno,
49 3. 20E- FE PM, PN Dyno WLTC Brake Dyno,
50 1. 38EH FE PM, PN, H Dyno WLTC Brake Dyno,
51 1. 02EH FE PM, PN, H Dyno NEDC Brake Dyno,
52 1. 26 E A FE PM, PN, H Dyno FTP Brake Dyno,
53 6. 90E - FE PM, PN, H Dyno LACT Brake Dyno,
54 6. 60E - FE PM, PN, H Dyno WL T-B Brake Dy#Bo,

55 2. 10E- FE P N Dyno LACT Brake Dyno,
56 FE SPN Dyno LACT Brake Dyno,
57 FE PM, PN Dyno WL T-B Brake Dy#Bo,

58 FE PM, PN Dyno WL T-B Brake Dy#Bo,

59 FE PM, PN Dyno WL T-B Brake Dy#Bo,

60 FE PM, PN Dyno WL T-B Brake Dy#Bo,

61 FE PM, PN Dyno WL T-B Brake Dy#Bo,

6 2 FE P MP N Dyno WL T-B Brake Dy#Bo,

63 FE PM, PN Dyno RDE Brake Dyno,
6 4 FE PM, PN Dyno RDE Brake Dyno,
65 FE PM, PN Dyno RDE Brake Dyno,
6 6 FE PM, PN Dyno RDE Brake Dyno,
67 FE PM, PN Dyno RDE Brake Dyno,
6 8 FE PM, PN Dyno RDE Brake Dyno,

Using the data fromii ¢ HNininidl focusing offully enclosedbrake sampling systems, the emay ANOVA
analysisfor PMyo revealed a significant difference between population means at a 0.05 significance level.

Descriptive Statistics
N Analysis | N Missing Mean Standard Deviation | SE of Mean
NAO 8 0 2.46875 2.60726 0.92181
LM 13 0 3.81154 2.73484 0.75851
NM 3 0 1 0.54645 0.31549
ECE 9 1| 9.62963 5.99712 1.99904
Ceramic 4 0 2.875 2.78014 1.39007

Overall ANOVA
‘ DFI Sum of Squares| Mean Square| F Value | Prob> F
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Model 4 322.87469 80.71867| 5.75477| 0.00132
Error | 32 448.8445 14.02639
Total | 36 771.71919

Null Hypothesis: The means of all levels are equal
Alternative Hypothesis: The means of one or more levels are different
At the 0.05 level, the population means are significantly different

Fit Statistics
R-Square | Coeff Var | Root MSE | Data Mean

0.41838 0.8129 3.74518 4.60721

After converting the WLTHB kinetic energy of.5,980J/kg of vehicle mass, assuming an average veimaksof

2000 kg and a nominal test duration of 4F#433 kJ/h = 0.21 bhpr),[ R NK Iindlddtesthat[43] while exhibiting a

large variationmostof the fleet's current brake systemsuld exceed California'particle mas$PM) andEuro 7particle
count(SPN10)tailpipe regulatoryimits. Working the calculation backward yields a maximum:Pd 2.1 mg/km/V.

Brake emissions vary significantly compared to exhaust emissions, depending on the brake disk temperature (driving
aggressiveness) and brake pad chemistry. Most of thexiwmust results are in Region I, where PN and PM regulation
limits are violated. Mn-exhaust emissions can vary frdf to 10° p/km and 10 to 100 mg/km for PN and RM
respectivelyjn most cases.

=
1 Region where limit is exceeded | 1l Region where limit
'for PN but not for PM ! is exceeded both

PN and PM

@® NG#H1-MSS |
{ CNG w2 -MSS :
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@ CNG #1-PM filter ¢
© CNGW#2 - PM filter
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)
A 1 3.73x1011 p/bhp-hr B ] : .
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Figurel16 wSPN10 vs. PM mass (soot) emissions concerning Euro 7 PN and California PM mass standard; The
horizontal axis shows PM mass (soot) and the vertical axis the SPN10 emissions; Each color represents a different
vehicle. Image from open source [40]

[ RDETaBMWRNE¥IBMWW the results primarily from | aboratory
for future product development, type approval, confor
EF from previ ouws maeskte dc yacclceosr da may | ly . I n the graphs t
assemblies for various vehicle classes, brake system:
brake systems were tesytetdem,n wani req cd obsrua ke scynpB maige & e
cycle. Sampling from a tunnel using cyclonic separat
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(CPC) for PN. PN refers to total PN > 10 nm, but onl
screening sh@KE eRENNs sisi @ meeraavtieesr fvoerhi cl e cl asses, whi |l e
brake pad [tRDPEBHBWaSEtbdbwer emi ssions rates for the NAC
studies [.7]FoxEBAMt he 3i6Hi ti al screening suggeshdehi ghba
ehicle cl asses, no clear trend for the other [HRMN&ENE LK
l ustr atigan dt teda P PMuncti on of vehicle weight <c¢cl ass
r PM exhibit marked differ ences -ebnectlweseend esnyisstseinosn iani
closed testing.inéhntores EF atr b masemi $ svieams as high as mee
One explanation for this is that sdwarnalr elemeemtyohrcigebd
ol der formul at iesntss, WsfeBrtehaes |l rewad T urrent oOFguresdint@20 f r
show box plots oémission factors categorized Gifferent factors or criteria.
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Figure18 wPM;,and PMs per GTR 24 for different vehicle weight classes and friction material types

The relationshi)g dred wemarpdaegrn@hcM RMd i s al so i mporta
friction couple or comparing t{ROEEdDY I oRedfer e&infcfe
fouad[dRNE®tItlo r ! References hoawundhe mnetsufldsndoc!| otdiene
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Figurel9 - PMys/ PMygratio for several studies on different vehicles, brakes, and friction couples
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Figure20 wPM, s/ PMy, per brake pad and brake disk material with data from Tablel, which includes PM s and
PMio using GTR 24 testsBrake Disk: D = disc (gray cast iron or GCI); HMC = hard metal coated; CC = carbon
ceramic. Brake Pad: LM = low metallic; ECE = Economic Commission for Europe; NAO =-ashestos organic
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Figure21 wPairwise correlation between PM,/ PM: s for several studies on different vehicles, brake types, and
friction couples formulations
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Figure22 wPairwise correlation between PM,/ PM: s for several studies on different vehicles, brake types, and
friction couples with ECE brake pad formulations
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In Circa 2018, the industry was able to commence testing with the first iterations of the current GTR 24 test

setup. Testing a brake assembly in an enclosure, using a brake dynamometer, and following tie WLTP

(brake) cycle. Sampling from a tunnel usiryglonic separators is followed by filters for PM and condensation
particle counters (CPC) for PN. PN refers to total PN > 10 nm, but only when the measured values were clos

the solid PN.

N ¢ ANiNoamh [35] show enission factors of full friction brakes for mass (mg/km/B or mg/km/V) or particle
number (#/km/B or #/km/V) measured according to the Brakes GTR 24 fodligytvehicles, i.e., with the
WLTP-B (worldwide harmonized light vehicles test procedure brakkelyanless otherwise specified. Values

in italics were calculated based on the vehicle classification and the default loading conditions from the GTR

and common payloads for the different vehicle classifications
Table11 wEmission factors measured during GTR 24 tests
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Index | Year | Source | Vehicle | Axle | Type Pad Test | Estimated Comments
type Mass | GVWR @ 2
kg kg (G
%)
S|
1 2019 | [35] F D LM 1500 1840|C C Mid-sized, LACT
cycle
2 2019 | [35] F D ECE 1500 1840|C C Mid-size
3 2019 | [35] F D ECE 1200 1440|B B City car
4 2019 | [35] F D NAO 1200 1440|B B City car
5 2019 | [35] F D NAO 1200 1440|B B City car




A ¢ NIPUE

Index | Year | Source | Vehicle | Axle | Type Pad Test | Estimated Comments
type Mass | GVWR & 5
kg kg (G2
312
6 2020 | [35] F D ECE 1750 1990|C
7 2020 | [35] F D ECE 2150 3250 E 8% payload
8 2020 | [35] ICE F D NAO 2500 3600|F 8% payload
9 2020 | [35] ICE F D NAO 2500 3600|E 67% payload
10 2020 | [35] ICE F D ECE 2950 4050|F 67% payload
11 2020 | [35] ICE F D LM 2500 3600 E
12 2020 | [35] ICE F D LM 2950 4050 F 67% payload
13 2020 | [35] ICE F D NAO 2182 3280/ D | M | Minivan
14 2020 | [35] ICE F D NAO 1651 1990/ C | C | Medium car
15 2020 | [35] ICE F D NAO 1655 1995/ C | C | Medium car
16 2020 | [35] ICE F D NAO 1655 1995/ C | C | Medium car
17 2020 | [35] ICE F D LM 1655 1995/ C | C | Medium car
18 2020 | [35] ICE F D NAO 1347 1585|/B | B | Citycar
19 2020 | [35] F D ECE
20 2020 | [35] F D NAO 2000 2240|C
21 2021 | [35] F D ECE 1700 2140/ C |C | Mid-size
22 2021 | [35] F D ECEopt| 1700 2140/ C |C | Mid-size
23 2021 | [35] F D LM 2250 2690(D |J SuUvV
24 2021 | [35] F HMC LM 2250 2690(D |J SuUvV
25 2021 | [35] F CcC LM 2250 2690(D |J SuUvV
26 2021 | [35] F CC LM 2250 2690(D |J SuUvV
27 2021 | [35] F HMC LM 2250 2690/D |J SuUvV
28 2021 | [35] F CcC LM 2250 2690/D |J SuUvV
29 2022 | [35] F D ECE 1800 2040 C | F | Luxurysedan
30 2022 | [35] F D LM 2000 2240|C
31 2022 | [35] F D NAO 2000 2240|C
32 2023 | [35] F D ECE 1600 1940/ C |C | Medium car
33 2023 | [35] F D NAO 1600 1940/ C | C | Medium car
34 2023 | [35] F D ECE 1660 2000(C |J SuUvV
35 2023 | [35] F D ECE 2623 2960/ E | C | Mid-size
36 2023 | [35] R Drum n/a 1253 1490|/B | A | Supermini
37 2023 | [35] F D ECE 2500 3600|F LCV 28% payload
38 2023 | [35] F D ECE 3390 4490 F LCV 90% payload
39 2023 | [35] F D LM 1660 2000|C | C | Mid-size
40 2023 | [35] F D NAO 1660 2000|C |C | Mid-size
41 2023 | [35] F D ECE 1660 2000|C | C | Mid-size
42 2023 | [35] R Drum n/a 2041 2380/ D |C | Mid-size
43 2023 | [35] R Drum LM 2041 2380/ D |C | Mid-size
44 2023 | [35] R Drum | NAO 2041 2380/ D |C | Mid-size
45 2023 | [35] F D ECE 2113 2450/ D | C | Mid-size
46 2023 | [35] F HMC | ECEopt| 2113 2450/ D | C | Mid-size
47 2023 | [35] F D ECE 2027 2365/ D |F | Luxurysedan
48 2023 | [35] F D ECE 1840 2180|C Japanese market
49 2023 | [35] F D LM 1820 2920 D *
50 2023 | [35] F D NAO 1820 2920/ D *
51 2023 | [35] F D LM 2250 3350|E *
52 2023 | [35] F D HMC 2250 3350|E *
53 2023 | [35] F D ECE 1500 1840|C Large car
54 2023 | [35] F D ECE 1250 1490|/B |B |Citycar
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Index | Year | Source | Vehicle | Axle | Type Pad Test | Estimated Comments
type Mass | GVWR & 5
kg kg (G2
213
55 2023 | [35] F D ECE 1200 1440/B |B |Citycar
56 2023 | [35] F D ECE 1250 1490|/B |B |Citycar
57 2023 | [35] F D SM n/a Average
58 2023 | [35] F D Ceramic| nl/a Estimated
59 2023 | [35] ICE F D ECE 1240 1480|B
60 2023 | [35] ICE F D NAO 1240 1480|B
61 2023 | [35] ICE F D NAO 1533 1770|B
62 2023 | [50] PHEV F D NAO 1533 1770|B
63 2023 | [42] HEV F D ECE 1547 1885|C |E | Largecar
64 2022 | [51] HEV R D ECE 1195 1435|/B |B |Citycar
65 2022 | [51] HEV R D SM 1195 1435|/B |B |Citycar
66 2022 | [42] F D ECE | 19935 2330|D | E | Executive car
67 2021 | [42] F D ECE | 2524.7 3315|F
68 2023 | [42] ICE F D ECE | 1659.5 1895 C |C | Mid-size
69 2023 | [42] ICE R D ECE | 1659.5 1895 C |C | Mid-size
70 2023 | [42] ICE F D NAO | 1659.5 1895 C |C | Mid-size
71 2023 | [42] ICE F D ECE | 21125 2550/ D |J SUV
72 2023 | [42] HEV F D HMC | 21125 2550/D |J SuUvV
73 2023 | [42] ICE R Drum LM 2040.5 2280 C | C | Mid-size
74 2023 | [42] ICE R Drum LM 2040.5 2280l C | C | Mid-size
75 2023 | [42] ICE R Drum | NAO | 2040.5 2280 C | C | Mid-size
76 2023 | [42] PHEV | Total D ECE | 1659.5 1995|C
77 2023 | [42] BEV Total D ECE | 1659.5 1995|C
78 2023 | [52] HEV Total D ECE 1500 1840|C
79 2020 | [53] HEV Total D NAO 1592 1930|C
80 2024 | [50] ICE Total D NAO 1533 1870|C
81 2024 | [50] PHEV | Total D NAO 1533 1870|C
82 2023 | [41] LCV F D ECE 1600 1940|C
83 2023 | [41] LCV F D NAO 1600 1940|C
84 2023 | [41] LCV F D ECE 1668 2005|C
85 2023 | [41] SuUvV F D ECE 2623 3415|F GTR 24 load
86 2023 | [41] LCV R Drum 1253 1590|B
87 2023 | [41] VAN F D ECE 2500 2940/E | M | MPV
88 2023 | [41] VAN F D ECE 3390 3830/G |M | MPV
89 2024 | [54] ICE F D LM 1600 1940/ C |C | Mediumcar
90 2024 | [54] ICE F D NAO 1600 1940/ C |C | Medium car
*Corrected with x0.7/2
U.S. CFR:

Class A Not greater than 1360 kg. (3,000 Ibs.) Clags@reater than 1360 kg. to 1814 kg. (3,80000 Ibs.) Class & Greater than 1814 kg. to
2268 kg. (4,005,000 Ibs.) Class ® Greater than 2268 kg. to 2722 kg. (5,80000 Ibs.) Class& Greater than 272g. to 3175 kg. (6,001

7,000 Ibs.) Classd- Greater than 3175 kg. to 3629 kg. (7,48Q00 Ibs.) Class & Greater than 3629 kg. to 4082 kg. (8,8)Q00 Ibs.) Class &
Greater than 4082 kg. to 4536 kg. (9,401,000 Ibs.) Class®8 Greater than 4536 kg to 6350 kg. (10,401,000 Ibs). Class 4 Greater than 6350 kg
to 7257 kg. (14,0016,000 Ibs.) Class® Greater than 7257 kg to 8845 kg. (16,4®500 Ibs.) Class®% Greater than 8845 kg to 11793 kg.
(19,50%26,000 Ibs.) Classd7 Greater than 11793 kg 14968 kg(26,00233,000 Ibs.) Clas8 Greater than 14968 kg. (33,001 Ibs. and over)
according td55]

European Commission vehicle segmentation accordifsfio
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Index | Powertrain | Axle | Type Pad Test P Mo PM.s| PN #/ K PMo PM.s
or Vehicle Mass | mg/ kn mg/ kn mg/ kn mg/ kn
type kg
1 F D LM 1500 4.6 4. 90E| 13. 8
2 F D ECE 1500 4.5 1.5 1.50E 13. § 4.5
3 F D ECE 1200 2.5 1.2 8.00E 7.5 3.6
4 F D NAO 1200 1.2 0.7| 5.00E 3.6 2.1
5 F D NAO 1200 0.4 0.2 1.00E 1.2 0.6
6 F D ECE 1750 7.6 2.5 4.50E 22. 8 7.5
7 F D ECE 2150 12.2 4.8 8.70E 36.6 14. 4
8 ICE F D NAO 2500 1.2 0.5 1.10E 3.6 1.5
9 ICE F D NAO 2500 0.7 0.4 8.00E 2.1 1.2
10 ICE F D ECE 2950 0. 8 0.5 8.00E 2.4 1.5
11 ICE F D LM 2500 4.3 1.5 5.90E 12.9 4.5
12 ICE F D LM 2950 7.1 2.1| 3.20E 21. 3 6. 3
13 ICE F D NAO 2182 2.2 1 6.6 3
14 ICE F D NAO 1651 2 0.9 6 2.7
15 ICE F D NAO 1655 1.8 0.6 5.4 1.8
16 ICE F D NAO 1655 1.2 0.4 3.6 1.2
17 ICE F D LM 1655 2.3 0.7 2. 40E 6.9 2.1
18 ICE F D NAO 1347 3.2 1.3 9.6 3.9
19 F D ECE
20 F D NAO 2000 0.1 0. 04 0.3 0.185
21 F D ECE 1700 8.5 4.5| 3.50E 25.5 13. 5§
22 F D ECEopt | 1700 2.2 1.1 1.50E 6.6 3.3
23 F D LM 2250 4.7 2.4 1.00E 14. 1 7.2
24 F HMC | LM 2250 2.1 1.2 1.30E 6. 3 3.6
25 F ccC LM 2250 1.4 0.9 8.00E 4.2 2.7
26 F CcC LM 2250 12. 4 6 4. 60E 37. 2 18
27 F HMC | LM 2250 3.4 1.8 2.50E 10. 2 5.4
28 F cc LM 2250 1.2 0.8| 6.00E 3.6 2.4
29 F D ECE 1800 4.5 1.4 3.40E 13.585 4. 3§
30 F D LM 2000 4.2 2.1 12. 4 6.3
31 F D NAO 2000 1.2 0.5 3.6 1.5
32 F D ECE 1600 6 2 2.00E 18 6
33 F D NAO 1600 2.3 0.7 6.9 2.1
34 F D ECE 1660 10. 7 3.8| 8.60E 32.1 11. 4
35 F D ECE 2623 9.1 3.1|] 3.30E 27. 3 9.3
36 R Drum | n/a 1253 0.5 0.3| 1.70E
37 F D ECE 2500 7.7 3 5. 80E 23. 1 9
38 F D ECE 3390 9.4 4 8. 10E 28. 2 12
39 F D LM 1660 5.3 2.8| 4.30E 15. 9 8. 4
40 F D NAO 1660 3.9 2.2| 2.80E 11. 7 6.6
41 F D ECE 1660 1.5 0.9 5.10E 4.5 2.7
42 R Drum | n/a 2041 1.1 0.8| 2.80E
43 R Drum | LM 2041 0.7 0.6| 3.60E
44 R Drum | NAO 2041 0.3 0.3| 3.40E
45 F D ECE 2113 7.6 3.5| 3.90E 22.8 10. §
46 F HMC | ECEopt | 2113 1.6 1 1.40E 4. 8 3
47 F D ECE 2027 4.1 1.2 2.10E 12. 3 3.6
48 F D ECE 1840 6.5 1.8 5.00E 19. § 5.4
49 F D LM 1820 2.3 6.9
50 F D NAO 1820 1.1 3.3
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Index | Powertrain | Axle | Type Pad Test PMo PM.s| PN #/ K PMo PM.s

or Vehicle Mass | mg/ knm mg/ kn mg/ kn mg/ kn
type kg

51 F D LM 2250 1.3 3.9

52 F D HMC 2250 0.5 1.5

53 F D ECE 1500 7.3 21. 9

54 F D ECE 1250 5.4 16. 2

55 F D ECE 1200 5.1 15. 3

56 F D ECE 1250 5.1 15. 3

57 F D SM n/a 5.7 1.2 17. 1 3.6

58 F D Ceramic| n/a 3.2 0.8 9.6 2.4

59 ICE F D ECE 1240 3.7 1.3 11. 1 3.9

60 ICE F D NAO 1240 1.4 0.6 4. 2 1.8

61 ICE F D NAO 1533 0. 8 0.2 1.40E 2.4 0.6

62 PHEV F D NAO 1533 0.09 0.04 1.00E| 0.28 0.13

63 HEV F D ECE 1547 11.1 4.47 5.48E| 33.3 13. 4

64 HEV R D ECE 1195 2.92E

65 HEV R D SM 1195 2. 18E

66 F D ECE 1993.5 3.6 0.9| 3.44E 10. 8 2.7

67 F D ECE 2524.7 5.9 2.1| 2.10E 17. 7 6. 3

68 ICE F D ECE 1659.5 5.3 2.8| 4.30E 15. 9 8. 4

69 ICE R D ECE 1659.5 1.5 0.9 5.10E

70 ICE F D NAO 1659.5 3.9 2.2 1. 80E 11. 7 6.6

71 ICE F D ECE 2112.5 7.6 3.5|] 3.90E 22.8 10. §

72 HEV F D HMC 2112.5 1.6 1 1. 40E 4.8 3

73 ICE R Drum | LM 2040.5 1.1 0.8| 2.80E

74 ICE R Drum | LM 2040.5 0.7 0.6| 1.10E

75 ICE R Drum | NAO 2040.5 0.3 0.3| 4.90E

76 PHEV Total | D ECE 1659.5 6 3.6

77 BEV Total | D ECE 1659.5 3.3 2.4

78 HEV Total | D ECE 1500 11.1 4. 74

79 HEV Total | D NAO 1592 2 0.9

80 ICE Total | D NAO 1533 1.92 0.58

81 PHEV Total | D NAO 1533 0.28 0.13

82 LCV F D ECE 1600 5.1 1.8 2.20E 15. 3 5.4

83 LCV F D NAO 1600 2.5 0.8 1.00E 7.5 2.4

84 LCV F D ECE 1668 8. 8 3.5| 8.60E 26.4 10. §

85 SUV F D ECE 2623 8.3 2.8| 3.30E 24 .9 8. 4

86 LCV R Drum 1253 1.2 0.2| 1.70E

87 VAN F D ECE 2500 7.7 2.9 23. 1 8.7

88 VAN F D ECE 3390 8.5 3.3 25. § 9.9

89 ICE F D LM 1600 5 1.8| 4.50E 15 5. 4

90 ICE F D NAO 1600 5.4 2.4| 8.26E 16. 2 7.2

* Divided by 2.83 to conveffrom vehicleto brake corner. B = brake; CC = carbon ceramic; D = disc (GCI); ECE = Economic Commission for
Europe; GCI = gray cast iron; HMC = hard metal coated discs; LACT = Los Angeles City Traffic; LCV-sdigimercial vehicle; LM = low
metallic; NAO = norasbests organic; SUV = sports utility vehicle

N ¢ FNiddoid [35] list the main emissions inventories currently in place and their respective limits for PM.
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Table12 uLight-duty vehicles' brake emissions are based on emission inventories (mg/km/V)

Year PM1o PM2s Source

2022 12 4.8 EEA, COPERT (PC ICE)

2022 9.5 3.8 EEA, COPERT (PC HEV)

2022 6.5 2.6 EEA, COPERT (PC PHEV)

2022 3.3 13 EEA, COPERT (PC BEV)

2022 12 438 EEA, COPERT (LCV N1I)

2022 17 6.7 EEA, COPERT (LCV Nall/II)

2020 8.4 3.3 NAEI UK (PC)

2020 13.1 5.1 NAEI UK (LCV)

2020 6.2 2.4 Australia, COPERT Australia (ICE)
2020 4.3 1.6 Australia, COPERT Australia (BEV)
2020 13.8 1.7 US EPA, MOVESS3 (PC)

2020 15.3 1.9 US EPA, MOVES3 (LCV)

2021 310 1i 3 CARB, EMFAC (PC)

2021 14 4.5 CARB, EMFAC (LCV)

2021 9.1 3.6 DCE, (PC)

2021 10 - PBL NL (PC)

The emission f agitgpmisf if@antP Mdiefxfhearbences bet weemcé mise i
systems, and BSutudyeenempstegi hgsting. The EF from emis
measurements with a fully enclosed system. One expl ar
stutdhas reégeogyhcygbtles and ol der formuWaTBoroycl e@o ampa
current or .f@épnt[f4dy mujas], [50], [57], [58], [59]

NTHONORRI 1Jt

On contrmboetrobphastocs from road transport tires

A recent [féaBekbiwedtodyabout 300 measurements, indicat.i
68 mg/ kfmét ompmaesenger cars. To assess the abrasion rat
a convoy with one vehicle fitted with a reference tir
of t hwh édrdoipfeV\D) can account for between 60 % and 85 ¢
reaheerdi ve (RWD), the rear tires canN¢BNQILUO isuatrieee & by a b
summat hee sottuhde easbr asndnt Hevedrsead of results. For the
25 mg/ km up to 227 mg/ km have be&f o ¢ip2pbrk e dg avwg ahl nsot s
[ 6Bl ghl ilgihtkrea kheast,, tires exhibit higher wear rates dur
decreasing from about 240 mg/ km after drThengahm6808t Uc
includes a simplified representation of the main fact
on microplastics and pollution from particulate matt e

Table13 wAbrasion rates of various tires determined from omoad test

Year No.Tiofle s Vehi cl ¢ Abrasi o/Comment
Tyvpe‘ﬁiloés mg/ km
2013 1 1 175/ 7 n/ a 127
2013 2 1 185/60 n/ a 132
2013 1 1T 195/ 6 n/ a 149
2013 4 1 206 /R4 n/ a 141 i¢52% | Dat at from the Russ

a ndi satveehreaw.ew etr
d btyhédyuwer aslsa
Thxaetwheaenbs.r

i de

2013 1 1 215/ 6 nl/ a 119
2004 195/ 65 R F WD 56 36,000 km (imat kmway), 9
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Year No. Tiorfle s Vehicl g Abrasi o/Comment
TypeSi oés mg/ km
20014 185/ 65 R F WD 67 40,370 km (iM&t kmway), 6
20014 145/ 80 R R WD 86 11, 300 k mi5(1lurkbna/nh) , 43
20014 185/ 65 R F WD 193 |3665 km (&4 blam/)h, 6r@i sal i
20014 175/ 70R F WD 85 15,000 kni6prumah), 61
2022 Gasoline - 158
2022 Di esel 13 - 168 Based on trababd dkenp tthe sito
asphalt concrete (KS F
80 km/h (2 h), and 110
2022 Electric - 202
2022 | CEs - 72 iL86)
2022 Hybrids s - 53 1026
2022 Hybrids M - 1127)7B%) |[Based on tre@dt axips hi d oH
At hens (Greece-AurHgbriad
(Gkoda Octavia) had a s
2022 Hybrids w - 160 i¢809
2022 18 T (mod Mercedé¢s g 67 1088) 5000 km ( mohUnrKway) i n
2021 6 I 205/ 5H5 Peugeot 3763 15,000 km (65% rural,h713
k m/ h, LoAS 0.68 m/s], L
2022 2 1 205/ 5H5 VW -Roc 21227 7000 km (39% motorway,
2021 4 1 205/ 55 VW Gol f 91 i116) France and Germany up t
from 7 AC to 25 AC (sum
_ (winter tires).
2021 6 I 205/55 VW Gol f 94 i(.58)
2021 2 1 235/ 35 VW Gol f 92 iL29)
2022 14 1T 185/ 6 VW Pol o 89 iL28)
20109 16 1 185/ 6 VW Pol o 93 i1L29)
20109 16 1T 185/ 6 VW Pol o 109 i1 08%)
2021 15 T 205/ 6 VW Gol f 118 1i15812)
2020 15 T 205/ 6 VW Gol f 1217K48%) |15, 000 km (55% rural, 4
5 85 km/ h average speed
2016 7 | 205/ 65 VW Gol f 117 7i15822)
2020 16 1T 225/ 4 VW Gol f 130 i¢575%
2021 16 1T 195/ 6 VW Gol f 139 ig¢xr09
2023 50 T 205/ 65 (VW Gol ff 1257202%) 35 on a drowmm, 19 on
2023 5 1 245/ 45 BMW X1, 171 ig02% |15, 000 km (50% rural, 3
T RWD; | assuming 1.6 t vehicle mawhedriwe;sulmiclhrgb s tPt8e n n astedhii rcd ;e L
acceleration standard deviation;vLoAS = longitudi naH edarlci cveel; e rSa t=i o
summer; W = winter. Example: 50 I 20565 wRkR1I®G 2D5] 3jm mweandh ,5& ESb/
bet ween the wheetlitraentdilwtedde heg d g ¢ adfi att H Rcaocoms tsri zet i(omi)rea ah@l di 8@Met o
(4615 kg) .
[ RDEZMWImBiovides a visualization of the |l evel and sp
weighted mean for all studies (on the rightmost bars)
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- 23 18 172 9 3 ap3 291
200
m mg/km
-E-.- 150 m mg/km/t
£
E 100 'y
2
)
5 . ]
2 50 I I
o I
UK ES, IT, GR FR DE RU KR All Europe

Figure24 wSummary of tire abrasion rates in various countries. Error bars show mnuimax. Numbers indicate the
number of tires. The small horizontal lines indicate the weighted mean of all studies. Image from open source [15]

No studies w006 dartes anhtier results from the ongoing
are availabl e

Even though th
wer é%1@m per t
system used or

f o
I

ere aeenilsismionmsd wetr edi(ds 4 ttlwe 2PM) mg/ km
iret oThet aht athr ark | &#We wage ,2 . Bhtioc ht hcea ns abne
the actual,/sPdhatviiorwatf od hei @miocabidllac t |
shows PM EF r different A2084 rtewicewddeddéehatatihet & i
abrasion is ess than 10% [ 2&f gueéid ott haetid wheice @ tsit wd@P
be as | ow as ,whiscdwetshaverage studies (dsba%sumed ).
10) % of the KRoANBMUViIi desabomsei pprcentage$, repornt @8
by he number of tires ;tseshedvalhuaaddwdg®sdhyrsd thkorel M

Table 14 wParticulate matter (PM) values (per tire) and ratios

Year No. P Mo PM§ PM.s PM/s |PM/sPM Comment s
Tire mg/ kn Abr as mg/ kn Abr as

2005 2 (@1 - 1i2 - 0. 1Road simulator

2010 3 ty {0. - - - -|lUp to 350 mg/ K

2013 1 - - - - 0. 70nr0oad

2018 5 - - - - 0. 4Road simulator

2018 4 0.d 1.% 0.d 1. 2 0. Dr um, abr asi on

2018 1 0.d 0.9 0 0.1 0. Dr um, a b9r0al0s0i omm

2019 5 - - - - O.|Drum

2020 4 1. - - - -|Road simulator

2021 1 - - - 0. 2Abrasion devig

2021 1 1. 3.% 1. 3.3 0. 7Dr ulm ke

2022 3 2. - 0. - 0. 1Dr ¢m

2022 4 0. - 0. - 0. 2Drum

2023 3 - 2.9% - 0.2 0. JdOnroad

2024 9 0. - 0. - 0. 1Drum

Average - 2.2 2.% 0. 1.6 0.4 -

Wei ghted - 1.9 4 1.9% 0. 1.0 0. 3-

lthe value in {é} not consi der etdiwiaas tchad caid alt yesdi su.s i Thige av dtlareadoa § eodf F

on the graphs of theéeétbBeéeudsal aed depodiaed bgitheeirdlge nawe rsd udliyv iade
of 120 mg/km, so the percenta'tbe wale@er énapavnleatbdesisi §1¢)1 wWasmgh
in parenthesis (too high or too |l ow PM).

PM emission factors exhibit a |l arge range .df awgdl kilels ,
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A ¢ NOPUP
Using a comprehensive approach to national tire wear

Studyghckles the question of tire emissions with two
One method uses a mileage approach combining eamidssi or
emi ssions factorsfbromiltetwerpatupnbhld oeddH®Val ikdthipend t th e

by using tire recycl i.ngl/hsealceasl/cmaltaetriioanls fylioew dsetda tsilsitgihc
estimates, higher foor patssamg®@a fholso vadnrel flatval{DV and
study relies on estimates t hatf tdiirfdseremitt ceoprproauxnidnat e

particul ate matter of Méareyimideaigmeash pegaolycyreaareri rd etthad
types and traffic acti wirtbyandaatnad, riunrcallu drionagd sa asnpdl into tboe
potenti al regul ations and meas ueneiss soino nlT VPt eemd asnsa.@ ditksg w
topology, and road surfheeacptopenti emi sefboehaeTltbd e c
study relied on direct | abordautoy yv anteiacslua £ mabnmads sadd aepm i gsd:
factors for HDVs and buses. For a mil ealge apeprage hye d
di stance per vehicle, tHhEeéF.nLCobmprutaft itoinr ead sion itnrcafrfpioa,
types and nteltsen heonmhbvi t h dtitsd amicxdeda fer tmi amee lainn@ mi ssi on f
sal es approach, the caltchuloautgihoonuta stshuemetsi rset'asblla ftei.r e tv
(not relysalgesofliedyresn) in the fleet withlthehawldalye
t hat t he abneuacshi ohni grhaetre sdur i ng the first 1000 km drive
km 6.Flor pacaesgaemdi tDVs i mportant to account for chan
2000 andtBe1Bumber of LDVs increase.d Boeyt wBeOe n%, 2 0aln0d at nhde
driven by passbédrges onmhrid ei nhecDriVeasneed eamcse ddieyh i 2520t %.gdT lai
need to determine emission factorsi folrudi mgg veetn Igeasgtr &
to validate the estimates:

T Vehicl enmimbeagefandehiclesasin traffic (active fleet)
T Number of tires (per typecroappeod,atdmd )i rysetaalllye d eiprd a

registration data instead of vehicles sol d)
T Estimates for tire |Iife or replacement rates

Upon computing the estimates, the study suggests that
number of tires in use are obmpersansefoat shepfoféecasi

l ack of detail ed sdaitday .i mBaas edo mmr ehhéd ssisMasdy f or Swede
and the overal hosweadade s(iuddeddi wegre reported as:

Combined EF (mg/tire/km): 22 for summer
Passenger cars EF (mg/tire/km): 21 for summer and 2
LDV EF (mg/tire/ km): 28 for summer and 29 for aver a

heuawy vehi dlhes stHRWs)onsiders domestijiccomhtarngt.i
ernment data with modeling and surveys, whieékmyi el
3%6m,I rled0sfhdet maehycontributors t-dDO0Otmetadi ditsomnCcB®YV
metric tons with -2alb onuett rli3c %, o rBsn dwiktehh i sslidedti L M%.i o n
6 metr i-26 tnoentsr,i cl6t ons, aandabekhieclRé megpesc(toad)tr
h trraiidied ,t (auwdkIsgdi ¢ ai r borone rewaslad(i5g0mg / piar ¢ i kink
ckiszBandadg/tire/ km) forotumactsoeamnmdynidi fs. nDhe phovkge d
esti mates.

o< -

oo

Tz TN Q@T

O"®3® T Tw@3 oo
Q o c —+k

rdi g vhbuseaes ihto two main categories, those 6&nder
riven in 2019, relying on partial data tEhFagerisedt
re 2000 for their Eoti mmaey tofudkKO, mghe i steddkyn use
m about

000 t-20%29%) j nwi20L 860 kg of avdbaeweeighht | foes wnewi

o—~oc ~3

o = -
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A ¢ NILEUM

combining all the abotvlkee i aif wbdynate por anghtezpt veht eseger
headwytveghiaclceosunt for 91 % of the total tire wear emi s
foreigauthebivyg!l es @Wccwiutmht if mtr edi@n ayt iveerhalc Ilheesavaynd mot or c )
remai %ing 1

[ RDERWWustrates the split of tire weargemysbcoonSw¢der
mi |l eage approach.

12,000
® 10,000 f
>
S~
%]
L}
S 8,000 |
o | —
=,
2 6,000 |
°
wy
K2}
£ 4,000 |
@
:‘6 [E— p—
g 2,000 | [
()]
=
= 0
URBAN RURAL MOTORWAY TOTAL

Passenger cars |LDVs M Buses Total HDVs

Figure25 wiTotal tire wear emissions in metric tons per year by road type and vehicle category in Sweden. Image
from open source [12]

Tire wear particles in the environment

According to50r0etleOn0s oef utdi ee, abrasi on aaa e®u mteil req sfear aam
onthird of al/l mi croplasti f6Bédmi teed|l opeGeemnagsiavenes
combiniHng er dali ving and | aboratory testing Acoc oredaicnhg mnt
study, the average tire wear per vehicle was 118 g/ 1¢C
season tfiirwe taicrreo sssi z § R N&dddé plli 5c ttsi rteh eb raagngorse.gat e val ue:
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Average tyre wear [g/1.000 km]
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Tyre wear per vehicle [g/1,000 km]

Summer tyre Winter tyre All season tyre

1658 i'\ O

° s -
145g e M s .

] b4 .
125¢ ' ‘ ° ! ! H :

e’ ©118¢g s )
e ] ' ' L4 . ®
85g s i L] L] ~
o 1 el

“s 225/40R18 205/55R16  185/65R15 185/65R15 205/55R16  195/65R15 205/55R16
2020 2021 2022 2019 2020 2021 2016

e HFRUT R2RT 2¢ctGlo2¢c e llt etOc 211 ¢ Ne KOC
Figure26 wtire wear for 25 brands and five tire sizes from ADAC 2022

Some of the main findings related to tire wear are t

On avertaigréer ashen of a vehOCIlIlemis around 120 g/ 1
There is a tendency for tire abrasion to be slightl
I n al moste &lilzes tested, you abnasiod @00 elshO®0Oag/ Ach
One exceptionisiiezet h2e2 55/udmdmeR18. ti net mbdesbszeepecehegeda
tests, and it was conazVedadgbrntthmiten.hey al l have abov
Theumneisrieze 195/ 65 R15Tiseal descgnegdi € ao utesyopnipcaacltl yv er
very high tirehalsr asizen IWhwedlheerfadrhis tire size has
using outdat erdast inrog thecemnaclloagy fi ed.

Ther eimekel s iwi tal || sw zggelsoadsdonvand safety.

Tigewith | ow abrasion do not necessarily |l ead to an
depend entirely on the tread design and depth and n
I n the case eosf, witntiesri ehildewtalbhasi onreend t o provid
Howewsw®mge etfifreeced i vely reconcile this conflict of obje
snow with | ow abrasion.

Especially i ntitrhe giamsads| odithidpdstofrag mance tires (UHP) ,
be pl aced -poenrifyo rommarhdidgint y otni aderya sri mand sa.s sTolcd at ed wi t h
many manuHawd we re,r -atvlee agglkeovtd re perf ormance on dry ro
advantages i nsimocrematlher dbaod desred i ne r antgieae s @Exad. iefmegr )
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A ¢ MEeLE
T The 185t it55ezR1l &uttaln s¢rikz s, which Iis mahyambdef er psmdl
significant!l YO0loe ksnattdf asi DOQ @/shbeci ai Frgsamong the su

Another studyBgpomtADODACel ationships betweeasabhawhnohi
[ RDET W
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-
@
=

(&) o
120 120 (23,100 km
P
110 © o O
100 o] 100 o)
ey oo e 2y oo ©
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Figure27 wAbrasion, tire tread, and mileage correlations

NTIONKAYc¢T W

Frdmalil ti ple reporrtoecadd vtaelsutess ifnrcomudoen a significant pe
resuspensi on. For several emission inventories, road
[ 63]Another review also found si mil arr oaedvesltsu doyf wiitrhe ¢
behind the tire foumadctoluatt etdi Ffrorabressi damamarr2t7i%c lods t h
mass (includiom@shrsplasaamd ysis of a roadside sampl e
particles were more. than tire abrasion particles

NTRBt qWad g6 YT t pig RUIGIRGIDILAG I WO Y U
NTH=Z=KONI| ¢t [Jt

Thleandscape of test met hodsumdhdar ggena psi ¢ mirftibearkte r eevnd Is
experiments owerul@st easgsapgmabiksedewunerivadd rtad sotrsy wasid
encl osedc!|l vsmid-pr abhd eampl i ng br aRkeeg aerndi isnsg otnh st heacdhgndi sqcuy:
respi ¢ésented are based on the NeéeBNiFJdycl es summari zed
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Table 15 wCharacteristics of test cycles used worldwide for assessing vehicle emissions

Test cycle Brake Initial velocity (range) Deceleration (range) Test Driving distance
stops km/h m/s? duration km Source

SAE J 2707 20 50-100 4 20 min ~8 [64]
ISO 26867 143 80-200 or1.7 - - [65]
3hLACT 217 9-154.3 0.2-2.88 3h 150 [66]
SAE J2522 81 18 80-200 0.51.7 ~12h - [67]
WLTP-B 303 7.58135.19 0.492.18 4 h 24 min 192 [40]
BSL-035 1000 65 2.94 - -

WLTC 51 56.5 131 1.05 1.66 30 min 23 [40]
NEDC 18 1550 0.53 20 min 11 [40]
FTP 45 91.2 0.58 41 min ~18 [40]
ARTEMIS [68] 23 50-120 - 50 min ~51 [69]
CBDC 347 <10-123 0.283.3 4'h 9 min 131 [16]

This par agonaptmaf oc testt hGhetbladd sTrechni cal Regul ation GT
t hCtal i fornia Brake Dyfamometgéadt el el @6BDdauntdy GCaltércal ness
second part of the par aogR & hs eptrwpvs dtexs rad ssdr ed sdlea tpit li
met hods, Fonrd il sIdj nghasai s dymamamet édmre,g cand ecdn[i3M]det ai |

Gl obal Technical Regulation 24 from the European

Test setups for brake emio$naitamg ttye ©tviemg tthav @ arsd a ¢ le evd
nNe@TR [26dh&Second AmdndmentUni ted Nations Gl amal t hec kmwin
into a United Nations Reagulth¢i onmaref uodmp |[eedvhee) ol paniees
draft of the intended WN pree gaupl parto voanl ipnrco cuedsess aunpdd antiensi
of emission factors combiningsampululi hgs atimepd menigs tpha ohhpreasle 6
brake drag measurements, Kkinetic energp7.¢aThkiud add onme
published after the completion of this report, so the
draft r[e7glul ati on

The actual development and -n¢dhelrveetapéad(Bi rcaydce Ybi owge rt
presepntdé&d i n

Af ttehre statement of technical ,paragnaihé&e GITdRo f2us tpirfoivd a
foll owi ng:

i Par adr awpethi ni ti ons for vehicle and brake dynBmakket e
cycl e, PM and PN measufreimetnitgn Slkeme&k ismmpbemantihdehoni
foll owi ng:

fivehicle test mas s o

. K S

M1 N1
1.5 passengers 28% of maximum load

fiRoad ,Iboiaxdkesd as 13 % of the test mas s
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Speed & Measurand

Vehicle speed / km/h
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Volatile particle remover (VPR) v
20 2 Y AT [ 4
%‘.‘@‘;‘,&. inded Sedind {iio

Soot partides

fiResponse[ é]i mMi fference in time from theaT@d&erence p

Gas

Analyser
—
(d)

£
(a) Delay time
(c) (b) Rise time
(c) Transformation time
(d) Response time
Step
Input

) (©) Time

Response

t tio tso tao

o
<0.1s

Paragraph 4 with abbreviations and symbol s

Paraghaphg®&ner al requirements foirdémntikeaoegmigadmmidadmen f
replacement as a function of brake design and vehic
provialkelse 6ha wiefhult friction brakingNcsHhiarlé coef fi

Table 16 wriction brake share coefficient for all vehicle typeper Table 5.3 from GTR 24

Friction Braking

Brake type VehicleElectrification Type Share Coefficient (c)

Full-friction braking ICE and other vehiclelectrification 1.0
types not covered in the ndriction
braking categories in this Table

NonHfriction braking NOVC-HEV Cat.0 ** 0.90
NOVC-HEV Cat.1 0.72
NOVC-HEV Cat.2 052
OVC-HEV 0.34
PEV 017
T Paratfhy pptovi des an ovefwiewi oh imitad wide gty fcoro | fi migl adj
and brake emi ssion measurement s, as shown bel ow.
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Cooling Adjustment — Bedding — Emissions Measurement

Brake Emissions Test

Cooling Adjustment Section
n x Trip #10 of WLTP-Brake Cycle

(Trip # 10 =114 Braking Events)
Paragraph 10

Bedding Section
5 x WLTP-Brake Cycle
(1 WLTP = 10 Trips = 303 Braking Events)
Paragraph 11

Emissions Measurement Section
1 x WLTP-Brake Cycle
(1 WLTP = 10 trips = 303 braking events)
Paragraph 12

A ¢ NhBEux

I — l -
N
| w

]

I
Al

= == - g
g
- 5/
L zl—
(-
|
A oeoe o om e B

g E %

J §ﬁ P

1 . 1 ~

| 9 I

Nl

: i O TR T S W
'J_F_— - Oecelorvton evest /8

vin /e

[]

1
]
3

[

——
s

s % 2
B/

Paragdephh&stest system, provioddtnd wiwwbhi ad90Atbeerd.l

tunnel downstream from the brake encl osywrod, tahse. iIATIRuU
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, B, Note(a) The | ayout
PN, 6 = connected directly t
e e T~ assumes four samplir
Pt .l,/’/"_s.l.L—-\ @ ZEY sampling probe |l ayol
[ " brake dynamometer ic
----------------------------------- denoted (grey area)

N — (s = 1T .
Note: (b) The |l ayout
of the enclosure anct
pl ane and assumes f ¢
t hrseaempl i ng probe | a
The brake dynamomet ¢

only denoted

(grey ¢

QAQUWAILWENFHG ! + qUUGc qRHWAND2RIs WY U W



A ¢ e

SPN,, | TPN,, |!

The same rpegprregreanpgls t he main subsystemsitof: a GTR 24 b
1 Climatic conditioning unit with variable flow
2 Cooling air filtering medium

3 Cooling air temperature and humidity sensors p
4 Brake encl osure

5 Brake assembly connected to the brake dynamome
6 Brake dynamometer (not depicted but only denot
7 Sampling tunnel

8 Sampling plane with the corresponding PM and P
9 I nstruments to collect PM mass and measure PN
TPN1O, SyPsNleOms to control, measure, and output signal
PM,s PPM Systems to control sampling flow, sample brake
10 Airfl ow measurement el ements placed downstream
Symbol sPer GTRO24
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7.6.5ampling plane 7.3. Brake dynamometer
The brakedynamometer is atechnical system
that providesthe controlled kinetic energy to the

el L Bt brake under test. it primarily transforms
DRI rotaticnal kinetic energy into thermal energy.
-, .
—_—
e
Jravenpe

All nozzletips shall be at thesame cross-section
inthe tunnel

Place PM, ; and P, probesatthe same
horizontalplaneto the lower part of thetunnel

4-probes layout allowsthe use of asingle
sampling probe for PN with a flow-splitter

2
12.2. PN concentration (d =10 nm) l .
Sampling and measurement to quantify the

number of particles generated by the brake

during thetest b

Provide the emissions factors in#/km

Capable of measuring TotaHPN (TPN10) and
Solid-PN (5PN10) at anominal partide size of
approximately 10 nm electrical mobility diameter
and larger

12.1. PM mass (ds; < 2.5 pm or < 10 pum)
Quantification ofthe particulate matter mass
generated by the brake during thetest 7.0.3 Cccling airflow
Provide the emissions factors in mg/km

The test system shall measure brake PMpand
PM; ; emissions gravimetrically using separate
sampling systems for each cut-off diameter
{2.5um and 10 um)

= 5d, downstream & = 2d, downstream

Average section and max 1 Hz £5% Q...;
+10% Q... for = 5% sectiontime

Report actualand normalised conditions
2-min leak check + 5% Q...
Sensorsaccuracy: + 2% Q,.; £1°C; = 04kPa

The same 7

SIBr ake

paragraph

dynamometer

7.5. sampling tunnel

Duct between cutlet ofthe brakeendosure
and theinlet of the sampling probes * round
with no changesin cross-section ® inner
diameter 175...225 mm * maximumone bend
with £80° and radius = 2di* stainless steel+
electropolish * minimal accumulation of
debris= 10 pm * sampling planez&d,
downstream from & = 2d, downstream of
nearestdisuption

A ¢ NI

8

4.1 Brake assembly

Axis of rotation concentric with endosure
axes* Use only LO-U or LO-P fixture * Low
residual torque and vibration * Mounting
to tailstock, caliper or backing plate, discor
drum; connectsto dynamometer shaft

7.4. Brake enclosure
Symmetrical on both axes® horizont@l

inlet/outlet * smooth transition & finish
* L(1200_1400) mm * H (600_750) mm *

4 D [400..500) mm * cone/trapezoidangle
(15°_.30%) * 2-min, 8-point inlet speed
Sp S variationwithin £ 35% (225 mm from axis)
S * 2d, entry round duct; stainless steel with
T, RH, electropolish * R, > 4000 at entry
E)
T 7.2.1. Cooling air conditioning
Parameter B B Cooling
tormp. Humidity Rirflow
| Nominal 23°c 50 %RH @
Bverage z2°C 5_11:5”“" T5% Ol
1H:z E5°C 30 %AH £5 % O
. ) " Marimum - —  :10%0m
Excasdance
I s =10% = 10% = 5%

7.2, Climatic conditioning unit
Q= (100_300) m3/h
Qa2 Qo + 1000 & 2 5-Q) Mm%/

Shall consist of a variableflow blower ableto
supply conditioned cooling air

classifie

S2Aut omati on, control, and dat a
S3IClimatic conditioning unit
S4Brake enclosure and sampling
SH5EmMi ssions measurement system
L
: Data Acquisition | i
e =
e —
| Conditioning 83 |
|
i | Climatic Control | 1
i £ |
i g | Air Filtering | :
i g
H el |
! 1 |
[ = i
i < |- il
i i
1
________ _ i
| System _ |
| Subsystem or Function | i - = = J
—— Energy (electric or hydraulic) «---» Signals (actuators and sensors)
Paragraphs 7, 8, and 12, combi

conditio

ai

Cool i r

ng

Né MNgMJ Wl e v e |

7.2.2. Cooling air cleaning

29995% orz H13

PNC zero verification <0.2#/em*
Tunnelbackground < 20 #fcm*
Appliesto 5-min average for TPN & SPN
Measure system level, pre- and post-test

s al |l the el ements of

acquisition system

pl ane

ned, provide the requ

and tolerances per
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A ¢ MeLe

Table17 wSummary of cooling air temperature, humidity, and airflow requirements

Parameter Cooling air temperature Cooling air relative humidity Cooling airflow
Nominal value 23 C 50 % Set value (@) per paragraph
10.
Average value: Maximum N 2 C +5 % +5 % of Qet
permissible tolerance 21 © T Oc25 (45% ORHO  %6p
Instantaneous values N5 C +30 % +5 % of Qet
(1Hz): Maximum 18 © T Oc28 (20% ORHO 86
permissible tolerance
Instantaneous values Not defined Not defined +10 % of Qe

(1Hz): Permissible
deviation beyond the
maximum permissible

tolerance

Instantaneous values 10 % of each 10 % of each 5 % of each t

(1Hz): Maximum time duration duration duration
exceeding the maximum

permissible tolerance

it # oML @O Ju ndtd hgidt L 0@ 0 m®, Onj5LhQ Shall ¢

Climatic cond
flow bl ower able to supply conditioned coo

variabl e

Cooling air cleaning with efficiency O 99.95% or O
background O 20mi#dcawer agpelfies TPN5& SENd -tMestsur e s

Cooling airflow me@sidevmesn r e aimdwlcsenviddoag edtl owe t b oh
and imeuxm ai Lf Hp wiN@abl % NoQM 0% 0@ O 5 % ;seepcotrito narctirumeel | iaznedd
condiZznmionsl eak chR®erksalr disgh a@ ¥s: NN2% &®C; N 0.4 kPa

The brake dynamometer is a technical system that pr
primarily transforms rotational kinetic energy into
Brake enclosure being symmetrical on both axes; hor
L (1t2a04000) mmt; @ 3HO ) 6@t 6M0()40nGn; cone/ tr@@AR)Z,0i d angl e
22mi n measuproeimMmetntme a9s ur ement for inlet speediewmarriyatrioc
duct; stainless steel with electropolish; Re > 4000
Sampling tunnel with constant diameter duct between
probes; round wi-sachboupohaidgle7as8i2ding mengaexri mum one benc
and radi st adndckss steel + electropoli sh; mi niji mal ac

downstrea@ni@bownstream of nearest disruption

Sampling plane with al/l ezt ieon iip.. zhadilPMbrelst aP¥e
horizont al pl ane to -phebéeswkbaypattabfowhegttuhaeelses
wi tfhl aw splitter

Brake asstehaali g wifthotati on concent Ui © rRvilLftOihx teunrcd ;0 slua
torque and vibration;,omobatkinggtpl ataée) stdios&, ocadi pm
shaft

PM mass measurs@ments OynstoemO(d0 Om) to quantify the
brake during the test; provide t hiea nedmikskii sosnisorfsact or
gravimetrically wusing sepafrfatdi =mam@dnidnjd20ss st ems f or
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A ¢ DLmUm

PN concentration f@slud emm)n;t sampleitng dand measur e me
particles generated by the brake during the tes-t; p
PN (TPN1O)PNan(dSPIN10i)d at a nominall@®amrmiellectsriizealofma
and | arger

The defaké twork distributd2®wnoonftd@ eefaonr tvheeh ifcrloenst cae
cafr,s6and» on t B& fomontheamedar axl e fugpr tvalRkgd easaddcdi B C
[ 7d&he per cent distributions represent the (represe

individually, hence the total for the vehicle add t
Test parameters for the vehicle application and the
Test setup preparation, including software anhr dlet
runout O 50 Om; zero |l evel for torque and pressur e
remove air from the brake |ines 30063000 kPa; br ake
data col |loepédariatni,od,ynjond t est i nerti a; set d4e@clti ng ai

background emissions (TPN1O0)

Location and depth of thermocouples installed on th

Cal i per poBle2t ioddrcilmg katposi ti on

Useuwoifver s-atybe postures

e T

LO-U Fixture LO-U Fixture LO-U Fixture LO-P Fixture
Two-sides bearing One-side bearing Cantilevered spindle With wheel hub
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A ¢ DLDUN

=)
| t

o | I

p— D0

D v | el | ST
= '
|

‘Wheeel/sEreet side é ¢
LO-U — Universal fixture LO-U — Universal fixture LO-P — Post-style fixture
Two-sides bearing One-side bearing With wheel hub

Airfl ow direction as a function of di sc rotation

Airflow from right-to-left Airflow from left-to-right
Disc shall rotate CCW Disc shall rotate CW

Paragraph 9 describes the cooling adjust meBrtak et hcey chl

with 10 individual trips each; active speed control
di stance: 192 odkm43averkand ;s ptaexd mum speed of 132.5 Kk
maxi mum decel eration 2.18 m/s]; average brake durat
9.1. General Information
® One WLTP-Brake 10 individual trips 3 ol: bra 92 km ® averagespeed: 43.7 km/h ®
maximum speed: .5 km/h ® averaged on: 0. y Xim on 2. hrak on: 5. 55)
9.2.1. Cooling adjustment section 5.2.2. Bedding section 5.2.3. Emissions measurement section
Setupthe Setupthe Setupthe
brake perg brake perg brake perg
Setairflowto aknown Setairflow per seting Verifynozzles, filters,
valueor 50% max setting from brakecooling airflow, and
‘ adjustment section instrumentation per 12
Warm-upthebraketo IBT = ¢ ¢
#  [40=1)°Cusingdecel - Commence 1% WLTP at CommenceTrip#lat
events #190..196 IBT=(23=5)°C . IBT={23=5) °C
—— )
Cool downto (40=1) °C ¥ ForTrips#2._ 10 wait for
‘ Cooldownto (40=1) °C 30°C=IBT=40°C
ConductoneTrip 10 v +
without interruptions /
Interruptions? Apply 2.3.3.

Dyno faul h 4
A

30°C<IBT<40=C?
9 Issuesper continue

Completeand
meetsTable
10.2 (AL As,

As)?

Setnew
airflow

anyTrip#2.10
at IBT<30°C?

k. A 4

Test failure IBT<30°C? Interruptions?
discontinue and fix Apply9.3.2

| - L

Report Proceed to bedding Repair, replace, : ) )

iterations section - and repeat Repeat WLTPto Discontinue, fix, or repeat
inreport completefive cooling airflow adjustmernt

Proceed to emissions Remove partsand
measuremernt section filters

Paragraph 9 also describes criteniT®@etogdahi nppepeced
speed within N 1 s of a given point + 2 km/ h2 lm/dh a
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A ¢ DIDUE

T
@ O

Vehicle speed / km/h
e L]
ES o

|G 51
o s

15755 15765
Elapsed driving time (soak time not shown) / s

o
o

upper tolerance
actual linear speed r
nominal linear speed 000000000,

speed violations
A

w
(=]

.
L=

(%)
(=]

lower tolerance

S

Vehicle speed / km/h
Ll
o

15755 15765 15775 15785
Elapsed driving time (soak time net shown) / s
# outside tolerance

10
= — =329
# total 31 %

speed violations =

Kinetic energy dissipaveindss ndoppeg uagi bnake decel eratio

h R 8

xi > o3P 5 0o ot Mo
@1 WO

R h 8
Wher e:
Wt | n is the specific friction work of the nth brake
WL is the test (or applied) wheel l oad in kg
tstart . ndmSn t he start time of the Bthondmi nal brake dec
tend. nomi 8 the end time of the nth nominal brake decel
f(t) is the fast rotational speed signal in 1/ min
Grake is the fast brake torgque signal i n Nm

Par agraph 10 deals with cool ian(gf ari rdll e@avn laidr aisss ,metnd mg
cross the bsekeesnadedutbéspiumgpose:parot iccolods tfhreo nb rtahk
o the samplidegepmane. t he amount of airflow for a

rom t hB AMLCTIPe to target the average brake temperat
emperatures for ev(edntt,si X0 d,e cled 2,walitdhd,t hed 4hi ggmeds t1l OkGi) r
i ssipation.

QAQUWAILWENFHG ! + qUUGc qRHWAND2RIs WY U W



100

Speed / km/|

60

[ 1000

The tempe
GTR a2T4MeB i s
metrics.

br aki S

ng

Paragraph
or PN emi

Paragraph
PN (Tot al

PV 3ampling No

Stainlesssteelwith electropolishfinish

Isokineticratio0.2=1R =115

Minimum ID=4 mm

Constantdiameter forz 1D and = 10 mm
(Outerdiam./inner diam.)= 1.1 at nozzletip
Cross-sectionchange = 30°

Mozzle axis to dilution tunnel = 15°

Clean before every test per nozzle spec.

Detaileddesignper7.6.
Allocate one probefor PM; ; and onefor PM,,

For three-probe sampling, locatethe PV
probes at the bottom per Fig. 7.7 {1 eft-side)
For four-probe sampling, locatethePM probes
atthe bottom per Fig. 7.7. right-side)

Do not use flow-splitters for PM measurement
anywhere inthesampling or measurement
system

NQg isthe avg. normalised airflow in the
sampling nozzle in NI/ min

NQ is the average normalized airflow inthe
tunnelinMm*'h

d, isthe innerdiam. at the nozletip in mm
d,isthesampling tunnefsinner diam. inmm

WLTP Brake Cycle - Trip 10

Brake # 106 — 132.5 to 34.0 km/h

Brake # 101- 112.0to 56.1 km/h
Brake # 102— 68.2 to 12.0 km/h
Brake # 103 80.9 to 35.3 km/h
Brake # 104-73.4 to 39.3 km/h

Brake # 46 - 97.4 10 82.7 km/h
rature rang
paragraph

It al so has

ystems.

11 address

ssion measu
12 provide
and Solid)

Design to minimize particle losses
Electroconductive materia, electrically
grounded, electropolished finish

Constant inner diam. (10 mm=d, £ 18 mm)

Length from nozzletipto inlet of PM
separgtiondevicezlm

Maximum one80° bend (bend radiusz 4d,)

Cleannozzlesper manufacturer spec or at lesst
everytwo monthsof active use

PM 5am

g Flo

Flow measuremert error: smallest between

+ 2.5% of reading or + 1.5% full scale
Sensors to report standard flow: £ 1.0 °C
for temperature and + 1.0 kPa for pressure
Average airflow flow shall remain constant
during brake emissions measurement
section within + 2% set [nominal)

Set isokinetic ratio as closze as possible to
1.0 {avg. duringemissions section 0.9...1.15

es -tadiesa ma
includes a
provisions
es br ak

rement s.

s technical
Mounted at end of sampling probe
g
%o
)
{0
§s0
o
0 s
i er
v ey
w Pt

Leak check: seal nozzle - start pump -
measureflowto bes 2% normal flow at
maximum vacuum

Leak checks at installation, maintenance, or
upgradesof the system

PM sampling deviceshalloperate continuoushy
during brak e emission measurement section
{including soaking), no pause or bypass

Keep flowfor 210 s after emissions section

s tn dani of
defaul t ai
for carbo

and embod

Minimize transport losses

Stainlesssteel or antistatic PTFE

Constant inner diam. (10 mm £d,<20mm), 15
mm recommended

Overall length from outlet of PM separation
device to tipof filter holder <1 m

Avoid condensation and maintain temperature
insidesampling train = 15°C

bend radius=25d,

Use single47-mm filter pertest
Locate it asclose as possbleto outlet of cydonic
separator

Inert and nen-corroding material(stainlesssteel
or anodized aluminum)

Use circular filters (exposed area 34..44 mm)
Even flow distribution acrossstain area

Avoid condensation and maintain temperature
during test = 15°C

Fluorecarbon-coated glassfibre / fluorogrbon
membrane

0.3 um collection efficiency = 99% at a gasfilter
face velocity of 5.33 cm/s per MIL-5TD-282
methods{102.8 or 502.1.1), or IEST-RP-CC021

Use onlyfilter mediacertified by the supplier

A ¢ DO

The whtedt
rfl ow of

n ceramic

ec yoeldad nwi tbhyo ute psema k inmgg f

ioM®ngtndd et a
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12.2.1.3. PN Sampling Nozzles
St esssteelwith electropolish finish
Isokinetic rati

Minimum IDz4 mm
Constantdiameter forz xID and = 10 mm

(Quterdiam./inner diam.)= 1.1 at nozzletip

Design to minimize particle losses
Electroconductive materia, electrically
grounded, electropolishedfinish

Constant inner diam. (10 mm<d, <18 mm)

Length from nozzletipto inlet of PN pre-

12.2.2.1.PN Pre-classifier

One for each probe (TPN10 and SPN10)

One upstream of flow-splitter or onefor each
downstream of the flow-splitter

Use commercia units: 2.5 pm £ ds, <10 pm

Penetration effidency at 1.5um 280%

z 1 particlediluter (no heating for TPM o)
Electrically conductive material, grounded, and
with minimal particledeposiion

2z 1stagewith = 10:1 dilution ratioto remain

= upper limit of single-particle count mode

A ¢ Owmum

classifier£1mand =3 sresidencetime
Maximum one80® bend (bend radiusz 4d,)
ParticleTranster Tube (PTT) per12.2.1.4.

Dilution factor + 5% of set value, diluted gas =

Electri@lly conductive, grounded, not reactive X
38 °C, with = H13 filter (or equivalert)

Cross-sectionchange £ 307
with brake partides

Mozzle axis to dilution tunnel = 15°

Inspect and clean inner wallsper manuiacturer

Clean before every test per nozzle =pec. specifications

Detailed design per 7.6.
Apply two sampling probesfor PN, onefor
TPN10and onefor SPN10

Alternatively, use oneprobewith flow-splitting
device:

*  stainless steel and electropolished interior Monitor andreport average PCRF at 1 Hz

Report PCRF-corrected TPN,, and PN, at std.
conditions=05Hz

Penetration effidencyz 70% at 100 nm

PNC system verification

Flow + 10% nominal ® zerocheck with
inlet filter 0.2 #/cm*andreturnto
concentration beforetest ® pre-test
checkwithH13 filter at inlet of sample
conditioning system=0.5#/cm* (w/fo
PCRF correction) ® confirm correct
operatingtemp. beforetest

+ Changeinflowangle < 20° and velocitiesin
the branches+ 5%

= Demonstrate penetration = 5% withw.
without splitter. Measure at 15 nm and
1.5 pm with 2 30 s stabilization and = 30s
measurement

Sample pressure850...1050 mBar at
=+ 50 mBar from ambient pressure

Maintaingastemp. £ PNCinlettemp.

May include initial heated diution: walltemp. £
evaporative tubetemp. and 150...350°C
Catalytically active evaporationtube at wal
temp. = PND1andfixed at 350 °C

Heated stagesto nominaltemp. £ 10 °C with
outputon operating temperatures

Achieve = 99.9% vaporization of
tetracontane = 50 nm particles with = 1
mg/m?* with heating and reduction of partial
pressureof thetetracontane

12.2.3.2.PN Sampling Flow

12.2.2.3. PN Internal Transfer Line
Minimize particle losses DILLAVPR — PNC
Electrically conductive material not reactive

12.2.3.1. Particle Number Counter (PNC)
Operate underfull flow conditions;
Readability= 0.1#/cm* at<100#/cm®
Counting accuracy + 10%; 1 #/cm* — upper
threshold for single-particle count

Linear responseandtag <55

Traceable internal cal. factor; calibrate with
emery oil, soot-like, silver particles; (65+ 15)%
at10nmandz580% at 15nm

Paragraph 12 also
room or chamber,

Maximum permissible error + 3% of reading
Sensors to report standard flow: £ 1.0 °C
Constant inner dizmeter >4 mm and laminar for temperature and + 1.0 kPa for pressure
flow under all operating conditions
Overalllength fromDILL/VPR— PNC =1 m
Particleresidencetimes1s

bend radiusz 10,

Mormalized airflow = 10% of 1 Hz average

PM sampling device shalloperate continuously
during the brake emission measurement
section(induding soaking and post-test
background), no pauseor bypass

bes t
th t

descri
ong

wei ghing

e procedur e
e buoyancy

al Wi correction

use mi
ects — nullify by

" [
4] Retrieve twounused £ -
= filters -g! Retrieve twounused
b g (reference) filters
elghingroom =
E B ‘& Weighingroom:
g Pre-sampling conditioning (d) = 2 hours g Pre-sempling conditioning (d) 22 hours
Closed Petri-dish (or equivalent) @ pling nelao)=
g £ Closed Petri-dish (or equivalent)
. )
2 Filterweighing (2) = +
£ = | Pre-Pel.,. Pre-Pel... ‘
v
® Transfer to filter holder in£1 h (d) +
= " —
= ClosedPetridish Filter holder | Pre-sessionwsighing (g) ‘
=
=
é ‘ Perform weighing sessionincluding
1 Perform brake emisionstest pre-and post-sampling
= '
= s - | Post-session weighing (g) ‘
Transfer toweighingroominggh ()
ClosedPetridish Filter holder +
| Post-Pel.., Post-Pely.. ‘
LEEITETE [ (Pre-Pelny, - Post-Pely )= 10pg |
T

¥

Maoving averagefor1..15days = 10 pg (f)

Post-sampling conditioning (2} = 2 hours
Closed Petri-dish (or equivalent)

Filter weighing per (g)

Filterstorage(e)

ClosedPetridish Filter holder
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(h) Filter Buoya

12.1.4. (g) Sample Filter Weighi

Retrieve pre- or post-
sampling filter Airtemperature ink

Weighingroom

831441 mol*K*

Pre-sampling conditioning (d) =2 hours
Closed Petri-dish (or equivalent)

¥ 28.836g mol™!
Weighthefilter twice (i)
X1 X2

Atmospheric
pressure in kPa

Reporttheaverage (ii)

abs(i1-X2)< 10 ug X1+ X2
Peuncorn) = ——=——
Take ta —— Pecorrectea v +
ake twomoreweighs (iil y Y
el = Pequncarrectea) X [1— (Pa/Pu )1/ [1 = (Pa/ps)]
*3 x4 A N A
|
From weighing
Reporttheaverage (iv) sessioninmg
Reject weighing session (vi...viii) B X1+ X2+X3+ X4
Sluncorr) = 1 3z -
Void fifter and Quarantine = 24 4 B0OD kg/m* for stainless steel
replacefor pre- hand repeat (i) or the known value for
sampling, or and (ii). Ifrange = different materials. Follow
repeat the brake | 10 pg, voidfifter Reportthe median (v) OIMLR 111-1 Edition 2004(E)
emissionstest for | and replacefor X(2)+X(3) {or equivalent)
a post-sampling pre- or post- Pe uncorry = - 2
weighing session sampling
L[] (a) Fluorocarbon coated glass fibre filter:
| Compute buoyancy correction (h) I‘ 2300 kg/m?;
(k) Fluorocarbon memhbrane filter:
2144 kg/m®.

e information on robustness and correctness of the overall test
resolutio weights every month ® measure al final mass of brake assembly before

after testi

Retrieve brake parts|friction Weighingroom
material, disc/drum)

(Final) Weight each part with thermocouple installed:

| Vacuum clean all parts | Friction material with anti- Disc f drum
noiseshims, springs, other hfw Remove thermocouple
partof the assembly connectar

| Inspect all parts (burs, cracks, voids, or detachment) |

Weighingroom Masslossfor each part = initial - final li

(Initial) Weight each part with thermocouple installed: ¢

Friction material with anti- Disc / drum Overall mass lossfor eachpart
noise shims, springs, other hjw Remove thermocouple =% (mass lossfor each part)
part of the assembly connector i
+ Averaged weight loss emissions factor =
Perform brake emisionstest overall mass loss/ total distance

Test complete

Room withcontrolled temperature and humidity Mass

Mass
measurement

- measurement
Cooldownpartsto£30°Cstoring=24h file

| Clean partsto remove grease of contamination '—

Disassemble and dispose of test
parts

file

1T Paragraph 13 addresses one cruci al aspect of reprod
using several spreadsheets with predefined format,
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Four Main Outputs of a Brake Emissions Test are Needed:

13.1. Event-Based File 13.2. Time-Based File 13.3. Mass Measurement File 13.4. Test Report File
PM Table 13.6. PDF report with complete
— Table 13.3 -
.—ﬁc Raw Data % Raw Data 5 Mea;:;zmerrt 20 columns dataset of spedfic braketested
Ly Ly - needed parametersand test input are
-...____,/H_ J J includedonthis summary report
5 Pre-test ] Reference Table 13.4
= | Background || = FilterData |[—# 13 columns
— = = needed
s - J ‘-.___./_._
= Cooling
=
Table 13.1 m | BrakeWearor Table 13.5
J required = Coocling Tabfe_!i.; = Massloss |~ 15 columns
parameters e requir = needed
pertab and parameters
by column pertab and
i . =» bycolumn.
~ columns @ columns
E Bedding — total, dataat g Bedding total, dataat
. 1-5 E 1-5
2 Emissions
m
b
® Emissions
m
2
=] Post-test
= Background
b
Raw Data :(:'_} Bed! | Bed? | Bed3 | Bedd | BedS | Ems
Paragraph 14 details aspects related to calibration
test toolchain (brake dynamometer, cooling air, PM
and test epaaritlss) .i nchHeudde requirements for zero interc

determination for dynamic senasiorrfsl owe). gan d bweaikgeh isnpge el
paragraphsampbedet aat stkenti,c &eso,nddand omdarmtgi cl e number

Annex A includes all|l events (idle, acckR]| eBredtoiwon,s car
of the first 100 s elcto,n8dds6 oonfd st hteo tcaylc. e out of t he

Annex A

WLTP-Brake Cycle Events

Event time Event time . Speed Speed

start end Trip Event at start at end

Is s P e panm
0 4 1 Idle 0.0 0.0
4 10 1 Accel. 0.0 20.7
10 18 1 Cruise 20.7 20.7
18 24 1 Decel. 20.7 0.0
24 27 1 Idle 0.0 0.0
27 46 1 Accel. 0.0 23.1
46 58 1 Cruise 23.1 23.1
58 65 1 Decel. 23.1 5.6
65 68 1 Cruise 56 56
68 77 1 Accel. 5.6 15.4
77 85 1 Cruise 15.4 15.4
83 89 1 Decel. 15.4 4.4
89 92 1 Cruise 4.4 4.4
92 100 1 Accel. 4.4 25.7
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T Annex B |lists al/|l 303 brake event s, which are divid
#1.

Annex B

WLTP-Brake Cycle Brake Events

g | | S mtame | B | St | s | Declemion | peng | Specifclt
# Is I Is et | Sheent fms?] istance [m] | ykg)
1 1 18 24 6.0 207 0.0 0.958 17.24 16.53
1 2 58 65 7.0 23.1 5.6 0.695 27.88 19.38
1 3 85 89 40 154 44 0.760 11.01 8.40
1 4 103 109 6.0 25.7 72 0.857 27.47 23.48
1 5 129 132 3.0 248 16.7 0.748 17.28 12.97
1 6 140 149 9.0 18.7 0.0 0577 23.36 13.49
1 7 177 183 6.0 32.5 0.0 1.506 27.11 10.75
1 8 298 303 5.0 27.5 11.8 0.872 27.31 23.80
1 9 314 320 6.0 29.4 9.7 0.915 32.59 29.72
1 10 341 347 6.0 319 9.5 1.037 34.47 35.78
T Annex C describes the main elements anspeeiqui c elmeatk
coeffeccormraumsrnlinwgaBWey8l e or Trip #10. Thecmaasusemel
dynamooemmlri ant swlT.Id GTR 15
Reference met hod ansdpeccailfciucl aftriiocnt ifoonrf bvieahkiicioligec levi @ ik i@ ¢ ¢
braking power and brakkasedguer ualingruadariece, Mpresds
value f o4 ptrlees stucrequeati o
Testing setup:verhd cd pepsieflpexrdatitioconns (e. g., torque, pre:
dynamometer settings; test sequeqmarei;vemaand st altygatmo
acceleration, and specific inertial power ) ; root me
power difference work, and inertial power differenc

Equi valency of metdodscfl adi agayyadteiadslieed rfcarfi opnr codf of
the alter nat iheeeu imedalheordc,y acnrdi t er i on

Equivalency ,afl blwéengesthecyskeof-Bormlyglterip # 10 of t

Test output and all owed offset ofi ntchheb gcseedilea rveech i fecrliec
manufactur esofbyt huep necasbur ed value or O0.05 absolute \
the contracting party.

During the |1 LS3-I0MG ttloe el MBOQE ePNMPhe GTR 24 document, s
corrected.

One i mportant enhancema&mt tohfe Acnoernrdentetnito n2 otfo tthhee c¢c o mp u
di ssipation. The revised calculation relies on, twki d¢fh
used simple average torque &hd favolati opf RDE¥SUOPL he
exemplifies the effect of ther ebhyangeoiici ndpef closnpup @adi
and false negati vreess (ILtakn.s E and N) in the
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FRICTION WORK CALCULATION METHODS

JLR: Friction Work per GTR Eq. 9.1 JLR: Friction Work per Integral Method
T 18000

| The integral method using
nominal speed for brake

1 detection points gave

| higher accuracy values

0 0
PEOC OGS PR LB B N UE AU M Y

Figure28 wwComparison of methods to calculate kinetic energy

Ot her i mprovements to the document include the foll ov

i New equation to harmonize the calculation of the no
deceleration of 0.25 m/s] to determine the start an

I Remove t hbet amer@éagfeinition for torque, pressure, and

response better

I Clear definition of time stamps (15 % of target tor

Enhanced definitions for brake effectiveness to accol

A comprehensive Bs$iudg whase eondliudéuweessa mprl d knay ot apmpe lo x$
the GTR,a&2Md sdceacupme.édf ed i n

California Brake Dynamometer Cycle CBDC for 1|igh

I n 2QARBBaunched a study to updat’®¢cEMRACEMR &> i bos bla tat m
conducti msguravenyarfkoet vehicle and friction material app
replacement rate, b) conductingBpocywliag tgo odertde mmiars el r
and c¢c) conductingsi admaadanteorrtyi at edsytnianngo miestdgnigs cad a ®msa x b
t edsteepar ately, and assesshasged hnea sPsM,f oPrN,t hPeSSDOE S nadn c i tm
coupllhees .devel opment of the@h@BuDeds tRe $t day-B,lapdEe msiTéde st a
WLT-B, t sthaosr t er brake event s, | ower deceleration rates
dri vi nDge ftiinmen.gCB D C satnaarl tyehde nwl at | ht2rO0alms Ca0 1 0F or ni a Hous eh
ovérhd 000 hours ofondat,a OBtD+1GPHZ y(ROBID GMSmMore than 2000

One important difference -Bbedyweleens tihse tCBadXO nated rfitdcremeddfle
within a givkenkbeaWA iMtfe setvepnetr. GTR 24, tfhiel tCBrDeCd saeitru pc «
temperatu€eaf@0h®Nmbydity (50 N 10) %RH, an electropoli
tunnel, and a sampling plane | ocated at | east six die
upstream from the naxxtg diusntnwerl bardoag iqruatthda ysammltr ol s,
speed errors according Ftoo UWNaGERbEIE damdg ,SAB el TBDL. i n
higemergy modules from the actilei anddat ahbotcocodidi it o o]
the actual emi ssion cycle with active PM, PM, and PSI
project measured the stabilization bdAst lme reecalflfti mifernt

lilag g Gt a0 o055 =t0¢| HIOHC IOPWRoON RA2IMM I KOG G aqo 3010t 0 =M= N
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https://ww2.arb.ca.gov/sites/default/files/2021-04/17RD016.pdf

A ¢ NP

brakes on the Ford F150 and Tdydea catadsdraye ctomal £GQhFe aisa s
showhRD&a®MIWt his point, the PN had achieved a stable |
CPO.he project also considered the adjustment of the

measured on the proving ground. The | aborato€y &amests
average disc/drum initial temperature for six events
withith 251 when compared to the vehicle.

0.65 140 0.5 140

120 120

60

4 l

g ; .o..o Seg
P SELRE G P ""l‘b o8 100 2 100
[ \
2 e { 0601 g 035
g fe N 3 p ' 80 2 80
2 : , ot S, ° 2 03
& Vsl o T A - &
o > >4, o
Y | | P
[ | ©
4] o

0.2
40

Dynamometer Speed (kph)
Dynamometer Speed (kph)

20

[l 01 , ‘ <
‘ “;, f i “.I‘HML . (111 \\'\i\\‘\‘\HII\‘\\‘\I\\\‘\‘Mw\\‘\"‘“‘ 0
10000 20000 30000 0 10000 20000 30000 40000
Cycle Time (s) Cycle Time (s)
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Figure29 uBrake effectiveness during CBDC bedding

One i mportant aspect of this study was the ability of
behavior measured,ecsmpetchalpryoviong tdirero Tg o t[ &R NAMEildudsw switth
timesolved alignment for brake disc temperatures. for
The compar-febd: ia)tboereirmation of the kinetic energy
test inertia, b) cooling airflow adjustment observed
cool down pedi cdsregenerative braking on the dynamomet
Toyota Prius.
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--------- Camry Front Track Temp
Prius Front Track Temp
Camry Front Dyn Temp
Prius Front Dyn Temp

100

80

60

40

Temperature (c) and Speed (kph)

20

0 1000 2000 3000 4000 5000
Cycle Time (s)

[ YUqIOHI ¢t 1]

200

180 [ Camry Rear Track Temp
Prius Rear Track Temp
160 Camry Rear Dyn Temp
e Prius Rear Dyn Temp
Speed

140

120
100
80
60

40

Temperature (C) & Speed (kph)

20

0 1000 2000 Cycle Tir?‘loeo?s) 4000 5000
Alel OHI ¢t 1J

Figure30 wExample of temperature traces for proving ground and brake dynamometer tests for front (top) and rear

The cycl e
(compared
(compared
shows the

(bottom) panels

devel oped applied a microtrip
to 15 826 tshe een ds ofegra r\Eldight ®
to 36B)aprpudeatsofatl

mai h Rp@k @ mevise it $ e

approach witt
BO34 7% iltprsakkiomrg W

We S(Pc aimpa raend et o f-BIRE A Lk o
ampeced trace.

Table 18 wmain parameters for CBDC test

Mi crotrip gPercent o New cyc New cygd New cyc

speed rangq di stance di stan{ represen dur at i d
di stan

[0, 211 km 4 % 6. 16 K 4.7 % 2740 9

[ 21, 69] ki 38 % 47. 31 36.0 9 8340 g

> 69 km/h 58 % 77.78 59.3 9 3855 4

Tot al 100 % 131.25 100 % 14 933
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140
21-69 kph 69+ kph ‘ | 0-21 kph

120

100

80

60

Speed, kph

40

20

0 L

0 2000 4000 6000 8000 10000 12000 14000 16000
Time (s)

Figure31 wCBDC speed trace at 1 Hz

The bedddeagi gpyedl et o all ow an entire CBDC t esetnetrogyr un
segment of the CB®&®Cer vl tegmdmteffoarel dancel daccw nu,a | brake
cycle. The total kinetic energy dissB pcaytceldesd.uri ng t he

The payload during testing is equivalent to the curb
weight is calculated as foll ows:

00 6 606 1GIRW 2 Ob6 66 i mo
During the] CARBukktwywdgncl osed brake inertia dynamomet e
sampling tunnel for isokinetic sampling, and an el ect

UNECE -PW8 were used. QCM 140 coaht etdte@d PMMeasdrg@dawi met
providegdCP® and EERS dr dther tAlPE-regd oV iveed PiMi it BadP PMi c t
the dynamometer setup and the sampling system.

air speed sensor air temperature sensor

Electropolished

Climate control unit Incoming air
brake test enclosure

20 °C & 50% RH

air temp and
humidity
sensor

Return air

e ] Isokinetic & electropolished
CVS tunnel

TSI Instrument cluster 6 nm — 18 um

Figure32 wDynamometer and sampling system circa 2018
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Sample Line
1

MOUDI 10054
Coated AL Impactors with
Glass Fiber after-filter

Sample Line
3

Sample Line
2

APS Sizer QCM MOUDI
560 nm to 20 pm (time based
mass < PM2.5)

Sample Line
4

A ¢ IMIE

/

~

CPC EEPS Sizer PM10 PM10
(Counter) (6 to 560) nm Cyclone Cyclone
Partector TEM Grids |
(subset of tests)
4T mm 47 mm QFF
Teflon Filter Filter
|
47 mm QFF
Filter

Figure33 wBlock diagram for sampling nozzle assignment circa 2018

Cyclone

10um

Cutpoint

16.7 lpm Flow direction
(horizontal)

Teflon + Quartz

Quartz-only
filter holder PM,

filter holder PM,,

! i dual-stage
] filter holder
PMyo j
l Flow direction Flow direction
16.7Ipm (vertical) (vertical)

Teflon + Quartz

33.4lpm

4™ sampling line

Flowmeter Flowmeter Flowsplitter SAMPLING
N N { ENTRY
Regulating |~ | Regulating
valve valve

Quartz-only Cyclone
acuum Pump SAMPLING qual—stage 10 um Cutpoint
EXIT filter holder
33.41pm \ PMy,

[}
Flowrate data
logged in
ProLINK

Figure34 wArrangement of PM sampling devices circa 2018

The -triemd i nstrument s-dfuary tvieenilcil glst weemrde henaevysame and i

T TSI QCM MOUDI 140. The Model 140 Quartz Crystal Mi ¢
conti nutoiume-sgipmdgat ed mass concentration gne aslhree rsg/mns
Uuses upto sntages at (960, 510, 305, 156, 74, and 45) n
i nput from the CARB LD study reseatoad aher @¢&lcwadul

average resuvdusy foerudyhe heavy
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T TSI CPC. The 3790A Condensatfilomw Phaeadiign eP M opuanrtteirc I(eC
size |l ower Ydéte@sdtinmn Thmiunit is designed rtangiensg ofni
1 to 10,000 particles/ cmj andezauwnr epemtag e TDIntiimdiow
accuracy of N 10%. The PMP has specified,usitngitzhing
catalytic stripper for the Wolatilbae BaanygwadsheodR fiFoRv et
CARB or Cal.trans studies

T TSI APS. The 3321 Aerodynamic Particle Sriazrgi n((cAPfS)o:l

em 2&m. Theusesimdmi ght aerodynamic si aimndotr o eadidde & msm

unaf f etchiendl elxy of refraction or Mi e -ssccattttesrriimg .i nltheen

equivalent opticakm.siTzhee rsaynsgtee no fo fOf.e3ra&s rtai Mo uous s

TSI EEPS. The 3090 Engi nepExh acoosnttti Bnaurotuisclhye ndsiazseurrde(sE

of particle emissionsuprom 306Hzo 566 EBPS&t paowvates

the above range and particle number concentrations

[ RN@BIBWWwWs t he dynamitci nmmea nignesst rfuome ntthse. r e a |

\ \
10054 — Gravimetric sampler
low-pressure impactor that collects debris ¢——e——9—2

(end-of-test) on 47-mm filters for PM QCM - Quartz Crystal Microbalance
A real-time gravimetric sampling using
first-principle method for A mass over time

APS — Aerodynamic Particle Sizer
real-time PS, PN, and PN concentration = —e

using time-of-flight between lasers CPC - Condensation Particle Counter
. + number concentration by growing

particles via light scatter

real-time particle size distribution using electric

@ ’ : ’ = EEPS — Electrodynamic Particle Sizer
charge levels into multiple electrometers

1] 10 100 1000 10000 100000
Particle size / nm

Figure35 wDynamic ranges for sampling and measurement devices circa 2018

Parall el to-ftihdiesl isttyu dcyo,mpau thaitgihonal fl ui d dynamics sim
measur evinemtes fi ne Arizona dust was injected into the ¢
assterssnsporf{usfhgcpantycl e couyrRtNOdssldvhse tshuer rcoognapt aer inseoct
simulation and the[F.8boratory measurements

VERURNWGSWWHY G GIWqRYUWY nWaé Rt W qel ! AlWgé WEROR Gd gl ' Wéet Wav20T Wy UWgYWeT YGaqll
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100%

90%
* 80%
< 70%
8
@ 60%
S
£ 50%
o
L 40%
= $ [ - Incep. ® Run1-Nozz. 1
% 30% Run 1-Nozz. 2 ® Run 1-Nozz. 3
E ® Run 1-Duct 8D Test 67
3 20%

10%

0%

0.5 5.0 50.0

Particle size / pm

Figure36 wCumulative size distribution for highn RT IJG Raq! 1Ot Rz i ¢ qRY Upg Oy A adndtesd0l 13U
experiments at the physical sampling system

One important parameter to monitor is the fRBO@BEHIwWEec
the aver ag®omfnidd e mee 9i5nt er v al for all the tests on a

180

160
140
120
100
8
6
4
2
0
BRI

3 3 N
oe’bo"‘nz? N - o~
Q“.\Q‘Q‘J{‘.& ‘Q‘Q,’ x\é\&q\é‘é

2 & 3 o
S ot & <<<°°<<<°° Qg’% E ¥ & <<<° & Q/Q?’ o@ (&

o © O o

Test Average Rotor Temperature (°C)

(&2

Figure37 wAverage brake temperature and tolerance

For the same project, the weighing process went throlt
triplicates, comparing the testing | aboratory with tF
filter weimh3&5 rtacmg4e®0 fmgp, and the regression |ine ha

California Brake Dynamomkutey eglktilelsed or Caltrans

The Calt|bhtr sllawaddyy vehicles focused on commercial wveh
10 00045I36s €gli pped with AiseoonHytypal ot beakebsncl ud
the CDBC and with an approxi matiimen dafr itnlge treesgd magr.at iR

1 The data from the proving ground testing was used to adapt and update a HD brake temperature model first publisl
in the 1980479], with good agreement between predicted and observed temperature traces

I Measured and modeled brake temperatures were applied to emissions tests on a HD brake dynamometer with

gravimetric and reaiime PM sampling on a Constant Volume Sampling tunnel with cooling air condition for

cleanliness, temperature, and humidity
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This study took two steps before developing a test matrix angmémshown if RN@ Y 1J LW

A ¢ NP

a) Creatinga Brake Wear Index (BWI) to rank and select the vocations for the ssilaly vehicle miles traveled (VMT)
statistics for California, nominal brake dimensions, and replacement rates from business intelligence from the

industry. Figure38 shows the calculation for the BWI

b) Usingthe BWI results to confirm the test plan and secure the test hardware for the study 3Figlhiogvs the ranking

of the BWI metric for all the vocations analyzed

A = axle type (steer, drive, trailer) Wear rate
B = brake type (ADB, drum, hyd. disc) H 1 ” ‘
AB arew G5 AW A G
w @ EFEF i
=

—

Braking power density
VMT = Vehicle Miles Traveled

Market share

Wearable mass

Pad/disc life —

Refuse .
Urban bus .

| Drayage - Northern CA .

w

Bubble size = BWI

Airportshuttle @ Freeway work

. Municipal work
Repair Construction
Drayage- Southern CA . Towi
owing

Cementmixers .
Long haul - instate

%)
T

Vocation Cycle Brake Power Density

Sweeping Expressbus * ‘
Food distribution . .
Agriculture
Long haul - out of state
0 1 1 ]
0 20 40 60

Average Cycle Speed (mph)

Figure38 wUpper panel: infographic for Brake Wear Index. Lower panel: application to market survey and fleet

The test matrix was determined fronCalifornia brake wear mass balance analysispunting for braking activity by

truck vocatioras shown i ¢ FNIdiTHH test matrix included Class 8 drum, disad trailer configurations tested over

three vocation cycles and two load points a Class 6 hydraulic disc configuration tested over two vocatioh ®fciss

truck and urban bus tested over representative cycles. Tests were repeated for original equipment and aftermarket bra
pads to evaluate potential deterioration in brake emissions over time, though the differences between these equipment
typeswerenot statistically significant. Individual wheel PM filter results were then used to update EMFAC HD brake PM
emissions based on statewide estimates of loaded/unloaded travel, axles per truck, speed distributions, and brake mat

replacement interval
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Table19 wOverview of Caltrans test matrix

A ¢ MIX

Vehicle Brake/axle Cycle 1 Cycle 2 Cycle 3 Load Repeat EMFAC
class
Class 8 drum steer Drayage N* Cement LH OOS** 1 T7
drum drive Drayage N Cement LH O0S 2 Yes
ADB steer Drayage N Cement LH OOS 2 Yes
ADB drive Drayage N Cement LH OOS 1
Refuse ADB steer Refuse 2 Refuse
ADB drive Refuse 1
Urban bus ADB steer Urban bus 1 Bus
ADB drive Urban bus 1
Service Hyd. Disc steer| Beverage Delivery 1 T6
Hyd. Disc drive Beverage Delivery 1 yes

*Northern CA Drayage ** LongHaul Outof-State

One important aspect of this study was adapting field measurements for shorh(®€) cycles for exhaust emissions,
which were readily available for the brake emissions measurements (proving ground for temperatures and brake
dynamometer for actual emises measurementd). R N @ dlldtiates the speed trace for different vocatiobgined

from [80].

Speed [mph)

Spaed (mph)

Speed (mph)

The control system allows the entry of the coastdown coefficien{8pjior the vehicle under test to reflect road loads,
enhancing the fidelity of the dynamometer tgith parameters shown I ¢ FEIMIHI$ approach corrects the dynamic
torque demand for friction brakes for road loads. Considering that there is a lack of parameters on how brake retarders
interact with friction brakes, that many municipalities in the United States do not allow theretedihg in populated

areas, and the study intended to characterize friction brakes, this study did not attempt to reduce the frictional torque

Drayage Northern CA

I

100 w00 900 1200 1500
Time (sec)

1800

Cement mixer

100 &0 500
Time {sec)

1200

Long-haul out-of-state

1200 1800

Time {sec)

Speed (mph)

0

;M
o —A

300 600 900

Time (sec)

1200

Refuse

Speed (mph)

30
20
0
o+
0 300 600

1500 1800

Urban bus

M ulh

200 1200 1500 1800
Time (sec)

Figure39 wil-Hz time-resolved driving cycles

demand in addition to road loads.

Beverage distribution

Tl

300 600 200 1200
Time {se<)

speed [mph]

1500 1800

Local moving

Time fsec)

Table20 wCoastdown coefficients applied for the different tests

Vehicle type A [N] B [N/(km/h)] C [N/(km/h)?3] Test mass [kg]
Class 8 loaded 1985.45 21.023 0.2538 36 746
Class 8 unloaded 580.61 15.332 0.2930 13 045
Class 6 687.54 26.387 0.0502 12 603
Refuse 1082.43 28.930 0.0848 20 276
City bus 847.40 25.514 0.1336 16 465
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A ¢ OMir
Regarding brake temperature control, this study combined proving ground measurements and an update to a legacy
thermal mode[79].[ R N A IdHaws the overlay between measured and computed r@dtactual temperature during

the dynamometer tests remained, on average, witB°C of the target, with the Class 8 trailer axle with drum brakes
and the refuse drive axle with disc keaxhibiting the lowest temperatures, even at the lowest cooling airflow setting.

Figure40 wSimulation of brake temperature vs. dynamometer test results

And,[ R NB Meflelidis the actual test plan for commercial vehicles
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