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Summary Friction brakes and tires are integral systems or components that are crucial during normal driving and 

emergency maneuvers [1].  

Brakes and tires work together to deliver multiple functions and features, providing safe, comfortable, and cost-

effective driving to occupants while protecting vulnerable road users, its cargo, and the vehicle's integrity. 

Besides providing safe deceleration and holding the car stationary (on demand), friction brakes also perform 

other functions during driving. E.g., providing full (or partial as part of regenerative braking) decelerating 

torque, wheel-slip control on dry, wet or icy surfaces; acting during driving (including transverse) dynamics for  

the Electronic Stability Control (ESC) and Traction Control System (TCS); supplemental transverse dynamics 

during enhanced understeer control, rollover prevention, or trailer sway mitigation; special driving dynamics 

for commercial vehicles including directional stability for combination vehicles, and reducing risk of 

overturning (for single or combination vehicles) during quasi-stationary and dynamic vehicle maneuvers; and 

automatic brake system operation including pneumatic or hydraulic brake assist, automatic brake pressure 

increase at the rear wheels, automatic brake pressure increase with forceful brake pedal input, brake disc wiper, 

automatic prefill, electromechanical parking brake (EPB), hill -hold control, hill descent control, Automatic 

Emergency Braking (AEB), and active brake application during Automatic Cruise Control (ACC).  

Tires are the only components that connect the vehicle to the road, providing active safety through the vehicle's 

power transmission during normal driving and steering, as well as during braking with ABS, ESC, and TCS. 

Tires also perform multiple functions during driving. E.g., cushion, dampen, brake, accelerate, hold stationary, 

steer, and transmit vehicle dynamic forces in three directions - simultaneously. Tires can operate on various 

surfaces, including dry or wet roads, snow, mud, ice, asphalt, concrete, gravel, or dirt roads. Tires need to 

absorb overloads, roll straight, provide precise intended steering, absorb road irregularities and impacts, and 

deliver vibration damping and comfort as part of the suspension system.  

During their life in the vehicle, the contact (intentional or not) between the friction material and its mating disc 

or drum, and between the tire and the road, friction brakes, tires, and the road itself wear (through highly 

dynamic and complex mechanisms), releasing wear debris, particulate matter, and gaseous organic and volatile 

compounds into the road, soil, runoff water, and the atmosphere.  

To gain a deeper, more comprehensive understanding of non-exhaust particulate matter from brakes, tires, and 

road surfaces, this report presents a systematic review of over 300 studies, with a focus on recent work. The 

review evaluates emission factors, test methods, chemical composition, and mitigation strategies, as well as 

regulatory development, such as Euro 7. The review emphasizes harmonized testing (e.g., GTR 24, CBDC, and 

UNR[XXX]  for C1 tires), identifies key influencing factors, and research gaps for future studies. Although the 

main methods for brake emissions and tire abrasion have matured significantly over the past several years, a 

substantial percentage of brake systems and tires sold in the European market today require redesign or 

reformulation before pursuing type approval in the next decade, as Euro 7 is implemented and comes into force. 

Test cycles for light vehicles (brakes and tires) have matured into draft European regulations with 

corresponding limits. Laboratory methods for brake testing cycles for commercial vehicles, as well as 

laboratory (indoor) or open-road testing, along with the corresponding limits (for brake emissions or tire 

abrasion index), are on the agenda of multiple working, advisory, or negotiating groups over the next 10 years.  

Even though testing methods and laboratory setups are well developed for several test cases and applications, 

the lack of the proper documentation or standard methods, insufficient validation protocols, higher-than-

expected or nonexplainable measurement variability, low repeatability / Reproducibility, or absence of recent 
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experimental results using realistic test cycles, hinder the ability of researchers (and other stakeholders) to 

compare among different technical solutions, testing methods, results, and propose limits that both aligned with 

the objectives of the European Union and other regions, and are achievable by individual vehicle or component 

manufacturers, including the aftermarket segments. At the time of this report, other countries (e.g., South Korea 

and China) are considering adopting Euro 7-related limits and regulations, with timelines varying by country. 

The United States does not have any public announcement related to state or federal proposed rulemaking about 

non-exhaust emissions from on-road vehicles at the time of this report. Also on tires (except for the ongoing 

work under the auspices of the United Nations and a few projects in California) it became obvious during the 

preparation of this report the lack of a new (publicly available) body of knowledge (also more traceable and 

using standardized methods and reports) on tire abrasion or emissions to quantify the impact of new tire and 

vehicle technology.  

Another dimension of developments portrayed in this report includes technologies to mitigate particulate matter 

generation, ranging from disc coatings to regenerative braking, as well as new brake formulations. New tire 

compounds or designs and their impact on tire abrasion or tire emissions have not found their way into the 

world of journal publications at the time of completing this report.  

Two salient topics related to both brake and tire emissions are the increased interest in measuring volatile 

organic compounds to account for secondary emissions and more advanced simulations to estimate the 

transport and fate of particulate matter into natural receptors (e.g., soil, water, air, and ice-covered regions). 

Lastly, the authors present a series of possible research projects or topics the industry can consider in the future, 

along with a list of main entities leading research, development, or regulatory work on non-exhaust emissions. 

This report is not intended to be comprehensive of all studies about non-exhaust emissions. Rather, it highlights 

important or pivotal studies and encourages the reader to follow closely the development and dynamics of 

upcoming regulatory work in the European Union, as well as to monitor the development of similar mandates 

or regulations in other regions over the coming decade. Lastly, with the abundance of research papers and 

publications, the reader must stay up to date by subscribing to notifications from major scientific journals and 

actively attending industry events. 

Keywords Brake wear, tire abrasion, non-exhaust emissions, PM10, PM2.5, particle number, Euro 7, GTR 24, UNR 117, 

WLTP, CBDC, LCA, microplastics 
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9ŸŰƣƖċĦƣŸƖќƚШ?ŔƚĦũċŔůĲƖ 
This report was prepared by researchers from Link Engineering Company (LINK) and the University of California, 

Riversideôs Center for Environmental Research and Technology (UCR CE-CERT), in collaboration with the Coordinating 

Research Council (CRC) Project Panel. The findings, interpretations, and conclusions expressed herein are those of the 

authors and do not necessarily reflect the views of CRC, its member organizations, or affiliated regulatory agencies. 

The content is based on a systematic review of publicly available literature, experimental data, and expert judgment. While 

every effort has been made to ensure the accuracy and reliability of the information presented, the authors make no 

warranties, express or implied, regarding the completeness, accuracy, or applicability of the data or analysis for regulatory, 

commercial, or policy-making purposes. 

This report is intended to support ongoing research, regulatory development, and stakeholder engagement related to non-

exhaust particulate emissions from on-road vehicles. It is not intended to serve as a regulatory standard or compliance 

document. The mention of specific products, technologies, or manufacturers does not imply endorsement of any product, 

technology, or manufacturer. 

Use of this report and its contents is at the readerôs discretion. LINK and UCR CE-CERT disclaim any liability for damage, 

injuries, or losses arising from the use or interpretation of the information contained herein (including ideas, instructions, 

or products). LINK and UCR CE-CERT utilized publicly available journal studies. The statements, opinions, and data 

contained in all publications referenced in this report are solely those of the individual author(s) and contributors to the 

specific study and not of the authors of this systematic review. 

 ŸƣĲƚ 
§ŰШƣőĲШƨƚĲШŸŉШ7ƖŔƣŔƚőо ůĲƖŔĦċŰШEŰŊũŔƚőШũċŰŊƨċŊĲ 

This report retains British spelling (e.g., tyre, programme, harmonised) when it is part of the original name, study title, or 

a regulation title. Otherwise, when part of the main discourse, this review report uses the American English spelling (e.g., 

tire, program, harmonized). 

§ŰШƣőĲШƨƚĲШŸŉШывьШċŰĬШявѐ 
This report uses (é) to denote numerical ranges, examples, or to provide further clarification. [é] denotes numbered 

references or values proposed as part of a regulation at the time of this report.   
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Ξ ĤĤƖĲƻŔċƣŔŸŰƚШċŰĬШċĦƖŸŰǃůƚШ 
Abbreviation Description  

é/B Emission factor per brake corner 

é/S Emission factor per stop 

é/V Emission factor per vehicle 

3h-LACT Los Angeles City Traffic Dynamometer Test with a 3-hour duration 

3PMSF Three-Peak Mountain and Snowflake Tire Design for severe snow conditions 

ADAC Allgemeiner Deutscher Automobil-Club (literally 'General German Automobile Club') 

AEB Automatic Emergency Braking 

ANOVA Analysis of Variance 

APSÈ Aerodynamic Particle Sizer 

ARTEMIS Assessment and Reliability of Transport Emission Models and Inventory Systems (EU Project) 

ATR Attenuated Total Reflection 

BEV Battery Electric Vehicle 

BR Butadiene Rubber 

BSL Brake Systems Laboratory (formerly a General Motors acronym) 

BW Brake wear 
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Abbreviation Description  

BWI Brake Wear Index 

BWP Brake Wear Particles  

BWPM Brake Wear Particulate Matter 

C Friction Brake Share Coefficient for GTR 24; Carbon chemical element 

C1 Tires in conformance with UNECE Regulation No. 30 for light vehicles 

C1éC21 Straight-chain alkanes for different numbers of C (carbon) atoms 

C2 Tires in conformance with UNECE Regulation No. 30 for light vehicles 

C3 Tires in conformance with UNECE Regulation No. 54 for light commercial vehicles 

CARB California Air Resources Board 

CBDC California Brake Dynamometer Cycle 

CC Carbon Ceramic 

CED Cumulative Energy Demand 

CEM Conceptual Exposure Model  

CFR Code of Federal Regulations 

CMTT Cryo-milled tire tread 

CO Carbon Monoxide 

CoF Coefficient of Friction 

CoV Coefficient of Variance 

Cp Total torque over brake pressure ratio during chassis dynamometer test 

CPC Condensated Particle Counter 

Cr Rolling Resistance Coefficient 

CSO Combined Sewer Overflow 

CVS Constant Volume Sampling  

d50 Particle size corresponding to the cumulative frequency of 50 % (median) 

de.mob Electrical mobility diameter of a particle 

di Internal duct diameter 

DCE Danish Centre for Environment and Energy 

DO Dissolved Oxygen 

DOC Dissolved Organic Carbon 

DPMFA Dynamic Probabilistic Material Flow Analysis 

DQIS Data Quality Indicator Source 

EC Elemental Carbon (refer to the context) 

EC European Commission (refer to the context) 

ECE Economic Commission for Europe 

ECE Generic term for metallic friction formulations designed for the ECE market 

ECEotp ECE formulation optimized for brake emissions 

EDS Electron Dispersion Spectroscopy 

EDX-RF Energy-dispersive X-ray fluorescence spectrometry 

EEA Environmental European Agency 

EEPSÈ Engine Exhaust Particle Sizer 

EF Emission factor 

ELPIÈ, ELPI+È Electrical Low-Pressure Impactor 

ELT End-of-Life Tires 

EMFAC EMission FACtor model 

EPB Electromechanical Parking Brake 

ESC Electronic Stability Control 

ESM Environmental Scanning Electron Microscope 

ETH Equivalent Test Weight 

ETRTO European Tire and Rim Technical Organization 

ER Energy Recovery 

FA Front Axle 

FA/RA Front to Rear axle brake work or test inertia split 
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Abbreviation Description  

FAST/KIT Institute of Vehicle System Technology (translated) at the Karlsruhe Institute of Technology 

FR Friedrichstrasse (location in Berlin, Germany) 

FTP Federal Test Procedure 

FTIR Fourier transform infrared spectroscopy. 

GAD Gaseous Analytical Detector 

GAINS Greenhouse Gas and Air Pollution Interactions and Synergies Model 

GAM Generalized Additive Model 

GBM Gradient-Boosting Machines 

GCI Grey cast iron 

GC-MS Gas chromatography-mass spectrometry 

GHG Greenhouse Gases 

GNSS Global navigation satellite system 

GPS Global positioning system 

GRBP United Nations Working Party on Noise and Tires 

GRPE United Nations Working Party on Pollution and Energy 

GTR Global Technical Regulation 

GVWR Gross Vehicle Weight Rating 

GWP Global Warming Potential 

HCN Hydrogen Cyanide 

HDV Heavy-Duty Vehicle 

HD-HS Highly Dispersible ï High Surface area 

He, Hs Dimension for sampling tunnel (see GTR 24) 

HEPA High Efficiency Particulate Air (filter) 

HEV Hybrid Electric Vehicle 

HLW Heavily Loaded Weight 

HMC Hard Metal-coated disc 

HNCO Isocyanic Acid 

H-PEM Harvard Personal Environmental Monitor 

ICE Internal Combustion Engine 

ICEV Internal Combustion Engine Vehicles 

ICP-MS Inductively Coupled Plasma Mass Spectrometry 

ILS Interlaboratory (accuracy or variability) Study 

IMU Inertial Measurement Unit 

IN Industrial Roadside 

ISO International Organization for Standardization 

JASIC Japan Automobile Standards Internationalization Center 

JASO Japanese Automobile Standards Organization  

JATMA Japanese Automotive Tire Manufacturers Association 

JRC Joint Research Centre 

KD Kottbusser Damm (location in Berlin, Germany) 

LCA Life Cycle Assessment 

LC/MS Liquid chromatography-mass spectrometry 

LCS Low-Cost Sensors 

LDV Light Duty Vehicle 

LOD Level of Detection 

LO-U Level 0- Universal Fixture for testing according to GTR 24 

LO-P Level 0- Post Style fixture for testing according to GTR 24 

Low-met Low metallic friction material 

M1 Passenger transport car with no more than eight seats in addition to the driver's seat, and has a maximum mass not 

exceeding 3500 kg 

ML Machine Learning 

MMDPI Multidisciplinary Digital Publishing Institute 
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Abbreviation Description  

MFC Mass flow controller 

MP Microplastics 

MOUDIÊ Micro Orifice Uniform-Deposit Impactors  

MOVES Motor Vehicle Emission Simulator 

N1 Good transport motor vehicles with a gross vehicle weight not exceeding 3,500 kg (3.5 tons) 

NAEI The UK National Atmospheric Emissions Inventory 

NAO Non-Asbestos Organic friction material 

NEDC New European Driving Cycle 

NHTSA National Highway Traffic Safety Administration 

NO Nitric oxide, nitrogen oxide, or nitrogen monoxide 

NOAA National Oceanic and Atmospheric Administration (United States) 

NO2 Nitrogen Dioxide 

NOx shorthand for nitric oxide (NO) and nitrogen dioxide (NO2) 

NR Natural Rubber 

OBD Onboard diagnostics unit 

OC Organic Carbon 

OES Original equipment service part 

OPC Optical Particle Counter 

OPS Optical Particle Sizer 

PAM Potential Aerosol Mass 

PBL Planbureau voor de Leefomgeving (Netherlands Environmental Assessment Agency) 

PCA Principal Component Analysis 

PCH Phenylcyclohexene 

PM Particulate matter 

PM10 Particulate matter with an average aerodynamic diameter not exceeding 10 ɛm 

PM2.5 Particulate matter with an average aerodynamic diameter not exceeding 2.5 ɛm 

PM1 Particulate matter with an average aerodynamic diameter not exceeding 1 ɛm 

PM0.12 Particulate matter with an average aerodynamic diameter not exceeding 10 ɛm 

PMF Positive Matrix Factorization 

PMP-IWG Particulate Measurement Programme  ï Informal Working Group 

PN Particle Number 

PSD Particle size distribution 

PTFE Polytetrafluoroethylene 

PTR-MS Proton-transfer-reaction mass spectrometry 

py-GC-MS Pyrolysis GC-MS 

QCMÈ Quartz Crystal Microbalance 

Qmax, Qmin, Qset Cooling airflow levels during the GTR 24 test 

Qout, Pout, Tout Outputs values for airflow, airflow pressure, and airflow temperature during the GTR 24 test 

RA Rear Axle 

RD Road dust 

RDE Real-world Driving Emissions 

RRTP Runoff Treatment Plant 

RS Residential Roadside 

RTWP road  and tire wear particles 

SAE Society of Automotive Engineers 

SBR Styrene Butadiene Rubber 

SEM Scanning Electron Microscopy 

SF-ICP-MS Magnetic-Sector Inductively Coupled Plasma Mass-Spectroscopy  

SFW Specific friction work 

SIA Secondary Inorganic Aerosol 

SL Silt Loading 

SMPSÈ Scanning Mobility Particle Sizer 

https://www.bing.com/ck/a?!&&p=934736320f6218a0de4de5a5bedf810edff30e1019a032d528e7700abbbcf245JmltdHM9MTc0NTcxMjAwMA&ptn=3&ver=2&hsh=4&fclid=0d9d122f-5990-6986-354d-07b058146883&psq=n1+vehicle&u=a1aHR0cHM6Ly9lbi53aWtpcGVkaWEub3JnL3dpa2kvVmVoaWNsZV9jYXRlZ29yeQ&ntb=1


ÂċŊĲШ҇ШΝΝ 
 

 

9Å9ШÂƖŸŢĲĦƣШ ŸЮШEрΝΠΟ ҇  ÉǃƚƣĲůċƣŔĦШÅĲƻŔĲƽШŸŰШ7ƖċťĲЯШÑŔƖĲЯШċŰĬШÅŸċĬШìĲċƖ 

Abbreviation Description  

SPA Single Particle Analysis 

SPN10 Solid particle number with a lower cutoff diameter of 10 nm 

SQ, SP, ST, SRH Output signals for airflow, air pressure, air temperature, and air relative humidity during the GTR 24 test 

StdDev, STD Standard Deviation 

STA Simultaneous Thermal Analyzer 

STEM Scanning Transmission Electron Microscope 

SUV Sport Utility Vehicle 

SVM Support Vector Machines 

TARTA Toxic-metal Aerosol Real Time Analyzer  

TCS Traction Control System 

TCWB Taiwan Central Weather Bureau 

TEM/ SEM Transmission/scanning electron microscope  

TF TA Task Force on Tyre Abrasion within the UN GRBP 

TfL-UIP Transport for London, Urban Inter-Peak drive cycles 

TGA Thermogravimetric analysis 

TOC Total Organic Carbon 

ToF-SIMS Time-of-þight Secondary Ion Mass Spectrometry 

TP Transformation products 

TPN10 Total particle number with a lower cutoff diameter of 10 nm 

TPN23 Total particle number with a lower cutoff diameter of 23 nm 

TRWP Tire And Road Wear Particles 

TSP Total Suspended Particles 

TSS Total Suspended Solids 

TT Tire tread 

TWP Tire Wear Particles 

UB Urban Background 

UCBR Upper Colorado River Basin 

UFP Ultrafine Particles 

UNECE United Nations Economic Commission for Europe 

UPLC-HRMS  Ultra-Performance Liquid Chromatography ï High-Resolution Mass Spectrometry 

UTQG Uniform tire quality grading 

VMT Vehicle Miles Traveled 

VOC Volatile Organic Compounds 

VPR Volatile Particle Remover 

WAS Whole Air Sampler 

WIP Waste Incineration Plant 

WL/DM Wheel Load/Disc Mass ratio 

WLTC Worldwide Harmonized Light-duty vehicles Test Cycles 

WLTP-B Worldwide Harmonized Light Vehicle Test Procedure 

WWTP Waste Water Treatment Plant 

XRF X-Ray Fluorescence  
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Ο cŔŊőрũĲƻĲũШǯŰĬŔŰŊƚШ 
In the face of upcoming or potential rulemaking, the field of non-exhaust emissions research and measurement has 

experienced significant growth over the past decade. Some of the main findings from this systematic review include the 

following for Research Questions 1-7 (see Chapter 6). There are multiple nuances and specifics to the different studies 

covered by this report, so it is important to gain a deeper understanding before drawing hard conclusions: 

7ƖċťĲƚ ÑŔƖĲƚШ 
ÅÄΝаШ~ċŊŰŔƣƨĬĲШŸŉШŰŸŰрƣċŔũƓŔƓĲШÂ~ШĲůŔƚƚŔŸŰƚ 
§ƻĲƖċũũЯШÂ~ΝΜШƨƚŔŰŊШũċĤŸƖċƣŸƖǃШƣĲƚƣŔŰŊШŔƚШċĤŸƨƣШ 
ΥЮΦШůŊоťůо7ƖċťĲЯШċŰĬШÂ~ΞЮΡШŔƚШΡЮΣШůŊоťůо7ƖċťĲ 

ÅĲĦĲŰƣШŔŰƣĲƖũċĤŸƖċƣŸƖǃШƣĲƚƣŔŰŊШƨƚŔŰŊШőċƖůŸŰŔǍĲĬШ
ƚĲƣƨƓƚШƓĲƖШ]ÑÅШΞΠЯШÂ~ΝΜШŔƚШċĤŸƨƣШыΝЮΠШƣŸШΥЮΤьШ
ůŊоťůо7ƖċťĲЯШċŰĬШÂ~ΞЮΡШŔƚШыΜЮΤШƣŸШΟьШůŊоťůо7ƖċťĲ 

[ƖŸŰƣШĤƖċťĲƚШĦċŰШŊĲŰĲƖċƣĲШƣőƖĲĲШŸƖШůŸƖĲШƣŔůĲƚШůŸƖĲШ
Â~ΝΜШƣőċŰШƖĲċƖШĤƖċťĲƚ 

§ƻĲƖċũũЯШÂ~ΝΜШƨƚŔŰŊШũċĤŸƖċƣŸƖǃШƣĲƚƣŔŰŊШŔƚШċĤŸƨƣШΡШ
ůŊоťůоÑŔƖĲЯШċŰĬШÂ~ΞЮΡШŔƚШΝЮΣШůŊоťůоÑŔƖĲ 

~ĲĬŔċŰШÑÅìÂШĦċŰШĤĲШыΞΜШƣŸШΟΜьШůŊоťůШƓĲƖШƣŔƖĲЯШċŰĬШ 
ыΡΟШƣŸШΝΡΜΜьШůŊоťůоéЯШĦŸŰƚŔĬĲƖŔŰŊШŉƖŸůШƓċƚƚĲŰŊĲƖШ
ĦċƖƚШƣŸШőĲċƻǃрĬƨƣǃШƣƖƨĦťƚ 

 

ÅÄΞаШÑĲƚƣШůĲƣőŸĬƚШƣŸШŊĲŰĲƖċƣĲШŰŸŰрƣċŔũƓŔƓĲШÂ~ 
ÑőĲШƓƖĲƻċŔũŔŰŊШůĲƣőŸĬШƣŸШŊĲŰĲƖċƣĲШĤƖċťĲШĲůŔƚƚŔŸŰƚШŔƚШ
ƣŸШƨƚĲШŔŰĲƖƣŔċШĬǃŰċůŸůĲƣĲƖШƣĲƚƣШƚĲƣƨƓƚЯШĦŸŰĬƨĦƣŔŰŊШ
ĦǃĦũĲƚШƣŸШƖĲĦƖĲċƣĲШŰŸƖůċũШƻĲőŔĦũĲШĬƖŔƻŔŰŊЯШċƚШċШ
ŉƨŰĦƣŔŸŰШŸŉШƣőĲШƻĲőŔĦũĲѣƚШƻŸĦċƣŔŸŰ 

§ƻĲƖċũũЯШƣĲƚƣŔŰŊШƨŰĬĲƖШƣőĲШĦƨƖƖĲŰƣШ]ÑÅШΞΠШƓƖŸƓŸƚċũЯШ
ċƓƓƖŸǂŔůċƣĲũǃШőċũŉШŸŉШƣőĲШŉƖŔĦƣŔŸŰШŉŸƖůƨũċƣŔŸŰШŔŰШƣőĲШ
ůċƖťĲƣШŉŸƖШũŔŊőƣШƻĲőŔĦũĲƚШƽŸƨũĬШĲǂĦĲĲĬШƣőĲШEƨƖŸШΤШũŔůŔƣШ
ŉŸƖШÂ~ΝΜ 

§ƻĲƖċũũЯШċƚШůƨĦőШċƚШΣΜШӖШŸŉШũŔŊőƣШƻĲőŔĦũĲШĤƖċťĲƚШůċǃШ
ŰĲĲĬШƖĲĬĲƚŔŊŰЯШƖĲŉŸƖůƨũċƣŔŸŰЯШŸƖШƖĲŊĲŰĲƖċƣŔƻĲШĤƖċťŔŰŊШ
ƣŸШĦŸůƓũǃШƽŔƣőШƣőĲШEƨƖŸШΤШũŔůŔƣƚ 

ÑőĲШůċŔŰШůĲƣőŸĬШƣŸШŊĲŰĲƖċƣĲШƣŔƖĲШċĤƖċƚŔŸŰШŔƚШƣŸШĬƖŔƻĲШ
ƣőĲШƻĲőŔĦũĲШŸŰШƓƨĤũŔĦШƖŸċĬƚШƣŸШƖĲĦƖĲċƣĲШŰŸƖůċũШƻĲőŔĦũĲШ
ĬƖŔƻŔŰŊЯШŸƖШƣŸШĦŸŰĬƨĦƣШċŰШĲŰŊŔŰĲĲƖĲĬШĦǃĦũĲШƨƚŔŰŊШċŰШ
ŔŰĬŸŸƖШĬƖƨůШƣĲƚƣШƚĲƣƨƓ 

§ƻĲƖċũũЯШċƓƓƖŸǂŔůċƣĲũǃШΟΜШƣŸШΠΜӖШӖШŸŉШ9ΝШƣŔƖĲƚШĦŸƨũĬШ
ĤĲШƖĲůŸƻĲĬШŉƖŸůШƣőĲШůċƖťĲƣШŉŸƖШŰŸŰрĦŸůƓũŔċŰĦĲШƽŔƣőШ
ƣőĲШƓƖŸƓŸƚĲĬШċĤƖċƚŔŸŰШŔŰĬĲǂШũŔůŔƣƚ 

ÅÄΟаШ9őċƖċĦƣĲƖŔǍċƣŔŸŰШŸŉШŰŸŰрƣċŔũƓŔƓĲШÂ~ 
ÂċƖƣŔĦũĲШƚŔǍĲШĬŔƚƣƖŔĤƨƣŔŸŰШƣĲŰĬƚШƣŸШĲǂőŔĤŔƣШċШůƨũƣŔůŸĬċũШ
ĬŔƚƣƖŔĤƨƣŔŸŰЯШƽŔƣőШůċŔŰШƓĲċťƚШċƣШыΝΜШƣŸШΝΞьШŰůЯШ 
ыΡΜШƣŸШΥΜьШŰůЯШċŰĬШыΝШƣŸШΞьШӓů 

9ċƖĤŸŰЯШ~ċŊŰĲƚŔƨůЯШ9őƖŸůŔƨůЯШfƖŸŰЯШċŰĬШ
ÂőŸƚƓőŸƖƨƚШĲǂőŔĤŔƣШċШƓŸƚŔƣŔƻĲШĦŸƖƖĲũċƣŔŸŰШƽŔƣőШĤƖċťĲШ
ƽĲċƖШċŰĬШƓċƖƣŔĦƨũċƣĲШůċƚƚШŊĲŰĲƖċƣŔŸŰЮШÉŸĬŔƨůЯШ
9ċũĦŔƨůЯШ7ċƖŔƨůЯШ§ǂǃŊĲŰЯШÂŸƣċƚƚŔƨůЯШċŰĬШÑŔƣċŰŔƨůШ
ĲǂőŔĤŔƣШŰĲŊċƣŔƻĲШĦŸƖƖĲũċƣŔŸŰƚ 

9őĲůŔĦċũШċŰċũǃƚŔƚШĦċŰШĬĲƣĲĦƣШŸƻĲƖШΞΜШĲũĲůĲŰƣƚШƨƚŔŰŊШ
ċШ]ÑÅШΞΠШƣĲƚƣШƚĲƣƨƓ 

ÑőĲƖĲШŔƚШċШƓŸƚŔƣŔƻĲШċƚƚŸĦŔċƣŔŸŰШыŸƖШƣƖĲŰĬьШĤĲƣƽĲĲŰШċŰШ
ŔŰĦƖĲċƚĲШŔŰШĤƖċťĲШƽĲċƖШċŰĬШÂ~ШĲůŔƚƚŔŸŰƚ 

fŰШŊĲŰĲƖċũЯШÂ~ΝΜШŔƚШċƚƚƨůĲĬШƣŸШĤĲШыΞШƣŸШΝΜьШӖШŸŉШƣŸƣċũШ
ƣŔƖĲШċĤƖċƚŔŸŰЯШċŰĬШÂ~ΞЮΡШŔƚШΝЮΣШӖ 

9őĲůŔĦċũШĦŸůƓŸƚŔƣŔŸŰЯШůŸƖƓőŸũŸŊǃЯШċŰĬШƓċƖƣŔĦũĲШƚŔǍĲШ
ĬŔƚƣƖŔĤƨƣŔŸŰШŉŸĦƨƚĲĬШŸŰШƖƨĤĤĲƖШĦŸůƓŸƨŰĬƚЯШƻŸũċƣŔũĲШ
ŸƖŊċŰŔĦШĦŸůƓŸƨŰĬƚЯШċŰĬШƣƖċĦĲƖШĲũĲůĲŰƣƚШƣŸШĦŸƖƖĲũċƣĲШ
ƽŔƣőШƣőĲШƣŔƖĲШƨŰĬĲƖШƣĲƚƣŔŰŊ 

~ŸƚƣШċŰċũǃƚŔƚШůĲƣőŸĬƚШĬĲůċŰĬШĲǂƣĲŰƚŔƻĲШċŰĬШőŔŊőũǃШ
ƚƓĲĦŔċũŔǍĲĬШƣĲĦőŰŔƕƨĲƚ 

ÑőĲƖĲШŔƚШċШŰĲŊċƣŔƻĲШċƚƚŸĦŔċƣŔŸŰШыŸƖШƣƖĲŰĬьШĤĲƣƽĲĲŰШ
ĬĲĦƖĲċƚŔŰŊШƣŔƖĲШƣƖĲċĬШƽĲċƖШċŰĬШƣŔƖĲШůŔũĲċŊĲШĬƨƖċĤŔũŔƣǃ 

ÅÄΠаШÑĲƚƣШůĲƣőŸĬƚШыůĲċƚƨƖĲůĲŰƣƚьШƣŸШĦőċƖċĦƣĲƖŔǍĲШŰŸŰрƣċŔũƓŔƓĲШÂ~ШĲůŔƚƚŔŸŰƚ 



ÂċŊĲШ҇ШΝΟ 
 

 

9Å9ШÂƖŸŢĲĦƣШ ŸЮШEрΝΠΟ ҇  ÉǃƚƣĲůċƣŔĦШÅĲƻŔĲƽШŸŰШ7ƖċťĲЯШÑŔƖĲЯШċŰĬШÅŸċĬШìĲċƖ 

7ƖċťĲƚ ÑŔƖĲƚШ 

]ƖċƻŔůĲƣƖŔĦШƚċůƓũŔŰŊШŉŸƖШƓċƖƣŔĦũĲШůċƚƚШċŰĬШƓċƖƣŔĦũĲШ
ĦŸƨŰƣĲƖƚШƓƖŸƻŔĬĲШƚċůƓũŔŰŊШƚǃƚƣĲůƚШŉŸƖШĤƖċťĲШ
ĲůŔƚƚŔŸŰƚШƽŔƣőŔŰШƣőĲШƚĦŸƓĲШŸŉШEƨƖŸƓĲċŰШƖĲŊƨũċƣŔŸŰƚ 

§ƣőĲƖШŔŰƚƣƖƨůĲŰƣƚШƨƣŔũŔǍĲĬШĬƨƖŔŰŊШŰŸŰрƖĲŊƨũċƣŸƖǃШ
ƣĲƚƣŔŰŊШыĤĲŰĦőůċƖťŔŰŊЯШƖĲƚĲċƖĦőЯШŸƖШƓƖŸĬƨĦƣШ
ĬĲƻĲũŸƓůĲŰƣьШċũƚŸШƖĲũǃШŸŰШШƓċƖƣŔĦũĲШƚŔǍĲШĬŔƚƣƖŔĤƨƣŔŸŰШ
ƚǃƚƣĲůƚЯШƻŸũċƣŔũĲШĦŸůƓŸƨŰĬШċŰċũǃǍĲƖƚЯШШċŔƖĤŸƖŰĲШ
ůĲƣċũШĬĲƣĲĦƣŔŸŰЯШċŰĬШĲǂƣĲŰƚŔƻĲШƓŸƚƣрƣĲƚƣШĦőĲůŔĦċũШ
ƚƓĲĦŔċƣŔŸŰШċŰċũǃƚŔƚ 

~ŸƚƣШƣĲƚƣШƚĲƣƨƓƚШċƖĲШůŔŊƖċƣŔŰŊШƣŸƽċƖĬƚШŉƨũũǃШĲŰĦũŸƚĲĬШ
ƚċůƓũŔŰŊШƚǃƚƣĲůƚ 

§ŰрƖŸċĬШůĲċƚƨƖĲůĲŰƣШĦċůƓċŔŊŰƚШċƖĲШŔŰĦƖĲċƚŔŰŊЯШ
ƽŔƣőШŰŸШůĲƣőŸĬŸũŸŊǃШċƻċŔũċĤũĲШŉŸƖШƓĲĲƖрƖĲƻŔĲƽĲĬШ
ƻċũŔĬċƣŔŸŰШŸŉШƚċůƓũŔŰŊШċŰĬШƣƖċŰƚƓŸƖƣШĲǭŔĦŔĲŰĦǃ 

ÑőĲШƓƖŔůċƖǃШůĲċƚƨƖĲůĲŰƣШŉŸƖШƣŔƖĲШċĤƖċƚŔŸŰШƽŔƣőŔŰШƣőĲШ
ƚĦŸƓĲШŸŉШEƨƖŸƓĲċŰШƖĲŊƨũċƣŔŸŰƚШƖĲũŔĲƚШŸŰШƣŔƖĲШůċƚƚШũŸƚƚШ
ĬƨƖŔŰŊШƣőĲШƣĲƚƣ 

7ċƚŔĦШůĲċƚƨƖĲůĲŰƣШŸƖШƚċůƓũŔŰŊШŔŰƚƣƖƨůĲŰƣƚШŉŸƖШƣŔƖĲШ
ĲůŔƚƚŔŸŰƚШċƖĲШƚŔůŔũċƖШƣŸШƣőŸƚĲШƨƚĲĬШŉŸƖШĤƖċťĲШƣĲƚƣŔŰŊЮШ
9őĲůŔĦċũШċŰċũǃƚŔƚШƖĲƕƨŔƖĲƚШƚƓĲĦŔċũŔǍĲĬШůĲƣőŸĬƚШ
ĬĲƓĲŰĬŔŰŊШŸŰШƣőĲШŸĤŢĲĦƣŔƻĲШŸŉШƣőĲШƚƣƨĬǃШыĲЮŊЮЯШ
ĲŰƻŔƖŸŰůĲŰƣċũШƚċůƓũŔŰŊбШƖŸċĬЯШƚĲĬŔůĲŰƣЯШƽċƣĲƖШ
ĬĲƓŸƚŔƣŔŸŰбШċŔƖШƚċůƓũŔŰŊбШůŸƖƓőŸũŸŊǃь 

7ċĦťŊƖŸƨŰĬШĲůŔƚƚŔŸŰƚШƖĲůċŔŰШċШĦőċũũĲŰŊĲШĬƨƖŔŰŊШƣőĲШ
ĬĲƚŔŊŰШċŰĬШƻċũŔĬċƣŔŸŰШŸŉШũċĤŸƖċƣŸƖǃШŸƖШƖŸċĬШ
ůĲċƚƨƖĲůĲŰƣƚШŉŸƖШƣŔƖĲШĲůŔƚƚŔŸŰƚ 

ÅÄΡаШÉƣƖĲŰŊƣőƚШŸƖШƽĲċťŰĲƚƚĲƚШŸŉШƣĲƚƣШċŰĬШůĲċƚƨƖĲůĲŰƣШůĲƣőŸĬƚ 
ÂċƖƣŔĦƨũċƣĲШůċƣƣĲƖШŉƖŸůШƣőĲШŉƖŔĦƣŔŸŰШůċƣĲƖŔċũШĬŸĲƚШŰŸƣШ
ŸĦĦƨƖШŔŰĬĲƓĲŰĬĲŰƣũǃЯШƽŔƣőŸƨƣШƓƖŔƚƣŔŰĲШŉƖŔĦƣŔŸŰШůċƣĲƖŔċũШ
ŉŸƨŰĬШċƻċŔũċĤũĲШŔŰШƣőĲШĲŰƻŔƖŸŰůĲŰƣ 

ÑőĲШƨƚĲШŸŉШƣőĲШ]ÑÅШΞΠШċŰĬШƣőĲШ97?9ШƣĲƚƣШőċƚШƓƖŸƻŔĬĲĬШ
ċŰШŔŰĬƨƚƣƖǃШŸƖШċŊĲŰĦǃрĲŰĬŸƖƚĲĬШƣĲƚƣШĦǃĦũĲЯШ
ƖĲƚƓĲĦƣŔƻĲũǃЯШŉŸƖШũŔŊőƣрĬƨƣǃШƻĲőŔĦũĲƚ 

ìŔƣőШƓƖŸƓĲƖШŔŰƚƣƖƨůĲŰƣċƣŔŸŰШċŰĬШůĲċƚƨƖĲůĲŰƣƚЯШ
ĤƖċťĲШƣĲůƓĲƖċƣƨƖĲƚШĬƨƖŔŰŊШĬǃŰċůŸůĲƣĲƖШƣĲƚƣŔŰŊШĦċŰШ
ĤĲШƽŔƣőŔŰШΞΜШ҄9ШĦŸůƓċƖĲĬШƣŸШƓƖŸƻŔŰŊШŊƖŸƨŰĬШ
ůĲċƚƨƖĲůĲŰƣƚШŉŸƖШf9EШƻĲőŔĦũĲƚЯШċŰĬШƽŔƣőŔŰШΝΜШ҄9ШŉŸƖШ
cǃĤƖŔĬШŸƖШ7EéШƻĲőŔĦũĲƚ 

9ƨƖƖĲŰƣШĤƖċťĲШĬǃŰċůŸůĲƣĲƖШĦŸŰƣƖŸũƚШċũũŸƽШƣőĲШ
ƖĲĦƖĲċƣŔŸŰШŸŉШƖĲŊĲŰĲƖċƣŔƻĲШĤƖċťŔŰŊШŔŰШƖĲċũрƣŔůĲШĬƨƖŔŰŊШ
ĲůŔƚƚŔŸŰƚШƣĲƚƣŔŰŊ 

ÂċƖƣŔĦƨũċƣĲШůċƣƣĲƖШŉƖŸůШƣőĲШƣŔƖĲШĬŸĲƚШŰŸƣШŸĦĦƨƖШ
ŔŰĬĲƓĲŰĬĲŰƣũǃЯШƽŔƣőŸƨƣШƓƖŔƚƣŔŰĲШƣŔƖĲШƽĲċƖШƓċƖƣŔĦũĲƚШ
ŉŸƨŰĬШŔŰШƣőĲШĲŰƻŔƖŸŰůĲŰƣ 

ÑőĲШũċĦťШŸŉШőċƖůŸŰŔǍċƣŔŸŰШŉŸƖШƣŔƖĲШĲůŔƚƚŔŸŰƚШ
ŰŸůĲŰĦũċƣƨƖĲШċŰĬШƖĲƓŸƖƣŔŰŊШůĲƣƖŔĦƚШůċǃШũĲċĬШƣŸШ
ůŔƚƨŰĬĲƖƚƣċŰĬŔŰŊШŸƖШŔŰĦŸƖƖĲĦƣШƖĲƚƨũƣƚЯШċŰĬШĦƖĲċƣĲШ
ĦőċũũĲŰŊĲƚШŔŰШĦŸůƓċƖŔŰŊШƖĲƚƨũƣƚ 

?ĲƻĲũŸƓůĲŰƣШŔƚШŰĲĲĬĲĬШŉŸƖШƚƣċŰĬċƖĬШůĲƣőŸĬƚШ
ƣċƖŊĲƣĲĬШĤǃШƣőĲШƣǃƓĲШŸŉШĲƻċũƨċƣŔŸŰШыĤǃШĲŰƻŔƖŸŰůĲŰƣċũШ
ĦŸůƓċƖƣůĲŰƣШċŰĬШĤƨũťоƚŔŰŊũĲШƓċƖƣŔĦũĲь 

[ƨƣƨƖĲШƓƖŸŢĲĦƣƚШĦċŰШŊĲŰĲƖċƣĲШƚƓĲĦŔǯĦШċŰĬШƚǃƚƣĲůċƣŔĦШ
ĬċƣċШŸŰШƣőĲШĦőĲůŔĦċũШĦŸůƓŸƚŔƣŔŸŰШŸŉШĦƨƖƖĲŰƣШċŰĬШ
ŉƨƣƨƖĲШƣŔƖĲƚ 

ÂƨĤũŔƚőĲĬШĲůŔƚƚŔŸŰƚШĲƚƣŔůċƣĲƚШċƖĲШƣƖċĦĲĬШƣŸШċШŉĲƽШ
ƚƣƨĬŔĲƚЯШőċũŉШŸŉШƣőĲůШŸƻĲƖШΡΜШǃĲċƖƚШŸũĬЯШċŰĬШ
ƚŸůĲƣŔůĲƚШċƓƓũŔĲĬШŔŰĦŸƖƖĲĦƣũǃШƣŸШŸǭŔĦŔċũШĲůŔƚƚŔŸŰШ
ŔŰƻĲŰƣŸƖŔĲƚ 

ÅÄΣаШĬŔƚƣƖŔĤƨƣŔŸŰШŸŉШŰŸŰрƣċŔũƓŔƓĲШÂ~ШŉƖŸůШƣőĲŔƖШƓŸŔŰƣШŸŉШƚŸƨƖĦĲ 
7ƖċťĲШċĤƖċƚŔŸŰШыƽĲċƖьШĦċŰШċĦĦŸƨŰƣШŉŸƖШċƓƓƖŸǂŔůċƣĲũǃШ
ΡΜӖШŸŉШċŔƖĤŸƖŰĲШĲůŔƚƚŔŸŰƚШŉƖŸůШƣƖċŰƚƓŸƖƣШƚǃƚƣĲůƚЯШ
ƽŔƣőШƨŰťŰŸƽŰШċůŸƨŰƣƚШċƣƣƖŔĤƨƣĲĬШƣŸШƽőĲĲũƚШċŰĬШ
ĦőċƚƚŔƚЯШƖŸċĬШƚƨƖŉċĦĲƚЯШƚŸŔũЯШŸƖШƽċƣĲƖЮШ§ƣőĲƖШƚƣƨĬŔĲƚШ
ƚőŸƽШƣőċƣШĤƖċťĲƚШĦċŰШĦŸŰƣƖŔĤƨƣĲШƨƓШƣŸШΝΥШӖ 

ÉŸůĲШƚƣƨĬŔĲƚШƚőŸƽШƣőċƣШƖŸċĬШĬƨƚƣШĦċŰШċĦĦŸƨŰƣШŉŸƖШƨƓШ
ƣŸШΟΟШӖЯШċŰĬШƣŔƖĲƚШŉŸƖШƨƓШƣŸШΝΝШӖ 

ÑŔƖĲШĦŸŰƣƖŔĤƨƣŔŸŰШƣŸШÂ~ΝΜШĦċŰШĤĲШыΜЮΟШƣŸШΠЮΡьШӖШŸƻĲƖċũũЯШ
ċŰĬШыΡШƣŸШΟΝьШӖШƣŸШƖŸċĬШƣƖċŰƚƓŸƖƣЯШƽŔƣőШƖŸċĬШƣƖċŰƚƓŸƖƣШ
ĤĲŔŰŊШыΝΜШƣŸШΝΡьШӖШŸŉШƣŸƣċũШÂ~ΝΜ 

]ũŸĤċũШ~ÂШĲůŔƚƚŔŸŰƚШĦċŰШƖċŰŊĲШŉƖŸůШΥΜΜШƣŸШΟΜΜΜШ
ťƣоǃĲċƖЯШċŰĬШƣŔƖĲШĦŸŰƣƖŔĤƨƣŔŸŰШƣŸШ~ÂШĲůŔƚƚŔŸŰƚШĦċŰШĤĲШ
ыΠΤШƣŸШΣΞьШӖ 
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7ƖċťĲƚ ÑŔƖĲƚШ 
ÑÄΤаШŉċĦƣŸƖƚШťŰŸƽŰШƣŸШĦŸŰƣƖŸũШŸƖШŔŰǰƨĲŰĦĲШŰŸŰрƣċŔũƓŔƓĲШÂ~ШĲůŔƚƚŔŸŰƚ 
ÅĲċũрƣŔůĲШƓċƖƣŔĦũĲШĦŸƨŰƣШŔŰĦƖĲċƚĲƚШũŔŰĲċƖũǃШыŔŰШƣőĲШũŸŊр
ũŸŊШƚĦċũĲьШƽŔƣőШťŔŰĲƣŔĦШĲŰĲƖŊǃ 

ÅĲŊĲŰĲƖċƣŔƻĲШĤƖċťŔŰŊШĦċŰШƖĲĬƨĦĲШÂ~ΝΜШĤǃШыΣΜШƣŸШΦΥьШӖЯШ
ƽőŔũĲШĦőċŰŊŔŰŊШŉƖŸůШx~ШƣŸШ  §ШĦċŰШƖĲĬƨĦĲШÂ~ΝΜШĤǃШ
ƨƓШƣŸШΥΜШӖЯШċŰĬШċĬŸƓƣŔŰŊШőċƖĬрĦŸċƣĲĬШĬŔƚĦƚШĦċŰШ
ƖĲĬƨĦĲШÂ~ΝΜШĤǃШċĤŸƨƣШΤΡШӖ 

Â~ΝΜШ[ƖŸŰƣрƣŸрƖĲċƖШĦċŰШĤĲШƨƓШƣŸШΟЮΡаΝбШ]9fШĬŔƚĦШƽŔƣőШ
E9EШŉƖŔĦƣŔŸŰЯШƣŸШc~9ШƽŔƣőШcǃĤƖŔĬШŉƖŔĦƣŔŸŰШƣőċƣШĦċŰШĤĲШ
ƨƓШƣŸШΟЮΥаΝ 

ÑŔƖĲШĦŸŰƚƣƖƨĦƣŔŸŰШċŰĬШƚƣƖƨĦƣƨƖĲЯШƖŸċĬШƚƨƖŉċĦĲШыůŔĦƖŸрШ
ċŰĬШůċĦƖŸƣĲǂƣƨƖĲьЯШċŰĬШũċƣĲƖċũШċĦĦĲũĲƖċƣŔŸŰШ
ĦŸŰƣƖŔĤƨƣĲШůŸƚƣШƣŸШƣŔƖĲШċĤƖċƚŔŸŰЮШÑǃƓĲШŸŉШƣŔƖĲШыƚƨůůĲƖЯШ
ƽŔŰƣĲƖЯШƚƣƨĬĬĲĬьЯШƣƖĲċĬƽĲċƖШƖĲƚŔƚƣċŰĦĲЯШƣŔƖĲШũŸċĬЯШƣŸĲШ
ċŰŊũĲЯШƖŸċĬШůċƣĲƖŔċũоĤŔŰĬĲƖЯШũŸŰŊŔƣƨĬŔŰċũШċĦĦĲũĲƖċƣŔŸŰЯШ
ċŰĬШĤƖċťŔŰŊШċƖĲШƣőĲШŰĲǂƣШŊƖŸƨƓШŸŉШŔŰǰƨĲŰĦŔŰŊШŉċĦƣŸƖƚ 

ÉŸШŉċƖЯШƣőĲШƽŸƖťШƽŔƣőŔŰШƣőĲШEƨƖŸƓĲċŰШ9ŸůůŔƚƚŔŸŰШƚƣŔũũШ
ĲǂőŔĤŔƣƚШƚŸůĲШĬŔǭĲƖĲŰĦĲƚШĤĲƣƽĲĲŰШŸŰрƖŸċĬШĦŸŰƻŸǃШ
ċŰĬШŔŰĬŸŸƖШƣŔƖĲШċĤƖċƚŔŸŰШƣĲƚƣŔŰŊШƖĲƚƨũƣƚЯШĤŸƣőШƨƚŔŰŊШċШ
ƖĲŉĲƖĲŰĦĲШƣŔƖĲ 

This systematic review, instead of presenting the entire body of research over the past 20+ years, focused on the main 

studies and recent developments that can support the implementation of upcoming rulemaking, the rollout of new 

technologies and designs to mitigate anthropogenic emissions, and the deepening of the science behind particle formation, 

emission, dispersion, and ultimately transport into earth systems (air, water, and soil). 

ΟЮΝ §ƻĲƖċũũШĲůŔƚƚŔŸŰШŉċĦƣŸƖƚШŉŸƖШĤƖċťĲШċŰĬШƣŔƖĲШƽĲċƖ 
As shown in [ŔŊƨƖĲШΝ, data from multiple studies [2] and emissions inventories [3] confirm the anecdotal evidence that a 

large portion of current friction couples (brake pads and discs, brake shoes and drums) need reformulation, redesign, 

electrification, or a combination to ensure compliance with Euro 7 [4]. Similarly, under the current proposal for tire 

abrasion limits, approximately 30% of the tires offered in the market will be removed. The Total Suspended Particles 

(TSP) values (including but not limited to PM10 and PM2.5) for brake and tires, shown in Figure 1, were derived using the 

Tier 2 methodology from [2] including the speed-dependency of tire and brake wear, based on the ñdetailed Methodologyò 

from the previous version of the [2] Guidebook. The values shown report the average and the 95% confidence interval 

computed from [5].  
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Figure 1 ш Emission factors from tire and brake wear for light-duty vehicles from [3] 

In addition to the actual levels, the combined variability of test results (e.g., vehicle type, brake or tire design, 

composition, testing or measurement process, tribology, actual particle generation mechanisms, manufacturing process) 

increases the risk of non-compliance for emissions factors (brakes), or abrasion index (tires). 

ΟЮΞ EůŔƚƚŔŸŰШŉċĦƣŸƖƚШŉŸƖШĤƖċťĲШƓċƖƣŔĦƨũċƣĲШůċƣƣĲƖШċŰĬШƣŔƖĲШċĤƖċƚŔŸŰ 
Main test methods for brake emissions measurements 

Nevertheless, the industry has coalesced around a few core methods and measurement systems to characterize non-

exhaust emissions, bringing the test methods closer to road conditions and reducing the variability (particulate mass 

emissions for light vehicle brakes) and enhancing the correlation between on-road and laboratory (indoor) testing 

(abrasion index for light vehicle tires). The laboratory method from GTR 241 (UN regulation that defines a standardized 

laboratory procedure for measuring brake particle emissions from light-duty vehicles) [6] and the CBDC (California 

Brake Driving Cycle is a dynamometer-based test cycle designed to replicate real-world braking behavior observed in 

California driving conditions) [7] for light vehiclesô brakes, and the proposed development of a new UN Regulation 

(derived from UNR 117 [8]) for C1 tires2 have emerged as the primary industry test protocols. In both GTR 24 and CBDC 

test procedures, the brake assembly is mounted on an enclosed brake dynamometer and subjected to a controlled test 

cycle. For the GTR 24, a 4-hour WLTP brake cycle with approximately 300 braking events is used to simulate real-world 

 
1Ш]ÑÅШΞΠШŔƚШċШŉŸƨŰĬċƣŔŸŰċũШƚƣċŰĬċƖĬШŉŸƖШƣőĲШEƨƖŸШΤШƖĲŊƨũċƣŔŸŰЯШƽőŔĦőШŔŰĦŸƖƓŸƖċƣĲƚШŔƣƚШůĲƣőŸĬŸũŸŊǃШƣŸШƖĲŊƨũċƣĲШĤƖċťĲШĲůŔƚƚŔŸŰƚШƚƣċƖƣŔŰŊШŔŰШΞΜΞΡШШ 
2ШШ9ΝШƣŔƖĲШƖĲŉĲƖƚШƣŸШċШƓċƚƚĲŰŊĲƖШĦċƖШƣŔƖĲШƨŰĬĲƖШƣőĲШEÖШƣŔƖĲШĦũċƚƚŔǯĦċƣŔŸŰШƚǃƚƣĲůЮШ ĦĦŸƖĬŔŰŊШƣŸШÅĲŊƨũċƣŔŸŰШыEÖьШΞΜΞΜоΤΠΜЯШƽőŔĦőШĦċůĲШŔŰƣŸШĲǭĲĦƣШŸŰШ~ċǃШΝЯШ
ΞΜΞΝЯШƣŔƖĲƚШċƖĲШĦċƣĲŊŸƖŔǍĲĬШŔŰƣŸШƣőƖĲĲШĦũċƚƚĲƚаШ9ΝаШÂċƚƚĲŰŊĲƖШĦċƖШƣŔƖĲƚЯШ9ΞаШxŔŊőƣШĦŸůůĲƖĦŔċũШƻĲőŔĦũĲШƣŔƖĲƚЯШ9ΟаШcĲċƻǃрĬƨƣǃШƻĲőŔĦũĲШƣŔƖĲƚШыĲЮŊЮЯШƣƖƨĦťƚШċŰĬШĤƨƚĲƚьЮ 
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driving conditions. In the CBDC, the cycle is tailored to reflect typical urban and suburban driving patterns in California. 

Conditioned air, filtered and regulated for temperature and humidity, is supplied at a specified flow rate during the 

sampling process. This air stream carries brake wear particles downstream to a sampling system, where emissions are 

measured for particulate mass (PM10/PM2.5) and particle number (PN) using instruments such as gravimetric filters, 

condensation particle counters (CPCs), and optical particle sizers (OPS). Test methods for commercial vehicles (including 

trailers, the effect of retarders, and methods to determine worst-casing for laboratory tests), deeper understanding of the 

effects of different powertrain capabilities and configurations, convoy and laboratory test methods for commercial 

vehiclesô tires, better understanding of the relationships between tire abrasion and tire emissions, and repeatable and 

reproducible on-vehicle brake and tire emissions measurements remain open questions for the industry, researchers, 

environmental agencies, and regulators. It is also evident that many studies could benefit from more rigorous data 

reporting, using standardized metrics and greater transparency. This approach would enable more accurate statistical 

assessments and potentially reduce the industry's overall testing burden. This systematic review highlights the expertise 

already developed in multiple collaborative initiatives amongst industry, academia, and regulatory agencies. CRC could 

serve as a platform for industry to liaise with and coordinate with various stakeholders' joint efforts to experimentally 

address some of the most pressing industry needs as part of an overall effort to reduce non-exhaust particulate emissions 

from on-road vehicles.  

When comparing emission factors (EFs) across studies, a notable discrepancy arises between values reported in emissions 

inventories and those measured in modern, fully enclosed laboratory systems. Specifically, brake wear EFs from 

inventories are often at least twice as high as those obtained from controlled tests using the WLTP-Brake (WLTP-B) cycle. 

This overestimation is likely due to the continued reliance on legacy data derived from high-energy test cycles and older 

friction formulations, which do not reflect current vehicle technologies or regulatory test procedures. Similarly, for tires, 

only a small fraction of total abrasion contributes to airborne particulate matter: PM10 emissions typically account for only 

2ï10% of total tire mass loss. These findings underscore the importance of updating emission inventories with data from 

harmonized, modern test methods to ensure accurate representation of non-exhaust sources in regulatory and 

environmental assessments. Regarding wear studies for tire wear particle emissions, a recent study [9] found that only 

12% of country-based emissions calculations use direct experimental data, while most (63%) rely on reviews. 

Additionally, many studies relied on multiple levels of reviews instead of the original data. Beyond the 1970s, only three 

studies (circa 1997, 2004, and 2021) report experiments on passenger card driving under real-world field conditions. Not 

until the kickoff of the Task Force on Tyre Abrasion (TF TA) within the Working Party on Noise and Tyres (GRBP) of the 

United Nations, has the industry been able to accrue a large set of field data on tire abrasion under controlled conditions 

and with extensive peer review.  

Economic impact and cost-benefit analysis 

One dimension related to reducing brake emissions and tire abrasion concerns the economic impact and overall cost-

benefit of addressing non-exhaust emissions under the upcoming Euro 7 regulation. In 2022, the European Union 

completed and published an extensive impact assessment study [10]. The study addresses upcoming regulations related to 

exhaust emissions, battery-electric vehicles, and non-exhaust emissions. The analysis considers three policy options from 

different perspectives (effectiveness, efficiency, coherence, and proportionality). Further assessments by industry 

groups[11], [12] have looked at the Euro 7 regarding topics such as:  

ī  Productive or counterproductive for the environment? 

ī Helping or hindering decarbonization? 

ī Cheap or expensive? 

ī Easy or complicated? 

ī More or less stringent than other global standards? 

ī Realistic or unrealistic timings? 

ī Good or bad for industry competitiveness? 
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And concluded that the proposed Euro 7 emissions regulations (including all aspects affected by them) would lead to a 

direct cost increase of between four and ten times higher than those estimated by the European Commission.3 

Measurements and assessment beyond regulatory compliance 

Recent studies have significantly advanced the characterization of non-exhaust particulate matter (PM) from both brake 

and tire wear. These efforts include detailed analyses of particle size distributions (PM10, PM2.5, and ultrafine particles), 

morphology, chemical composition (e.g., metals such as Fe, Cu, and Zn, as well as organic compounds), and volatility. 

Techniques such as electron microscopy, thermal-optical analysis, and real-time particle counters have been employed in 

both laboratory and on-road settings, enabling differentiation between source types and supporting the development of 

regulatory tests. 

In terms of dispersion, research has shown that particle size and environmental conditions critically influence the fate of 

emitted PM. Ultrafine and fine particles can remain airborne for extended periods and travel considerable distances, 

contributing to near-road and regional air quality impacts. Modeling studies and field measurements confirm that larger 

particles tend to deposit near the source. At the same time, finer fractions disperse more broadly, with vehicle 

aerodynamics, road type, and meteorology playing key roles in transport and deposition patterns. 

Lastly, as the research from several studies shows, the laboratory and field measurement of chemical speciation, volatiles, 

and semi-volatiles compounds (for brakes and tires), and electrical charge opens new research avenues to gain a deeper 

understanding of submicron particle formation and fate, and to better explain the complex tribological and temporal 

behavior of non-exhaust emissions. 

High-level influencing factors 

As for influencing factors to brake emissions, ceteris paribus [13], the main ones include. Unfortunately, the study does 

not provide relative rankings because the rankings are not fixed across the different factors due to confounding effects and 

interactions. E.g., certain friction formulations, when new, can exhibit higher emissions when mounted on the rear axle of 

vehicles loaded to their gross axle rating: 

ī Friction couple design and formulation: metallic-based formulations increase particle emissions 

ī Brake type: disc brakes increase particle emissions 

ī Axle position: front brakes increase particulate emissions 

ī Test or driving mass: heavier vehicles increase particle emissions 

ī Friction couple conditioning: non-burnished (new or green) brakes increase particle emissions 

ī Test cycle or real-world driving: high-speed, mountain descent, elevated temperatures, or aggressive driving 

increase particle emissions 

And, some factors influencing tire abrasion, ceteris paribus  [14]: 

ī Topography: mountainous regions increase tire abrasion 

ī Driving surface: a concrete surface, compared to an asphalt surface, increases tire abrasion 

ī Weather conditions: wet road surfaces cause higher tire abrasion4 

 
3ШŰĲĦĬŸƣċũШŔŰŉŸƖůċƣŔŸŰШŉƖŸůШċШůĲĬŔƨůрƚŔǍĲĬШEƨƖŸƓĲċŰШůċŰƨŉċĦƣƨƖĲƖШŸŉШũŔŊőƣШĬƨƣǃШƓċƚƚĲŰŊĲƖШċŰĬШĦċƖŊŸШƻĲőŔĦũĲЯШŔŰĬŔĦċƣĲĬШƣőċƣШƣőĲШĬŔƖĲĦƣШĦŸƚƣШŸŉШĬĲƻĲũŸƓŔŰŊШċШ
ŰĲƽШŉƖŔĦƣŔŸŰШŉŸƖůƨũċƣŔŸŰШыƽőŔũĲШťĲĲƓŔŰŊШƣőĲШƚċůĲШĤƖċťĲШĬĲƚŔŊŰШċŰĬШƚŔǍŔŰŊьШĦċŰШĦŸƚƣШĤĲƣƽĲĲŰШőċũŉрůŔũũŔŸŰШċŰĬШŸŰĲШůŔũũŔŸŰШĲƨƖŸƚЯШƽŔƣőШƣĲƚƣŔŰŊШыŔŰĦũƨĬŔŰŊШĤƨƣШŰŸƣШ
ũŔůŔƣĲĬШƣŸШĤƖċťĲШĲůŔƚƚŔŸŰƚШũŔůŔƣƚьШċĦĦŸƨŰƣŔŰŊШŉŸƖШċƓƓƖŸǂŔůċƣĲũǃШΞΡΜЯΜΜΜШĲƨƖŸƚЮШÉƨĦőШċШШƓƖŸĦĲƚƚШĦŸƨũĬШƣċťĲШŉƖŸůШΝΥШƣŸШΞΠШůŸŰƣőƚЮШÑőĲƚĲШǯŊƨƖĲƚШĬŸШŰŸƣШ
ĦŸŰƚŔĬĲƖШƚŔŊŰŔǯĦċŰƣШĦőċŰŊĲƚШƣŸШƣőĲШĤƖċťĲШĬŔƚĦШĬĲƚŔŊŰШŸƖШůċƣĲƖŔċũЯШŸƖШůƨũƣŔƓũĲШŔƣĲƖċƣŔŸŰƚШƣŸШĦŸůƓũǃШƽŔƣőШŸƣőĲƖШċƓƓũŔĦċĤũĲШƖĲƕƨŔƖĲůĲŰƣƚШƖĲũċƣĲĬШƣŸШŰŸŔƚĲЯШ
ƚƣŸƓƓŔŰŊШĬŔƚƣċŰĦĲЯШĬƨƖċĤŔũŔƣǃЯШĦŸůŉŸƖƣЯШĦŸƖƖŸƚŔŸŰШƓƖŸƣĲĦƣŔŸŰЯШŸƖШƓƖŸĬƨĦƣŔŸŰШƖĲċĬŔŰĲƚƚЮ 
4Ш]ĲŰĲƖċũũǃЯШƣŔƖĲƚШƣĲŰĬШƣŸШƽĲċƖШũĲƚƚШŸŰШƽĲƣШƚƨƖŉċĦĲƚШĦŸůƓċƖĲĬШƣŸШĬƖǃШƚƨƖŉċĦĲƚЯШċƚƚƨůŔŰŊШŰŸƖůċũШĬƖŔƻŔŰŊШĦŸŰĬŔƣŔŸŰƚШċŰĬШŰŸШĲǂĦĲƚƚŔƻĲШƚũŔƓƓŔŰŊШĬƨĲШƣŸШƖĲĬƨĦĲĬШ
ŉƖŔĦƣŔŸŰШċŰĬШũŸƽĲƖШƣĲůƓĲƖċƣƨƖĲЮШcŸƽĲƻĲƖЯШƣőĲƖĲШċƖĲШŔůƓŸƖƣċŰƣШĦċƻĲċƣƚШыċьШÉũŔƓƓċŊĲоÉťŔĬĬŔŰŊаШfŉШƣőĲШƣŔƖĲƚШũŸƚĲШƣƖċĦƣŔŸŰШċŰĬШƚũŔƓШŸƖШőǃĬƖŸƓũċŰĲШŸŰШċШƽĲƣШƚƨƖŉċĦĲШ
ыĬƨĲШƣŸШĲǂĦĲƚƚŔƻĲШƚƓĲĲĬЯШƽŸƖŰШƣƖĲċĬЯШŸƖШƚƨĬĬĲŰШůċŰĲƨƻĲƖƚьЯШƣőŔƚШƽŔũũШĦċƨƚĲШƻĲƖǃШƖċƓŔĬШċŰĬШƨŰĲƻĲŰШƽĲċƖЮШìőŔũĲШƣőĲШŸƻĲƖċũũШŉƖŔĦƣŔŸŰШŔƚШũŸƽĲƖЯШƣőĲШũŸĦċũŔǍĲĬШŉƖŔĦƣŔŸŰШ
ĬƨƖŔŰŊШċШƚũŔƓШĦċŰШĤĲШŔŰƣĲŰƚĲбШыĤьШÅŸċĬШ9ŸŰƣċůŔŰċŰƣƚаШÅċŔŰШĦċŰШůŔǂШƽŔƣőШŸŔũЯШĬŔƖƣЯШċŰĬШŸƣőĲƖШĬĲĤƖŔƚШŸŰШƣőĲШƖŸċĬЯШĦƖĲċƣŔŰŊШċШƚũŔƓƓĲƖǃШǯũůШƣőċƣШĦċŰШƚƣŔũũШĦŸŰƣƖŔĤƨƣĲШƣŸШ
ƽĲċƖЯШĲƚƓĲĦŔċũũǃШŔŉШŔƣШũĲċĬƚШƣŸШůŸƖĲШŉƖĲƕƨĲŰƣШůŔŰŸƖШƚũŔƓƚбШыĦьШ?ƖŔƻŔŰŊШÉƣǃũĲаШ ŊŊƖĲƚƚŔƻĲШĬƖŔƻŔŰŊШыőċƖĬШĤƖċťŔŰŊЯШƖċƓŔĬШċĦĦĲũĲƖċƣŔŸŰЯШƚőċƖƓШƣƨƖŰƚьШƽŔũũШċũƽċǃƚШŔŰĦƖĲċƚĲШ
ƣŔƖĲШƽĲċƖЯШƖĲŊċƖĬũĲƚƚШŸŉШƽőĲƣőĲƖШƣőĲШƚƨƖŉċĦĲШŔƚШƽĲƣШŸƖШĬƖǃЮШfŉШċШĬƖŔƻĲƖШĦŸůƓĲŰƚċƣĲƚШŉŸƖШƽĲƣШĦŸŰĬŔƣŔŸŰƚШĤǃШĬƖŔƻŔŰŊШůŸƖĲШĦċƨƣŔŸƨƚũǃЯШƣőŔƚШĦċŰШŉƨƖƣőĲƖШĦŸŰƣƖŔĤƨƣĲШƣŸШ
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ī Air temperature: average driving temperature influences different tires in different ways 

ī Vehicle weight: the higher the vehicle weight, the higher the tire abrasion 

ī Axle geometry: sporty chassis setup increases tire abrasion 

ī Engine (powertrain) characteristics: higher torque increases tire abrasion 

ī Driving speed: higher speed causes higher tire abrasion 

ī Driving style: proactive, fuel-efficient driving reduces tire abrasion 

ΟЮΟ 9ƨƖƖĲŰƣШĬĲƻĲũŸƓůĲŰƣШƣŸШŔůƓũĲůĲŰƣШƣǃƓĲШċƓƓƖŸƻċũШŉŸƖШĤƖċťĲШĲůŔƚƚŔŸŰШċŰĬШƣŔƖĲШ
ċĤƖċƚŔŸŰШŔŰШEƨƖŸƓĲ 

The European Union is working towards imposing limits on brake emissions and tire abrasion, effective from late 

November 2026 for light vehicles and until 2036 for all tires put on the market for heavy commercial vehicles. Under the 

Euro 7 emission regulation, the European Union has introduced brake particulate matter (PM10) emission limits for light-

duty vehicles to address non-exhaust emissions. Methods and future limitations applicable to medium- and heavy-duty 

vehicles are currently under discussion. Additionally, Euro 7 includes provisions to limit tire abrasion index during the 

2026-2036 period to achieve net-zero emissions by 2050.  

The limits and timelines for non-exhaust emissions or abrasion limits are ultimately agreed upon through a ñtrialogueò 

among the European Commission, the European Parliament, and the European Council. The input to the exchange comes 

from multiple stakeholders and is documented on the Terms of Reference [15] . The main non-governmental stakeholders 

include: 

Ƅ The Advisory Group on Vehicle Emission Standards (AGVES); no website 

Ƅ European Automobile Manufacturersô Association / Association des Constructeurs Europ®ens d'Automobiles (ACEA) 

ACEA - European Automobile Manufacturers' Association 

Ƅ European Association of Automotive Suppliers (CLEPA) CLEPA | European Association of Automotive Suppliers 

Ƅ European Tyre & Rim Technical Organisation (ETRTO) https://www.etrto.org/  

Ƅ FuelsEurope FuelsEurope - European Fuel Manufacturers Association - FuelsEurope 

Ƅ Gmobility, formerly Natural Gas Vehicle Industry (NGVA) NGVA Europe becomes Gmobility - LNG Prime 

Ƅ International Road Transport Union (IRU) IRU | World Road Transport Organisation 

Ƅ International Organization of Motor Vehicle Manufacturers / Organisation Internationale des Constructeurs 

d'Automobiles (OICA) www.oica.net 

Ƅ Association of the German Automotive Industry / Verband der Automobilindustrie (VDA) https://www.vda.de/de  

The current limits for brake emissions are shown in ÑċĤũĲШΝ below are the different vehicle categories for passenger cars, 

buses, and trucks. Task Force 3 and Task Force 5 (TF3 and TF5) within the UNECE/PMP/GRPE are working on 

Amendment 3 of the GTR 24 (including a transition to a UN Regulation) and on defining the test setup, test cycle, and 

brake families for commercial vehicles, respectively. 

 
ƖĲĬƨĦĲĬШƽĲċƖбШċŰĬШыĬьÑŔƖĲШÑǃƓĲШċŰĬШ?ĲƚŔŊŰаШÑŔƖĲƚШĬĲƚŔŊŰĲĬШŉŸƖШƽĲƣШĦŸŰĬŔƣŔŸŰƚШыĲЮŊЮЯШƽŔŰƣĲƖШƣŔƖĲƚЯШƚŸůĲШċũũрƚĲċƚŸŰШƣŔƖĲƚьШőċƻĲШƚƓĲĦŔǯĦШƣƖĲċĬШƓċƣƣĲƖŰƚШċŰĬШƖƨĤĤĲƖШ
ĦŸůƓŸƨŰĬƚШƣŸШŸƓƣŔůŔǍĲШƽċƣĲƖШĬŔƚƓũċĦĲůĲŰƣШċŰĬШŊƖŔƓЮШÑőĲƚĲШƣŔƖĲƚШċƖĲШĤƨŔũƣШƣŸШőċŰĬũĲШƽĲƣШĦŸŰĬŔƣŔŸŰƚЯШĤƨƣШƣőĲŔƖШŸƻĲƖċũũШƽĲċƖШĦőċƖċĦƣĲƖŔƚƣŔĦƚШĦċŰШƚƣŔũũШƻċƖǃЮ 
 

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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Table 1 ш Euro 7 limits and timeline for brake emissions 

Date Application Powertrain Type Limit per Vehicle  

M 1 ï passenger cars. M2 ï medium buses. M3 ï heavy buses.  

N1 ï light trucks. N2 ï medium trucks. N3 ï heavy trucks  

Type  M
1
/N

1
 Class  

I & II  

N
1
 Class III M

2
/N

2
 and 

M
3
/N

3
 

From: 

29 November 2026 

Å New vehicle types 

Å Components and 

systems for type-

approved vehicles 

Battery Electric 

Vehicles 

PM
10

 3 mg/km 5 mg/km none 

PN none none none 

Others (hybrid, 

fuel cell, and ICE) 

PM
10

 7 mg/km 11 mg/km none 

PN none none none 

From: 

29 November 2027 

Å New vehicles 

Å Components and 

systems for those 

vehicles 

Battery Electric 

Vehicles 

PM
10

 3 mg/km 5 mg/km none 

PN none none none 

Others (hybrid, 

fuel cell, and ICE) 

PM
10

 7 mg/km 11 mg/km none 

PN none none none 

From: 

1 January 2030  

to 31 December 

2034 

Å New vehicles 

Å Components and 

systems for  

those vehicles 

Battery Electric 

Vehicles 

PM
10

 tbd tbd tbd 

PN tbd tbd tbd 

Others (hybrid, 

fuel cell, and ICE) 

PM
10

 tbd tbd tbd 

PN tbd tbd tbd 

From: 

1 January 2035 

Å All vehicles 

Å All components 

and systems 

All Powertrain 

Technologies 

PM
10

 3 mg/km 3 mg/km tbd 

PN tbd tbd tbd 

None = not applicable 
tbd = to be defined 
Timeline for replacement (aftermarket) not included 

 

ÑċĤũĲШΞ shows the target limits for the abrasion index, including the abrasion margin allowance to account for the 

complexity of the abrasion level measurement methods and special characteristics of special tire groups. The allowances 

[0.15 and 0.20] are under discussion at the time of this report. 

Table 2 ш Euro 7 limits and timeline for tire abrasion 

Vehicle category Effective date and limits for each type of tire 

New type approvals All tires on new vehicles All tires put on  

the market 

C1 tires (cars and light 

commercial vehicles) 

1 July 2028 

AICT Normal tire [1.00] 

AICT Snow tire [1.00] 

AICT Special-use tire  

[not defined] 

1 July 2030 

Normal tire [1.00] 

Snow tire [1.00] 

Special-use tire  

[not defined] 

1 July 2032 

Normal tire [1.00] 

Snow tire [1.00] 

Special-use tire  

[not defined] 

C2 tires (medium load 

heavy-duty vehicles) 

1 April 2030 1 April 2032 1 April 2034 

C3 tires (high-load, 

heavy-duty vehicles) 

1 April 2032 1 April 2034 1 April 2036 

"Abrasion index" (AICT) means the dimensionless value for expressing the tire abrasion level of a candidate tire relative to that of the applicable 

Standardized Reference Test Tire (SRTT). 
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Π §ƻĲƖƻŔĲƽ 

ΠЮΝ ÑőŔƚШƚǃƚƣĲůċƣŔĦШƖĲƻŔĲƽ 
This work is a systematic review that consolidates knowledge on emission factors, physical and chemical characterization, 

measurement technologies, contributing factors, and strategies for mitigating particulate matter emissions from brakes, 

tires, and roads for light and heavy vehicles. 

As tailpipe Particulate Matter (PM) emissions from light-duty (LD) vehicles declined, other PM emissions became more 

critical. LD vehicles emit at least 5 types of PM: tailpipe emissions, brake wear, tire wear, road wear, and resuspended 

road dust. Although measurement methods are still in development, total combined PM emissions for brakes, tires, and 

road wear are estimated at 30 mg/mi. This magnitude exceeds the tailpipe PM regulatory limit of 3 mg/mi on the Federal 

Test Procedure (FTP) and the state of California's 1 mg/mi limit on the FTP. Battery Electric Vehicles (BEVs) emit four of 

the five PM types, except for tailpipe PM. Government regulatory agencies, including the EPA and the California Air 

Resources Board, have studied certain types of non-tailpipe PM, including PM from brake and tire wear reported by [16], 

[17]. Although it is unclear when or if U.S. regulatory limits will be proposed for vehicle non-tailpipe PM emissions, we 

aim to increase understanding of this topic. 

The questions addressed by this systematic review included the magnitude of non-tailpipe emissions; test methods to 

generate particulate matter; main physical properties and chemical composition; methods to characterize non-tailpipe 

emissions; strengths and weaknesses of the different test and measurement methods; distribution and fate of particulate 

matter from brakes and tires; and factors that influence the non-tailpipe emissions (e.g., design and composition, vehicle 

mass, powertrain). 

The main boundary conditions for selecting the included studies are: work published no earlier than 2008; studies with 

numerical results to substantiate their findings; and publications released or presented by the main industry working 

groups researching or developing technology to measure and mitigate non-tailpipe emissions.  

With a few exceptions, the cutoff date for the main literature searches was April 1, 2025. The methods used to assess the 

risk of bias included the date of publication, single-brake or single-tire studies, one-time circuits without feasibility for 

repeatability, and subjective ratings without numerical evidence. To synthesize the results and findings, the review 

primarily focused on assessments supported by data from leading authors (with known contributions to developing 

knowledge on non-exhaust emissions), technical experts with active industry engagement, reputable academic institutions, 

government entities, or environmental agencies. The research team preparing this systematic review leveraged their direct 

involvement in non-exhaust measurements, research, testing, and contributions to working groups as an additional 

perspective for curating studies and reports. 

The primary methods for sourcing included curated web resources and publicly available studies presented to industry 

working groups on non-tailpipe emissions. 

Some salient factors that can introduce risk of bias or uncertainty include the use of dated test methods, retired vehicle 

applications or product designs (such as brakes or tires) or formulations, one-time studies with insufficient details to 

replicate them, or reliance on older databases and simulation tools. Research questions organize the presentation of results 

throughout the systematic review, as agreed upon with the CRC Panel. This prioritizes findings and numerical results 

from recent large studies on brake and tire emissions, consolidates numerical findings that substantiate the conclusions, 

and provides evidence traceable to other studies and specific measurement or testing campaigns. The entire database 

includes 286 studies. The main database selected for assessment contains 140 studies (50 on tires and 90 on brakes) 

organized by indexing number, DOI identifier, first author, article title, source, year, vehicle type (light or heavy), and 

specific entries to address the research questions. 

The studies are broadly split into three main categories: 

1. Systematic reviews about specific topics (e.g., brake or tire emission factors for different types of vehicles) 
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2. Targeted studies (e.g., effects of propulsion systems on brake emission factors, or chemical speciation of particulate 

matter, emission factors for different friction materials and vehicle types under specific test cycles) 

3. Reports and proposals to industry working groups with experimental evidence (e.g., tire abrasion rates for different 

tire designs, variability of tire abrasion for different test methods, results from interlaboratory studies) 

ΠЮΞ ŊŊƖĲŊċƣĲĬШĲůŔƚƚŔŸŰШŉċĦƣŸƖƚШŉŸƖШƓċƖƣŔĦƨũċƣĲШůċƣƣĲƖШŉŸƖШĤƖċťĲƚШċŰĬШƣŔƖĲƚ 
Comparing (and normalizing to vehicle-level emission factors) two datasets from the studies reviewed (both combining 

different vehicles and friction materials, and average vehicle test mass of 1860 kg with covariance of 25 %), set 1 with 68 

tests with multiple test setups and test cycles, and set 2 with 90 tests using the GTR 24 test setup and cycle: 

ī PM10 increases by about 35% from set 1 to set 2 

ī PM2.5 increases by almost 60 % from set 1 to set 2 

From a detailed assessment of a subset of studies (90 for brakes and 50 for tires), 75% of measurements for brakes used a 

fully enclosed sampling system, while 62% used an open system for tires. This reflects the different maturity levels of 

methods and systems for measuring non-exhaust particulate emissions from brakes and tires, as well as the varying 

emphasis on measuring brake emissions, in contrast to the focus on measuring abrasion levels for tires. The difference 

also reflects how the Euro 7 intends to limit non-exhaust particulate matter. 

The values reported reflect confounding effects related to differences in (a) test cycles, (b) brakes or tires under testing, 

and (c) sampling systems. Regarding particulate matter with a mean aerodynamic diameter of 10 Õm or less (PM10),  

ÑċĤũĲШΟ summarizes emission factors for distance-based average (mg/km). Values for the coefficient of variance exceeding 

100% are valid in the statistical sense and do not imply negative emission factors in the data. 

Table 3 ш Average PM10 emission factors ±stdv (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%) ð 

Semi-Enclosed 10.84 ± 14.9 (CoV: 137.5%) 4.9 ± 7.9 (CoV: 159.3.4%) 

Single Probe ð ð 

On-Road ð 6.24 ± 4.1 (CoV: 65.3%) 

ÑċĤũĲШΠ shows emission factors for particulate matter with an aerodynamic diameter of 2.5 Õm or less (PM2.5). Since PM10 

includes a wider particle size range, the coefficient of variation (CoV)5 For PM10 under fully enclosed sampling 

conditions, results are slightly lower, indicating greater consistency than for PM2.5. 

Table 4 ш Average PM2.5 emission factors ±stdv (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 3.12 ± 2.4 (CoV: 76.5%) ð 

Semi-Enclosed 3.83 ± 5.8 (CoV: 152.5%) 1.56 ± 7.9 (CoV: 504.3%) 

Single Probe 6.1 ± 7.6 (CoV: 124.6%) ð 

On-Road ð 3.30 ± 4.1 (CoV: 72.8%) 

The results mentioned above are based on the general literature review, and further detailed analysis will follow in the 

next pages. However, the aggregated values in ÑċĤũĲШΡ reveal general trends in the repeatability of PM2.5 and PM10 

emission testing across the different sampling system methodologies (fully enclosed, semi-enclosed, and single probe). 

Hence, CoV values (a metric of variance) for both PM2.5 and PM10 are lower under fully enclosed sampling systems than 

 
5Ш9ŸéШӀШыÉƣċŰĬċƖĬШ?ĲƻŔċƣŔŸŰШҿШ~ĲċŰьШҾШΝΜΜЮШcŔŊőĲƖШ9ŸéШŔŰĬŔĦċƣĲƚШŊƖĲċƣĲƖШƻċƖŔċĤŔũŔƣǃШŔŰШƣĲƚƣШƖĲƚƨũƣƚЮ 
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under semi-enclosed ones. The latter suggests higher reproducibility of the testing procedure under the fully enclosed 

sampling system setup. 

ÑċĤũĲШΡ summarizes values for particle number concentration (PN). One should notice that CoV values under fully 

enclosed and semi-enclosed sampling systems are different from the findings derived from ÑċĤũĲШΝΜ and ÑċĤũĲШΝΝ. PN 
concentration heavily depends on the sampling system architecture and is prone to particle losses in most cases. Hence, a 

higher variation can be identified. More information can be found in Research Question 1 (RQ1). 

Table 5 ш Average PN emission factors for brakes and tires 

PN concentration (#/cmį) 

Brake wear Tire Wear 

Fully-enclosure Semi-enclosure Single probe On-road Lab 

Average 

3.34E+05 7.17E+04 6.00E+04 2.52E+06 6.33E+04 

Standard Deviation 

4.04E+05 3.88E+04 
 

4.32E+06 5.68E+04 

CoV (StdDev/Mean) 

120.8% 54.1% 
 

171.8% 89.7%      

EF PN #/km 

Brake wear Tire Wear 

Fully-enclosure Semi-enclosure Single probe On-road Lab 

Average 

5.81E+12 1.25E+12 
 

3.00E+13 1.16E+12 

Standard Deviation 

1.40E+13 2.16E+12 
  

5.60E+11 

CoV (StdDev/Mean) 

240.1% 172.9% 
  

48.3% 

Aggregate chemical speciation 

[ŔŊƨƖĲШΞ summarizes common chemical elements and their corresponding percentage by weight in the formulations 

available for this study. Several elements present in both brakes and tires have percentages by weight in the same order of 

magnitude, necessitating proper separation at the time of sampling (on the vehicle or chassis dynamometers) to prevent 

cross-contamination, especially when the study requires chemical analysis. 
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Figure 2 ш Brake and tire chemical speciation based on the aggregated values derived from the literature review, 
general matrix 

[ŔŊƨƖĲШΟ shows the emission rates for brakes and tires from the subset of studies that include only research papers on fully 

enclosed and semi-enclosed sampling systems. While the emissions factors remain within the same order of magnitude, 

there are nuances in the data that may have different effects on the test results, such as: 

a) Unknown confounding, correlated, or independent effects due to the lack of standard information from the studies to 

allow a more rigorous comparison (e.g., brake formulation or tire composition, brake or tire type, loading condition, 

axle position, test setup for sample extraction, and sampling system) 

b) Differences due to the first measurement principle used to collect PM (gravimetric filter holders, cascade impactors, 

electrodynamic), and the effect of separating cyclones used, and the cutoff response  

c) Semi-enclosed brake testing can have more interactions with the test environment around the brake (on-vehicle) and 

varying levels of transport losses, hence increasing variability 

d) Semi-enclosed brake testing was commonly used with low-metallic, semi-metallic, or ECE-type friction materials, all 

of which have metal matrix compositions. This may introduce bias in the results, as these materials tend to emit more 

particles, potentially skewing comparisons with fully enclosed systems that may use a broader range of formulations. 

e) Higher on-road tire emissions due to the ability to combine longitudinal and lateral loading using normal driving 

cycles with longitudinal and lateral loading 

f) Lab testing for tires can include a series of artificial loading or accelerated testing on surfaces with different friction, 

while [ŔŊƨƖĲШΟ aggregates data from various studies and sampling methods (including both fully and semi-enclosed 

systems) and aims to illustrate general trends in emission factors (EF) across vehicle classes and brake pad types. 

However, due to heterogeneous test setups and legacy data, the variability is high, and error bars are large, limiting 

the ability to draw definitive conclusions about smaller variables, such as vehicle-to-vehicle differences or specific 

brake formulations. 

To address this limitation, the report includes a focused analysis using only GTR-24-compliant tests (see ÑċĤũĲШΝΜ And 
Figures 17ï23). In that subset: 

Vehicle-to-vehicle differences become discernible due to standardized test mass, brake work, and inertia settings. 

The effects of brake pad formulation are statistically significant. For example, NAO pads consistently show lower PM10 

and PM2.5 emissions than ECE or low-metallic pads. 

Error bars are narrower, with intra-lab CoV values often below 15ï25%, enabling meaningful comparisons. 

Thus, while [ŔŊƨƖĲШΟ provides a high-level overview, the GTR-24-only analysis confirms that smaller variables can be 

reliably distinguished when test conditions are harmonized and variability is controlled. 
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Figure 3 ш (Upper panel) for brake and (lower panel) for tire emission factors based on the aggregated values 
derived from the literature review general matrix 

 

Other aspects of [18] on the contributions of road vehicle tires to microplastics include the following: 

Ƅ There are two main methods to estimate particle emissions: a) use tire wear or PM emissions factors multiplied by the 

total distance driven, and b) determine the mass loss per tire during its lifetime, multiplied by the consumption of  

the tire 

Ƅ Most studies rely on previous data, mostly collected before 2000, with estimates from 3.2 million to 9 million tonnes 

being emitted globally in 2017 

Ƅ The European Union (EU) is working towards reducing the intentional (e.g., cosmetics and detergents) and 
unintentional (tire wear, textiles, road markings) release of microplastics 

Ƅ ñTire wear particlesò (TWP) and ñtireïroad wear particlesò (TRWP) have an ambiguous usage thus far. Instead, ñtire 

wear particlesò is more accurate in referring to the tread particles encrusted and mixed with foreign materials from the 

road, dust, brakes, and soil. The term ñtire abrasion particlesò or ñtire particlesò should be used to refer only to the 

tread part emitted to the environment (even if other materials are encrusted). Tread particles (TPs) usually refer to the 

tread rubber particles produced by shaving and crushing the tire tread or using a rotating abrader, rasp, or grinder, to 

conduct special studies and analysis 

Ƅ Tire life exhibits a large spread due to multiple factors (e.g., size, tread pattern, composition, loading, axle position, 

weather, driving style). C1 tires fitted on light vehicles can last 37,000 Ñ 6,000 km on the front and 64,000 Ñ 8,500 km 

on the rear. C2 tires for light- and medium-sized commercial vehicles can last 40,000-70,000 km. And C3 tires 
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mounted on large commercial vehicles can last on average 220 000 km, extending their life to  

600 000 km with retreading 

Ƅ An average tire sheds 10 % of its mass for passenger cars and 18 % for heavy-duty vehicles over the useful tread life 

of the tire (retreaded tires excluded).  

Ƅ The contribution of passenger cars to microplastics from road transport varies greatly, depending on the region. In the 
EU, it is about 66 %; in northern Europe 62 % to 71 %; Japan, China, and Brazil are 47 %; India and South Korea are  

About 20 %. Microplastics from road transport may also come from other sources, such as resuspension from traffic, 

road-deposited debris, or runoff water. 

Ƅ Because several studies and emissions inventories rely on legacy data (in some cases dating back 30 years), [19] 

reanalyzed primary and secondary research for emission factors for light-duty vehicles. The study found that, after 

excluding road wear and resuspension, the mean tire wear PM10 emissions were 1.1 mg/km/V (median 0.2 mg/km/V). 

In contrast, the mean emissions were 2.7 mg/km/V (median 1.1 mg/km/V) when studies including resuspended tire 

wear were included. Instead, the mean is 6.5 mg/km/V and the median is 6.1 mg/km/V, both substantially higher than 

those reported in the secondary literature and cited frequently. The significant differences are attributed to 

misunderstandings, misquotation, obsolescence of studies dating back to 1995, or selection bias in multiple studies. 

These factors have prompted revisions or challenges to mass-based emission factors from the U.S. Environmental 

Protection Agency and the European Environment Agency. 

This systematic review focuses on studies that include results from various sources, including simulations, laboratory 

tests, proving grounds, and on-road measurements. From the subset of 140 studies in the database with data extraction for 

summaries (from a total of 307 studies in the database). This statistic does not reflect the ongoing market assessment from 

the UNECE/GRBP/TF TA for tires fitted on light vehicles (C1 tires): 

ī For brake wear and emissions, 13 test campaigns used semi-enclosed systems, and 40 used fully-enclosed ones, 

reflecting the GTR 24 setup 

ī For tire wear, 12 studies relied upon laboratory tests, while 19 used on-road testing. The study is evaluating 30 3PMSF 

tires and 70 normal tires.    

Ρ ÅċƣŔŸŰċũĲШŉŸƖШƣőĲШƖĲƻŔĲƽШŔŰШƣőĲШĦŸŰƣĲǂƣШŸŉШĲǂŔƚƣŔŰŊШťŰŸƽũĲĬŊĲ 
As tailpipe Particulate Matter (PM) emissions from light-duty (LD) vehicles declined, other PM emissions became more 

critical. LD vehicles emit at least five types of PM: tailpipe emissions, brake wear, tire wear, road wear, and resuspended 

road dust. Although measurement methods are still in development, total combined PM emissions for brakes, tires, and 

road wear are estimated at 30 mg/mi. This magnitude exceeds the tailpipe PM regulatory limit of 3 mg/mi. Battery 

Electric Vehicles (BEVs) emit four of the five PM types, except for tailpipe PM. Government regulatory agencies, 

including the EPA and the California Dept of Transportation, have studied certain types of non-tailpipe PM, including PM 

from brake and tire wear. Although it is unclear when, or if, U.S. regulatory limits on non-tailpipe PM emissions from 

vehicles will be proposed, we want to understand this topic better. 

The rapid pace of research and measurement campaigns in other regions, led by the Euro 7 initiative on brake emissions 

and tire abrasion, as well as research in Japan and the U.S., has generated a body of literature that warrants careful 

consideration. Both developments (brake emissions and tire abrasion) include LD and Heavy-Duty (HD) vehicles, 

presented to Task Forces 3 and 5 (TF3 and TF5) of the Particulate Measurement Programme (PMP) of the European 

Commission (EC), the Tire Abrasion Task Force of the EC, the German Association of Automotive Industry (VDA), and 

ISO Working Group 13 within the Technical Committee 31. The development of the California Brake Dynamometer 

Cycle (CBDC) and the Worldwide Harmonised Light Vehicle Test Procedure (WLTP-Brake cycle), along with driving 

circuits and laboratory tests for tire abrasion, and on-road measurement campaigns, provides a robust set of methods to 

assess the principal factors influencing non-exhaust emissions and tire abrasion.  

Unlike previous systematic reviews, this project combines peer-reviewed studies with input from various stakeholders 

(including government-mandated working groups) actively drafting rulemaking and developing and validating 

measurement methods (laboratory and field-based) for non-exhaust particulate emissions from brakes, tires, and roads. 
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Σ §ĤŢĲĦƣŔƻĲƚ 
The scope of the systematic review, as directed by the CRC Panel, is to provide insight into the following research 

questions: 

1. RQ1: Magnitude of non-tailpipe PM emissions, preferably expressed in units like mg/mi, to allow comparison with 

tailpipe PM emissions levels and regulatory standards (including brake wear, tire wear, road wear, resuspended road 

dust, etc.) 

2. RQ2: Test methods to generate non-tailpipe PM. Compare and contrast test methods (if possible) to identify the 

potential influence of the method on measurement results, including methods to discriminate PM from various sources 

(e.g., component bench tests, full vehicle laboratory tests, on-road tests) 

3. RQ3: Characterization of non-tailpipe PM, including chemical composition, morphology, particle density, and 

particle size distribution. 

4. RQ4: Test methods to characterize non-tailpipe PM emissions related to measurement instruments. 

5. RQ5: Strengths or weaknesses of test or measurement methods based on findings from research questions 2, 3, 

and 4 

6. RQ6: Information about the distribution of non-tailpipe PM from the point source. For example, residence time, 

half-life, dispersion distance, or other metrics characterizing how long non-tailpipe PM stays suspended in the 

atmosphere, and dispersion characteristics from the source of origin. Mine safety and health agencies worked on this 

topic in the 1990s. 

7. RQ7: Factors known to control or affect the magnitude or type of non-tailpipe PM emissions. For example, 

vehicle weight may affect tire wear, while brake pad material or disc coating may affect brake wear, and the chemical 

composition can influence tire abrasion. Electric vehicles have been reported to experience faster tire wear than 

comparable conventional ICE vehicles, possibly due to a combination of higher vehicle weight and higher launch 

torque (acceleration). Include methods proposed to control or reduce LD vehicle non-tailpipe PM emissions. 

Τ EũŔŊŔĤŔũŔƣǃШĦƖŔƣĲƖŔċ 
The criteria for identifying and selecting the different studies to include in this systematic review include the following: 

1. Literature published after 2008 (except for prior seminal work), prioritizing review of newer studies 

2. Test cycles using WLTP-B or CBDC for brakes (circa 2018)  

3. Driving circuits based on real-world driving for tires 

4. Numerical analysis with comparative results 

5. Literature referenced in other recent Literature Review papers (brakes and tires) 

6. Publications from recognized online Journals (e.g., MDPI, Environmental Science & Technology), industry 
conferences (e.g., SAE Brake Colloquium, EuroBrake, ETH, CRC) 

7. Public presentation and documents from and working groups (e.g., United Nations Particulate Matter Programme, 
United Nations Working Party on Noise and Tires ï GRBP, United Nations Working Party on Pollution and Energy - 

GRPE) 

The criteria for exclusion of studies and documents include: 

a) Test cycles not based on real-world driving (e.g., SAE J2522 ï AK Master) 

b) Studies using sampling systems before 2018, not following PMP or CARB requirements or guidelines, which were 

developed by extensive peer-review and experimental validation (for PMP), and adapting best practices from 

laboratory emissions and aerosol engineering (for CBDC) 

c) Studies without experimental validation 

d) Research with normalized results without reporting the measurand units 

e) Studies beyond the 120 total count after prioritizing using the inclusion criteria. 
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Υ fŰŉŸƖůċƣŔŸŰШƚŸƨƖĦĲƚ 
The primary sources of studies and reports include the following: 

ī Legacy online scientific databases (e.g., Google Scholar, MDPI)  

ī AI-supported searches for high-level summaries to guide the findings (Openread.academy, Connectedpapers.com) 

ī UNECE wiki pages (GRBP and GRPE) and trusted websites (e.g., CRC, SAE) 

ī Conference proceedings 

Φ ÉĲċƖĦőШƚƣƖċƣĲŊǃ 
The search strategy used multiple paths, depending on the database or website. ÑċĤũĲШΣ Shows tőĲШůċŔŰШƚƣĲƓƚШŉŸƖШƣőĲШ
ĬŔǭĲƖĲŰƣШƣǃƓĲƚШŸŉШƚĲċƖĦőĲƚа 

Table 6 ш Study Search Strategies 

Item Web Search Literature Review Studies Databases and Conferences 

Sources  ī Google Scholar 

ī MDPI 
 

ī Google Scholar 

ī MDPI 
ī Business intelligence 

ī Citations from recent systematic 
review studies 

ī Openread.academy 

ī connectedpapers.com  

ī internal LINK and UCR electronic 
libraries 

ī EuroBrake Conference 

ī SAE Brake Colloquium 
Conference 

ī CRC Conference 

ī UNECE GRPE and GRBP wiki 
pages  

Filters and limits ī English language only  

ī Title, author, abstract, and conclusions or proposals 

ī Studies with numerical values different from subjective ratings or simple non-dimensional ranking 

ī Up to 120 total studies and documents to review and extract information 

ī Publication date: not earlier than 2008 

ī Prioritize: 

¶ recent publication with direct citation of main studies  

¶ studies and documents published in 2018 or later (post-CARB cycle development and first version of 

GRPE-81-40) 

¶ publications from Government agencies and working groups (e.g., UNECE GRPE on brakes and 

UNECE GRBP on tires) and active participants (academia, industry stakeholders, or individual 

researchers) in development and testing (lab and measurements) for non-exhaust emissions for brakes 

and tires  

¶ studies cited in large systematic reviews for non-exhaust brake, tire, and road emissions 
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Item Web Search Literature Review Studies Databases and Conferences 

Keywords or search 

questions 

ī non-exhaust emissions 

ī non-exhaust emissions 
factors 

ī non-exhaust emissions 
rates 

ī brake emissions 

ī tire emissions 

ī road emissions 

ī tire abrasion 

ī non-exhaust emissions 
laboratory methods 

ī non-exhaust emission 
field measurements 

ī non-exhaust emissions 
for electric vehicles 

ī non-exhaust emissions 
for light vehicles 

ī non-exhaust emissions 

for heavy vehicles 

ī physical and chemical 

composition of non-

exhaust emissions 

ī Read recent (circa 2020 and newer) 

systematic review studies to extract 

manually findings and data to 

answer the seven research questions  

ī Extraction using Openread.academy 
and connectedpapers.com outputs   

ī non-exhaust emissions 

ī non-exhaust emissions factors 

ī non-exhaust emissions rates 

ī brake emissions 

ī tire emissions 

ī road emissions 

ī tire abrasion 

ī non-exhaust emissions laboratory 
methods 

ī non-exhaust emission field 
measurements 

ī non-exhaust emissions for electric 
vehicles 

ī non-exhaust emissions for light 
vehicles 

ī non-exhaust emissions for heavy 

vehicles 

ī physical and chemical 

composition of non-exhaust 

emissions 

Main search strategies ī Individual search by PIs 

ī Focus on studies with 

numerical results 

comparing relevant 

factors 

ī Individual read by PIs 

ī Line-by-line reading searching for 
findings, data, and citations related 

to the research questions 

ī Compilation into a summary 
document for peer review for 

findings and data entry 

ī Individual read by PIs to search 

for presentations, studies, and 

proposals related to the research 

questions 

ī Extraction of findings and 
numerical results 

Note: Business intelligence refers to information available to the PI and Co-PIs from their business and technical liaisons or their internal work on 

non-exhaust emissions  

The above criteria produced a database of 307 studies. The count does not include reports and presentations from the 

working groups within the European Commission on brake emissions and tire abrasion, as they were retrieved in the last 

few weeks near the end of the preparation of this review. The pace of publications produced more than 50 % of the studies 

in 2020 or later, as shown in [ŔŊƨƖĲШΠ, coinciding with the publication of the drafts of brake emissions regulations as part 
of the Euro 7 initiative. 

 

Figure 4 ш Number of studies per year included in the database 
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ÑċĤũĲШΤ Shows a census of studies on specific items within each research question. 

Table 7 ш Items included in the compilation of initial findings 

Item Count 

RQ1: Non-tailpipe PM emissions  
 

PM2.5 mg/km or mg/km/V 35 

PM10 mg/km or mg/km/V 41 

PM1 mg/km/V 5 

PM mg/km/ton 0 

PM10 mg/test 2 

PN p/km or p/km/B 16 

PN #/cm 17 

PM2.5 ɛg/mį 9 

PM10 ɛg/mį 16 

PM10 p/km 2 

Fe (ng/mį) 2 

Fe (wt%) 14 

Ca (ng/mį) 1 

Ca (wt%) 8 

Zn (ng/mį) 0 

Zn (wt%) 2 

Cu (ng/mį) 0 

Cu (wt%) 2 

Mg (wt%) 5 

Si (ng/mį) 1 

Si (wt%) 10 

Al (ng/mį) 1 

Al (wt%) 9 

S (wt%) 8 

N (wt%) 1 

Na (wt%) 1 

RQ2: Test methods to generate non-tailpipe PM 
 

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: Characterization of non-tailpipe PM 
 

chemical composition 56 

morphology 25 

particle density 3 
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Item Count 

particle size distribution (PSD) 83 

Particle Mass (PM) 51 

Particle Number (PN) 68 

Physical: size distribution, morphology, density, porosity, optical properties, light scattering, and light 

absorption) 

84 

Chemical Characterization: Inorganic Ions, Elemental Carbon, Organic Carbon, Polycyclic Aromatic 

Hydrocarbons (PAHs, Volatile Organic Compounds (VOCs) 

14 

Source Apportionment: Chemical Mass Balance (CMB), Positive Matrix Factorization (PMF), Receptor 

Modeling 

0 

Thermal Properties: Thermogravimetric Analysis (TGA), Differential Scanning Calorimetry (DSC) 5 

Electrical Properties: conductivity, dielectric constant 0 

Hygroscopicity for Water Uptake 0 

RQ4: Test methods to characterize non-tailpipe PM emissions (see RQ4 & 5) 
 

CPC based 28 

GCMS 9 

TSI DustTrak 34 

TSI OPS 2 

EEPS 21 

11-D Grimm 7 

APS 26 

Dekati ELPI+ 28 

PM10 34 

PM2.5 32 

PM1 5 

PM0.12 1 

Solid particle number 16 

Total particle number 50 

RQ5: Strengths or weaknesses  
 

Actual test 102 

Calculations based on ML tools 12 

Numerical simulations 8 

RQ6: Information about the distribution of non-tailpipe PM 
 

Fate 3 

dispersion time and distance 1 

residence and half-life times 2 

RQ7: Factor known to control or affect the magnitude or type of non-tailpipe PM emission 
 

vehicle mass 19 

Vehicle type 2 

propulsion system 2 

Brake temperature 2 

Velocity 1 

Brake energy 1 

brake or tire materials 62 

Driving dynamics (Number of braking events, level of acceleration, deceleration, cornering, etc.) 77 

Tire pressure 9 

Road type 28 
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Item Count 

Hybrid mode 23 

Materials and composition 64 

Driving controls 70 

Propulsion systems 10 

Electric propulsion 4 

Ambient conditions 12 

Vehicle type (electric cars or combustion cars) 13 

Traffic management 11 

ΝΜ ÉĲũĲĦƣŔŸŰШƓƖŸĦĲƚƚ 
The selection of studies and findings to bring into this systematic review involved the following steps: 

1. Does it meet the search criteria? 

2. Does the study include reference values from other studies or sensitivity to specific factors relevant to the research 

question? 

3. Do at least two PIs agree on the finding and the content to bring into the systematic review? 

4. Subsequent joint review of whether the finding from a given study is compatible with others and if there is 

sufficient evidence to retain the finding, even if contradicting or significantly different from other studies 

ΝΝ ?ċƣċШĦŸũũĲĦƣŔŸŰШƓƖŸĦĲƚƚ 
The PIs conducted individual searches on databases, websites, and conferences and combined them into a single database 

with sufficient details (e.g., doi numbers, author, title, year of publication). The database provided a list of studies to 

download from relevant scientific journals and online technical libraries (e.g., MDPI, SAE, UNECE GRPE wiki sites, and 

GRBP). Subsequently, the PIs used tools such as Mendeley to characterize the topics, relevance, and coverage of the 

seven research questions. All available studies were uploaded to a shared online repository. This database also serves as 

the basis for the library section of the final report for all open-access studies used in the analysis. 

The reviewers worked independently with periodic alignment and update meetingsШƣŸШƖĲƻŔĲƽШƣőĲШƚƣƨĬŔĲƚШċĬĬĲĬШƣŸШƣőĲШ
ƚőċƖĲĬШƽĲĤШŉŸũĬĲƖШŉŸƖШũŔƣĲƖċƣƨƖĲШċŰĬШƚƣċƣŔƚƣŔĦċũШċŰċũǃƚŔƚЮШÑőĲШÂfШĦŸůĤŔŰĲĬШƚƣƨĬŔĲƚШŉƖŸůШƻċƖŔŸƨƚШƚŸƨƖĦĲƚЯШ
ĲůƓőċƚŔǍŔŰŊШƖĲĦĲŰƣШƚƣƨĬŔĲƚШƣőċƣШċĬőĲƖĲĬШƣŸШƣőĲШũċƣĲƚƣШƣĲƚƣŔŰŊШůĲƣőŸĬƚШыĲЮŊЮЯШ]ÑÅШΞΠШŉŸƖШĤƖċťĲƚШċŰĬШÖ ÅШΝΝΤШŉŸƖШ
ƣŔƖĲƚьЮШÑőĲШƖĲƻŔĲƽĲƖƚШĦŸŰĬƨĦƣĲĬШċШƣőŸƖŸƨŊőШƖĲƻŔĲƽШŸŉШċƓƓƖŸǂŔůċƣĲũǃШΟ5ШƓċƓĲƖƚЯШĲǂƣƖċĦƣŔŰŊШċŰĬШĦŸůĤŔŰŔŰŊШǯŰĬŔŰŊƚШ
ƖĲũĲƻċŰƣШƣŸШƣőĲШƖĲƚĲċƖĦőШƕƨĲƚƣŔŸŰƚЮШÑőĲШǯŰĬŔŰŊƚШċƖĲШŉƨƖƣőĲƖШĦċƣĲŊŸƖŔǍĲĬШŔŰƣŸШĤƖċťĲƚЯШƣŔƖĲƚЯШċŰĬШƖŸċĬƚЯШƽőĲƖĲШ
ċƓƓũŔĦċĤũĲЮ 

ΝΞ ?ċƣċШŔƣĲůƚ 
From all studies included in this systematic review, the main extraction included the following and was assigned to 

specific research questions: 

Ƅ emission factors for particle mass and particle count 

Ƅ abrasion or wear rates 

Ƅ chemical composition 

Ƅ concentration levels per the test or measurement reported 

Ƅ scope of the measurement (physical, chemical, dispersion)  
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Ƅ method(s) used to test, sampling system, and measurement devices and instruments (e.g., particulate matter, size 

distribution, wear) 

Ƅ key findings from the study and validation or comparisons to other studies 

Ƅ sources of uncertainty on the values reported 

Ƅ potential for future researchШ 

Not all studies provided sufficient information to extract all the items above. 

ΝΟ ÉƣƨĬǃШƖŔƚťШŸŉШĤŔċƚШċƚƚĲƚƚůĲŰƣ 
The UCR and LINK PIs conducted a joint review of the findings and prioritized studies with high scientific value and 

alignment with this systematic review. The joint review primarily considered studies with metrics and methods aligned 

with GTR 24 for brakes and UNR 117 for tires, published by a multidisciplinary group of authors (including academia, 

industry, and regulatory or environmental agencies). To avoid time bias, the systematic review prioritized recent studies to 

guide the assessment of the research questions. 

ΝΠ ÉǃŰƣőĲƚŔƚШůĲƣőŸĬƚ 
The first level of synthesis involved a detailed reading of the study or report to identify applicable content ðbackground, 

analysis, statements, and findings ðfor each data item. The second level involved extracting numerical results into tables 

with metrics or data items supporting the research and properly segmenting the results (e.g., single probe near the test 

article, semi-enclosed, fully enclosed; non-GTR 24, GTR 24 test cycles). [ŔŊƨƖĲШΡ shows the first 10 rows of studies with 
the import details. 

 

Figure 5 ш First ten rows of the main database 

The systematic review reports values in their native units of measurement or reporting to avoid skewing the results or 

presenting findings that are sensitive to unvalidated assumptions by the co-PIs (e.g., assuming a sampling airflow to 

estimate an emission factor). 

Basic details

Index DOI Identifier First author Study title Source (journal, report series, 

é)

Year Imported by (partner ID) UCR selection LINK selection Import date

B:BRAKES, T:Tires, 

BT: Brakes and 

Tires

B:BRAKES, T:Tires, 

BT: Brakes and 

Tires

Jeejee Light-

Duty 

Heavy-

duty

1 https://doi.org/10.1016/j.scitotenv.2010.06.011 Aatmeeyata, & Sharma, M. Polycyclic aromatic hydrocarbons, 

elemental and organic carbon emissions 

from tire-wear.

Science of the Total 

Environment

2010 UCR 08/16/2024 1

2 https://doi.org/10.1007/s10661-016-5377-1 Adamiec  E.  Jarosz-

Krzeminska  E.  & Wieszala  

R.

Heavy metals from non-exhaust vehicle 

emissions in urban and motorway road 

dusts. Environmental Monitoring and 

Assessment

Environmental Monitoring and 

Assessment

2016 UCR 08/16/2024 1 1

3 https://doi.org/10.4271/2020-01-1637 Agudelo  C.  Vedula  R. T.  

Collier  & Stanard A.

Brake particulate matter emissions 

measurements for six light-duty vehicles 

using inertia dynamometer testing. 

SAE Technical Papers 2020 UCR B B 08/16/2024 1

4 Allen  J. O.  Alexandrova  P. 

E. O.  & Kaloush  K. E. 

Tire Wear Emissions for Asphalt 

Rubber and Portland Cement Concrete 

Pavement Surfaces

Arizona Department of 

Transportation Contract KR-04-

0720-TRN Final Report.

2006 UCR 08/16/2024 1 1

5 https://doi.org/10.1016/j.atmosres.2021.105557 Alves  C.  Evtyugina  M.  

Vicente  A.  Conca  E.  & 

Amato  F.

Organic profiles of brake wear particles. Atmospheric Research 2021 UCR 08/16/2024 1

6 https://doi.org/10.1016/j.chemosphere.2023.139874 Asma Beji, Karine Deboudt, 

Bogdan Muresan, Salah 

Khardi, Pascal Flament, Marc 

Fourmentin, Laurence 

Lumiere

Physical and chemical characteristics of 

particles emitted by a passenger vehicle 

at the tire-road contact

Chemosphere 2023 UCR 8/22/2024 1

7 https://doi.org/10.1007/978-3-658-26435-2_55 Augsburg  K.  Wenzel  F.  & 

Gramstat  S.

Methodology for the measurement of 

tire wear particles

10th International Munich 

Chassis Symposium 2019

2019 UCR 08/16/2024 1

8 https://doi.org/10.3390/atmos14030488 Bondorf  L.  Kohler  L.  Grein 

T. Epple F. Philipps F. Aigner 

M.  & Schripp T.

Airborne Brake Wear Emissions from a 

Battery Electric Vehicle. 

Atmosphere 2023 UCR B B 08/16/2024 1

9 https://doi.org/10.1016/j.scitotenv.2022.160853 Charbouillot  T.  Janet  D. C.  

Schaal P. Beynier I.  et al.

Methodology for the direct 

measurement of tire emission factors

 Science of the Total 

Environment

2023 UCR 08/16/2024 1

10 https://doi.org/10.1007/s40825-018-0105-7 Chasapidis  L.  Grigoratos  T.  

Zygogianni et al.

Study of brake wear particle emissions 

of a minivan on a chassis 

dynamometer.

Emission Control Science and 

Technology

2018 UCR 08/16/2024 1

Vehicle type

Import details
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ΝΡ ÅĲƓŸƖƣŔŰŊШĤŔċƚШċƚƚĲƚƚůĲŰƣ 
The vast number of studies on non-exhaust emissions, microplastics, and their environmental fate does not allow for an 

all-inclusive report, as on average, up to 3 new studies or industry reports are published weekly. The co-PI approach used 

the main database to select 140 studies for data extraction and numerical analysis, and to select 35 studies or reports for 

extracting findings, progress, recommendations, and current issues related to non-exhaust emissions. The CRC Project 

Panel is encouraged to read individual studies to gain a fuller understanding of specific topics of interest and to monitor 

publications and reports (e.g., European Commission regulatory work, European Union-funded projects, and 

environmental research in the United States).  

ΝΣ 9ĲƖƣċŔŰƣǃШċƚƚĲƚƚůĲŰƣ 
The diversity in scope, resources, test setups, reporting methods, and details disclosed across the studies significantly 

hindered the ability to assess confidence statistically. Few studies include multiple measurements across several samples, 

and many report average values without recording standard deviations or the number of samples. 

ΝΤ ÅĲƚƨũƣƚШŸŉШƚǃŰƣőĲƚĲƚ 

ΝΤЮΝ ~ċŊŰŔƣƨĬĲШŸŉШŰŸŰрƣċŔũƓŔƓĲШÂ~ШĲůŔƚƚŔŸŰƚ 

ΝΤЮΝЮΝ 7ƖċťĲƚ 
Emission factors studied by the European Commission 

As part of the development of the GTR 24 proposal, the Informal Working Group of the Particulate Measurement 

Programme of the European Commission has coordinated and reported three Interlaboratory Studies (ILS1, ILS2, and 

ILS3), all of which used brake dynamometer testing. The early work on applying statistical tools for repeatability and 

Reproducibility during brake inertia dynamometer testing was studied by [20], [21]. Subsequent applications to the brake 

emissions initiative within the UNECE PMP were documented by [22], [23], [24], [25], [26] in preparation for releasing 

GTR 24 as the testing method for non-exhaust brake emissions within the proposed Euro 7 яΞΤѐ. ILS1 focused on the 
WLTP-B cycle without emissions measurements. ILS2 studied several brakes (including disc and drum brakes, NAO and 

low-met vehicles, and M1 and N1 vehicles). And ILS3 included two phases, each with three different brakes under test. 

ILS16 for validation of testing capabilities, involved eight laboratories and produced results for 13 measurands (e.g., 

braking speed, average deceleration, brake torque, coefficient of friction, initial brake temperature, average cooling air 

temperature) using robust algorithms for heterogeneous materials following яΞΥѐ. [ŔŊƨƖĲШΣ depicts the workflow for the 
ILS1 reported by [29] 

 
6Ш
őƣƣƓƚаооƽƽƽЮĤŔŰŊЮĦŸůоĦťоċегѼѼƓӀĤŉΤΣĬĤĦΞΟΠΟΡΣĦŉΞĬΝΦĤΟΥĦΣĤΠĦĬċΤΟΦċĦΞċΠĦΡΞΞĦΡΝΤΡċΡĬΝŉΜΜΟΟĦΞΡΡΣΣΣĦĲsůũƣĬc~Φ~ÑĦΜ~Ǎ~Ο§Ñfƽ~ ѼƓƣŰӀΟѼƻĲƖӀΞ
ѼőƚőӀΠѼŉĦũŔĬӀΜĬΦĬΝΞΞŉрΡΦΦΜрΣΦΥΣрΟΡΠĬр
ΜΤĤΜΡΥΝΠΣΥΥΟѼƓƚƕӀƓůƓҼŔŰƣĲƖũċĤŸƖċƣŸƖǃҼċĦĦƨƖċĦǃҼƚƣƨĬǃҼƖĲƓŸƖƣѼƨӀċΝċcÅΜĦc~ΣxǃΦΟċìƣƓxŰéƨüì ũxůΦǃüǃΦťĤΟĬƨĤ]Φőü9ΦőĬcÅőòΞőƣüìΡΜĦǃΥǂ~ŢŊΜ
~ŢEǍ~ǍÖƻÖEΝÄsÑfƽéEòǂsÑfƽÉìΡΜüñsƚòìfũ~Ţ7ÑĬcéťĲÉÖǃ~9Μũ~Ţ7ÑĬ][ΜĦǃÖǃ~csũĦ]ΦǃĬ9Öǃ~9Μũ~Ţ ǂ ÖƓéÑ?fƽ~ŢEƨĦ]ÅůÂΞ[ƽċÑΝΞ~ŊѼŰƣĤӀΝШ 

https://www.bing.com/ck/a?!&&p=bf76dbc234356cf2d19b38c6b4cda739ac2a4c522c5175a5d1f0033c255666ceJmltdHM9MTc0MzM3OTIwMA&ptn=3&ver=2&hsh=4&fclid=0d9d122f-5990-6986-354d-07b058146883&psq=pmp+interlaboratory+accuracy+study+report&u=a1aHR0cHM6Ly93aWtpLnVuZWNlLm9yZy9kb3dubG9hZC9hdHRhY2htZW50cy8xMjg0MjEzMzUvUE1QJTIwVEYxJTIwSW50ZXJsYWIlMjBTdHVkeSUyMC0lMjBTdGF0cyUyMHJlcG9ydCUyMC0lMjAxNUpVTDIwMjEucGRmP2FwaT12Mg&ntb=1
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https://www.bing.com/ck/a?!&&p=bf76dbc234356cf2d19b38c6b4cda739ac2a4c522c5175a5d1f0033c255666ceJmltdHM9MTc0MzM3OTIwMA&ptn=3&ver=2&hsh=4&fclid=0d9d122f-5990-6986-354d-07b058146883&psq=pmp+interlaboratory+accuracy+study+report&u=a1aHR0cHM6Ly93aWtpLnVuZWNlLm9yZy9kb3dubG9hZC9hdHRhY2htZW50cy8xMjg0MjEzMzUvUE1QJTIwVEYxJTIwSW50ZXJsYWIlMjBTdHVkeSUyMC0lMjBTdGF0cyUyMHJlcG9ydCUyMC0lMjAxNUpVTDIwMjEucGRmP2FwaT12Mg&ntb=1
https://www.bing.com/ck/a?!&&p=bf76dbc234356cf2d19b38c6b4cda739ac2a4c522c5175a5d1f0033c255666ceJmltdHM9MTc0MzM3OTIwMA&ptn=3&ver=2&hsh=4&fclid=0d9d122f-5990-6986-354d-07b058146883&psq=pmp+interlaboratory+accuracy+study+report&u=a1aHR0cHM6Ly93aWtpLnVuZWNlLm9yZy9kb3dubG9hZC9hdHRhY2htZW50cy8xMjg0MjEzMzUvUE1QJTIwVEYxJTIwSW50ZXJsYWIlMjBTdHVkeSUyMC0lMjBTdGF0cyUyMHJlcG9ydCUyMC0lMjAxNUpVTDIwMjEucGRmP2FwaT12Mg&ntb=1
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Figure 6 ш Workflow for interlaboratory accuracy study for the WLTP-B cycle 

The report provides details of the statistical treatment, accompanied by numerical examples and data visualization. The 

results of the analysis show the standard deviations for repeatability (within the test), sample effect (between tests), lab 

effect (between labs), and total reproducibility. The variability levels were satisfactory, giving the EC the confidence to 

develop the draft document, including the PM and PN measurement systems. The variability of the coefficient of friction 

(COF), shown in [ŔŊƨƖĲШΤ for all labs, with two tests per lab and six repeats per test, exemplifies the need for using 

statistical methods for heterogeneous materials and robust algorithms for averaging and standard deviation.  

 

Figure 7 ш Histograms for the coefficient of friction for eight labs with two tests and six repeats on each test 

A second interlab study (ILS2) reported by [23], [24], [25], [26] includes brake emissions measurements for seven brake 

assemblies from five vehicle applications (two sedan, SUV, compact as M1, and one cargo van as N1), with ECE (low-

met) and NAO friction materials, vehicle test mass (1250 to 3390) kg, test inertia 16é118 kg mĮ, and wheel load-to-disc 

mass ratio (WL/DM), from 45:1 to 122:1. The study applied all the criteria and elements from the GTR 24 along with 

checklists to validate the test setups and test results. Not all labs conducted all tests on seven brakes. Data visualization 

per яΟΜѐ Early on during the assessment, we detected labs with deviations from the GTR 24 requirements for cooling air 
temperature ([ŔŊƨƖĲШΥ), cooling air humidity ([ŔŊƨƖĲШΦ), braking speed ([ŔŊƨƖĲШΝΜ), and average brake disc or drum 
temperature during trip # 10 ([ŔŊƨƖĲШΝΝ).  
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Figure 8 ш Boxplots for cooling air temperature during WLTP-B tests for up to seven brakes. The dashed line at 20 °C 
indicates the target GTR 24 air temperature used for the ILS2 

 

Figure 9 ш Boxplots for cooling air humidity during WLTP-B tests for up to seven brakes. the set value for the ILS2 
was 50 ± 10 % RH 
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Figure 10 ш Bias for braking speed during WLTP-B tests for up to seven brakes 

 

Figure 11 ш Bias for the average brake disc temperature during WLTP-B tests 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 

Upon technical scrutiny of the test results and exchanges with the individual laboratories, a subset of results (filtered data) 

concluded that: 

ī Emission factors7 for the disc brakes varied between (0.8 to 4.0) mg/km/B and (2.2 to 9.5) mg/km/B per brake for 

PM2.5 and PM10, respectively, depending on the brake type and the applied testing load 
 

7ШEůŔƚƚŔŸŰШŉċĦƣŸƖƚШыE[ƚьШŉŸƖШĤƖċťĲШċŰĬШƣŔƖĲШƽĲċƖШċƖĲШƣǃƓŔĦċũũǃШƖĲƓŸƖƣĲĬШŔŰШŸŰĲШŸŉШƣőĲШŉŸũũŸƽŔŰŊШŉŸƖůċƣƚа 
ЮЮЮо7аШÂĲƖШĤƖċťĲШĦŸƖŰĲƖШыŔЮĲЮЯШŸŰĲШƽőĲĲũќƚШĤƖċťŔŰŊШƚǃƚƣĲůь 
ЮЮЮоÉаШÂĲƖШĤƖċťŔŰŊШƚƣŸƓ 
ЮЮЮоéаШÂĲƖШƻĲőŔĦũĲШыŔЮĲЮЯШƣŸƣċũШĲůŔƚƚŔŸŰƚШŉƖŸůШċũũШĤƖċťĲШĦŸƖŰĲƖƚь 
ÑŸШĲƚƣŔůċƣĲШƣŸƣċũШƻĲőŔĦũĲрũĲƻĲũШĲůŔƚƚŔŸŰƚШŉƖŸůШƓĲƖрĤƖċťĲрĦŸƖŰĲƖШƻċũƨĲƚЯШůƨũƣŔƓũǃШƣőĲШЮЮЮо7ШƻċũƨĲШĤǃШƣőĲШŰƨůĤĲƖШŸŉШċĦƣŔƻĲШĤƖċťĲШĦŸƖŰĲƖƚЮШ[ŸƖШĲǂċůƓũĲаШŰШΝΥр
ƽőĲĲũĲƖШƣƖƨĦťШƽŔƣőШΡШċǂũĲƚШċŰĬШΞШĤƖċťĲƚШƓĲƖШċǂũĲШыΝΜШĤƖċťĲШĦŸƖŰĲƖƚШƣŸƣċũьШőċƚШċШůĲċƚƨƖĲĬШE[ШŸŉШΟШůŊоťůо7ЮШÑőĲШƣŸƣċũШƻĲőŔĦũĲрũĲƻĲũШE[ШƽŸƨũĬШĤĲаΟШůŊоťůо7ҾΝΜШ
ĤƖċťĲШĦŸƖŰĲƖƚӀШΟΜШůŊоťůоéЮШÑőŔƚШƚĦċũŔŰŊШŔƚШĲƚƚĲŰƣŔċũШŉŸƖШĦŸůƓċƖŔŰŊШċŊċŔŰƚƣШƖĲŊƨũċƣŸƖǃШũŔůŔƣƚШŸƖШŔŰƻĲŰƣŸƖǃШůŸĬĲũƚЯШƽőŔĦőШŸŉƣĲŰШƨƚĲШЮЮЮоéШƨŰŔƣƚЮШ[ŸƖШũŔŊőƣШĬƨƣǃШ
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ī The drum brake emitted much lower PM (< 1 mg/km/B and 0.5 mg/km/B for PM10 and PM2.5, respectively) due to its 

enclosed nature and the smallest WL/DM ratio 
ī Almost (37 to 45) % of the emitted PM falls in the ýne particle size, with this fraction being higher for the drum brake 
ī Approximately (50 to 65) % of the total brake mass loss falls in particle sizes larger than 10 Õm or gets lost before 

being measured 
ī EF for PM10 on two brakes compared to previous studies, with an average of 8.7 mg/km/B and 8.9 mg/km/B, 

corresponding to 25-27 mg/km/V, assuming a scaling factor of 3:1 
ī Except for one lab, PM's repeatability (expressed as covariance) on the reference brake (using a low-met formulation) 

was below 5 %. The repeatability of the same reference brake, with an NAO formulation, exhibited lower emissions 

levels and higher covariance 

ī The PM2.5/PM10 ratio and PM10/Mass loss ratio exhibited significant variability among labs, hinting at issues related to 

transport losses or overestimating PM10. Some labs exhibited systematic bias on either side of the average. Factors 

inducing variability in the ratios include transport losses (recirculation zones and long residence times inside the brake 

enclosure; gravitational or inertial losses in the tunnel while particles are transferred from the enclosureôs exit to the 

sampling probeôs inlet; possible anisokinetic and/or anisoaxial sampling while entering the sampling probe (noting 

that it could also lead to overestimating and not only underestimating emissions); isokinetic ratio (with most labs 

within 0.9-1.15); and variability in airflow control and airflow measurement methods 

ī The reproducibility (between-lab variance), after removing labs with significant deviations, for PM10 was close to 20 

% for most cases (ranging from 17 % to 62 %), while PM2.5 was higher (close to 30 %) and ranging from 28é47 %, 

indicating the need to harmonize further and restrict some options in the GTR 24 test method. Focusing the analysis 

on the labs that tested the van vehicle applications, which also exhibited a low count of non-compliance, the 

reproducibility is further reduced to 23 % (compared to 35 % with all labs included). 

ī Even though it exhibited low emission factors, the drum brake application exhibited a reproducibility comparable to 

all other brakes, building confidence in the ability of the GTR 24 method to work for low-emitting brakes 

ī Labs reporting PM2.5 emission factors twice as high as the average used inertia impactors, perhaps overestimating 

PM2.5 due to bouncing and inducing larger particles to settle on the PM2.5 impaction stage. To eliminate this possible 

source of variability, GTR 24 deprecates the use of inertia impactors. 

ī A special case occurred with a small sedan with NAO friction material with two distinct groups of results for emission 

factors and mass loss, behaving as if there were two different brakes. The latter is not a plausible explanation, as all 

the brakes came from the same batch and were assigned randomly to the labs. The low-loss group with three labs 

reported a mass loss of 1.8 Ñ 0.2 mg/km/B compared to 6.5 Ñ 0.9 mg/km/B for the high-loss group with six labs; PM10 

and PM2.5 were approximately three to five times lower than the emission factors of the high-loss group. 

The ILS3 results reported by [31] from the same working group looked at three brakes in two steps. This initiative 

included 16 labs from vehicle manufacturers, brake and friction vendors, research centers, technical services, and test 

system suppliers from Europe, the United States, and Japan. The team included organization and management (co-chaired 

by the JRC and BMW as the industry representative), a checklist committee to review the initial data for vetting and 

curation, and a data processing and analysis team to compile, assess, and detect abnormalities for event-based and time-

based data from the different labs. After scrambling and anonymizing the lab identification (for unbiased assessment and 

to avoid conflicts of interest or inadequate commercial use), the labs conducted two tests: cooling air adjustment, five 

bedding cycles, and three brake emissions cycles on new brake assemblies. Two labs retracted from the ILS3, so 81 tests 

(14 labs Ĭ 3 brakes Ĭ 2 tests per brake ï 3 non-compliant tests) were submitted for analysis. Initially, the labs embarked on 

a round of testing (with new hardware for the BMW X5 front brake) to assess the variation relative to the ILS2 and to 

allow all labs to validate their internal testing processes and workflow for data submission. The selection of the BMW X5 

obeyed the criteria of using a brake known to have a high level of emissions (not meant to be a Euro 7 compliant friction 

couple) to reduce the uncertainty of having some results close to the level of detection or reporting. From the ILS2 (with 

five labs and 15 data points) to the ILS3 (with 13 labs and 75 data points), the EF for PM10 remained around 9 mg/km/B 
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and 3 mg/km/B for PM2.5. The increase of labs and data points and further harmonization could have also improved (by 

reducing) the spread of results. The 95 % confidence limit for PM10 was reduced (own estimation from the original report) 

from (2 to 14) mg/km/B to (6 to 11.5) mg/km/B, and for PM2.5 from (1 to 5) mg/km/B to (1.5 to 4.25) mg/km/B. 

Upon confirmation of the validity of the first step of the ILS3, the working group completed tests on two different brakes, 

a Ford Puma (small sedan) and a Jaguar Land Rover (low-emissions). One important step before detailed data analysis 

was validating the emission background particle count before and after the test to confirm air cleaning was within the 

GTR 24 limit (less than 20 #/cmį as the average during a five-minute measurement). Except for one lab that exceeded the 

limit and two individual tests that were at the limit, the rest were well within the background limits for clean air supply 

during the tests. 

Regarding emission factors for particle mass, ÑċĤũĲШΥ shows the PM10 and PM2.5 average, standard deviation, and 

covariance (standard deviation as a percent of the average) for the three brakes under testing. The results confirm the GTR 

24's ability to differentiate performance among friction couples.  

The within-lab repeatability (as covariance) for PM10 on the BMW X5 and the Ford Puma was 3 % on average and about 

five times higher for the JLR (NAO). For PM2.5, the covariance was about 4 % for the BMW X5 and Ford Puma, and five 

times higher for the JLR (NAO) brake. 

Table 8 ш PM results from PMP ILS3 

Parameter PM10 PM2.5 

Brake  BMW X5 Ford Puma JLR (NAO) BMW X5 Ford Puma JLR (NAO) 

Labs 13 14 14 13 14 14 

Results (1) 75 82 79 75 82 79 

PM10 [mg/km/B] 8.7 4.7 1.4 Ƅ Ƅ Ƅ 

PM2.5 [mg/km/B] Ƅ Ƅ Ƅ 3.0 1.4 0.7 

Std. Dev. [mg/km/B] 1.4 0.45 0.4 0.8 0.35 0.2 

Intra-lab covariance 15.8 % 9.4 % 27.7 % 26.2 % 25.2 % 27.9 % 
(1) After removing cycles, self-declared as invalid by three labs 

The ILS3 also measured particle number (TPN10 and SPN10) as a standard output from the tests for total (as sampled) 

and solid (after removing volatiles using a catalytic stripper). ÑċĤũĲШΦ shows the TPN10 and SPN10 expressed as #/km, 
their corresponding standard deviation, and the 95 % confidence interval (CI) for cycle-to-cycle repeatability as a percent 

of the average for all labs with valid test results. Even though it is customary to express variation as a percent value, 

grasping the magnitude of the variation when dealing with physical units is more relevant. 

Table 9 ш PN results from PMP ILS3 

Parameter TPN10 SPN10 

Brake  Ford Puma JLR (NAO) Ford Puma JLR (NAO) 

Labs 14 14 14 14 

Results (1) 81 77 81 77 

TPN10 [#/km/B] 1.35E+09 1.14E+09 Ƅ Ƅ 

SPN10 [#/km/B] Ƅ Ƅ 1.50E+09 1.23E+09 

Ñ 2 ĬStd. Dev. [mg/km/B] 1.14E+09 6.39E+08 1.47E+08 7.99E+08 

95 % CI cycle-to-cycle 16.3 % 21.6 % 12.0 % 20.5 % 

 

Emission factors for light vehicles as part of CARBôs updates to the EMFAC2021 model 

As tailpipe emissions of PM from the light-duty fleet have decreased significantly, non-tailpipe PM emissions, such as 

brake and tire wear, have become more relevant and may substantially impact air quality near roadways. This research 

project8 was conducted to measure and analyze particulate matter (PM) emitted during light-duty vehicle braking to allow 

 
8ШőƣƣƓƚаооƽƽΞЮċƖĤЮĦċЮŊŸƻоƚŔƣĲƚоĬĲŉċƨũƣоǯũĲƚоΞΜΞΝрΜΠоΝΤÅ?ΜΝΣЮƓĬŉ 

https://ww2.arb.ca.gov/sites/default/files/2021-04/17RD016.pdf
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CARB to update emission factors in the Emission Factor inventory model (EMFAC), as well as to better understand the 

vehicle operational conditions associated with varying levels of brake PM emissions. This study utilized a brake 

dynamometer (in which the brake components of a single wheel are mounted and operated electronically) to measure PM 

emissions over a prescribed driving cycle. [ŔŊƨƖĲШΝΞ presents the vehicle-level results for each of the 6 tested models by 

three pad materials: Original Equipment Service non-asbestos organic (OES NAO), aftermarket NAO, and aftermarket 

Low-Metallic (LM). Vehicle-level emissions for each pad type are calculated by doubling the average front and rear 

single-wheel emission rates for each pad material type and then summing them.  

 

Figure 12 ш Vehicle level braking emissions by model and friction material 

Vehicle-level emission rates trended with vehicle weight within each pad material type. [ŔŊƨƖĲШΝΟ presents the vehicle 
level PM mass emission rate against the simulated vehicle test weight. From these results, the OES-NAO fit has the 

shallowest increase in emissions with weight and the LM fit has the highest increase with weight.  

 

Figure 13 ш Vehicle level braking emissions vs. vehicle test weight by friction material type 

Emission factors for light vehicles as part of the California Department. of Transport (Caltrans) and updates to the  

EMFAC2021 model 
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In 2021, Caltrans reported the results from a study to gather brake particulate matter (PM) data on a range of heavy-duty 

(HD) trucks and one light-duty (LD) electric vehicle with regenerative braking in [16]. The main objective was to measure 

brake PM on various (HD) truck classes and brake configurations representing Californiaôs truck fleet. Some highlights of 

the study include the following, when rolled up to full truck emissions: 

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

ī Class 8 trucks were estimated to produce nearly 150 mg/mi (93.2 mg/km/V) when accounting for the projected 50/50 

mix of drum and disc brakes within ten years. 

ī For individual wheel tests, Class 8-disc brakes on a drive axle under full load and low-speed brake-intensive operation 

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

ī The Tesla Model 3 exhibited a very aggressive regenerative braking strategy, reducing dependence on the vehicleôs 

disc brakes.  

ī As a result, the PM10 emissions for the Tesla Model 3 were quite low, with a full vehicle estimate of 1.42 mg/mi, 

which is about 44 percent of the Toyota Priusô full vehicle emissions level. However, the PM2.5 fraction based on filter 

data collected for the Tesla was relatively high, at 70 percent. 

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

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

real-world thermal regimes for dynamometer emissions testing  

[ŔŊƨƖĲШΝΠ overviews of PM10 EF for the different vehicle, brake, and axle positions.   

 

Figure 14 ш Emission factors result for Caltrans commercial vehicles 

Updates to the EPAôs MOVES5 

Upon completion of the two campaigns for lightðand heavy-duty vehicles, the United States Environmental Protection 

Agency conducted a systematic update to the emission factors for both vehicle categories, including hybrid and electric 

powertrains [32], [33]. In summary: 

MOVES5 includes updates to brake wear for light- and heavy-duty vehicles for model years 2011 and later, incorporating 

analysis of new data 

Å In general, the new PM2.5 brake wear rates are: 

ï Lower for light and medium-duty vehicles, light heavy-duty vehicles, and urban buses 
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ï Higher for other heavy-vehicle classes, most notably for heavy heavy-duty vehicles 

Å This results in an overall increase in PM2.5 emissions from brake wear, compared to MOVES4 

Å Particle size data from these studies also allowed us to update the PM10/PM2.5 ratios in MOVES 

ï The new data imply lower PM10 emission rates for all vehicle classes 

[ŔŊƨƖĲШΝΡ shows the effects of the new emission factors on total brake wear modelling through 2050. 

  

Figure 15 ш Effect of new emission factors on brake wear projections within MOVES5. Image released by source 

Emission factors using various test cycles 

The academia and industry studies on EF for particle mass and particle number have shifted significantly towards 

conducting laboratory-based measurements after publication of the GRPE-81-40 using the WLTP-B cycle and the 

subsequent GTR 24 from April 24, 2024 [6]. 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 tunnel 

[7]. Previous studies relied on wear vs. temperature cycles and city driving simulation [34], both exhibiting limitations 

due to reflecting high-energy or aggressive driving or lack of equivalent driving distance. The latter precluded the EC 

from reporting the EF as mg or particle count per unit distance, as mandated in the proposed Euro 7 regulation to enter 

into effect in November 2026. [35][36][7], [35], [36]ÑċĤũĲШΝΜ shows the data for the statistical assessment that follows. 

The statistical analysis initially evaluated the hypothesis that PM10 emission rates per brake pad material are (statistically) 

significantly different. The data entry includes summary results from 68 studies with varying conditions, including different 

test setups and test cycles. 

Table 10 ш Emission factors (EF) of full friction brakes at vehicle level for particulate mass (mg/km/V) or particle 
number (#/km/V) 

Index Year Source Powertrain Axle Type Pad Vehicle or 

Test Mass 

kg 

PM10  

mg/km/V 

average 

PM2.5 

mg/km/V 

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 

Test Mass 

kg 

PM10  

mg/km/V 

average 

PM2.5 

mg/km/V 

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 2.5 - 

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 3.3 2.3 

26 2022 [35] ICE n/a D LM 1400 7 
 

27 2022 [35] ICE F D ECE 2310 3.5 
 

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 [38]  ICE F D ECE 1719 5.4 
 

33 2019 [38]  ICE F D SM 1719 4.5 
 

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 

43 2020 [7]  ICE R D NAO 1665 2.55 0.9 

44 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 4.5 
 

50 2021 [40]  ICE n/a D ɁȷɃ n/a 0.882 0.618 

51 2021 [40]  ICE n/a D ɁȷɃ n/a 0.663 0.216 

52 2021 [40]  ICE n/a D ɁȷɃ n/a 0.483 0.294 

53 2021 [40]  ICE n/a D ɁȷɃ n/a 0.753 0.348 

54 2021 [40]  ICE n/a D ɁȷɃ 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 

Test Mass 

kg 

PM10  

mg/km/V 

average 

PM2.5 

mg/km/V 

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 n/a 18 4.5 

61 2024 [42] ICE R D ECE n/a 33 5.1 

62 2024 [42] ICE R D Ceramic n/a 6 2.4 

63 2024 [42]  ICE F D ECE n/a 63 12 

64 2024 [42]  ICE F D ECE n/a 29.4 4.5 

65 2024 [42]  ICE F D Ceramic n/a 4.5 1.8 

66 2024 [42]  ICE R D ECE n/a 13.5 3 

67 2024 [42]  ICE R D ECE n/a 18 2.7 

68 2024 [42]  ICE R D Ceramic n/a 3 2.55 

Table 10 ш continued 

Index TPN #/km/V 

average 

Sampling 

system 

Instrument Test setup Test cycle Comments 

1 - n/a Mass loss Mass loss  Estimate 

2 - n/a Mass loss Mass loss  Estimate 

3 - n/a Mass loss Mass loss  Estimate 

4 - Single probe PM On-road RDE - 

5 - Single probe PM Dyno RDE Wind tunnel, urban driving 

6 - Single probe PM On-road RDE - 

7 - n/a Mass loss Mass loss 

(Motorway) 

RDE On-road 

8 - n/a Mass loss Mass loss 

(Urban ï 

Motorway) 

RDE On-road 

9 - FE PM Dyno Accel-Decel Estimate 

10 - FE PM Dyno JC08 Dyno, JC08 cycle 

11 - FE PM Dyno JC08  

12 - FE PM Dyno RDE Dyno, RDE 

13 1.53E+12 FE PM,PN Dyno SAE J2707 Dyno, SAE J2707 

14 4.95E+11 FE PM,PN Dyno SAE J2707 Dyno, SAE J2707 

15 7.40E+11 FE PM,PN On-road LACT On road, LACT 

16 1.00E+10 FE SPN Dyno LACT Dyno, LACT 

17 1.20E+10 FE PM,PN On-road RDE On-road 

18 3.00E+10 FE PM,PN Dyno WLTP-B Dyno, WLTP-B 

19 - FE PM,PN Dyno WLTC Dyno, WLTP-E, OPC 

20 - FE PM,PN Dyno WLTC Dyno, WLTP-E 

21 - FE PM,PN Dyno WLTC Dyno, WLTP-E 

22 - FE PM,PN Dyno WLTC Dyno, WLTP-E 

23 - FE PM,PN Dyno WLTC Dyno, WLTP-E 

24 - FE PM,PN Dyno WLTC Dyno, WLTP-E 

25 - FE PM,PN Dyno WLTC Dyno, WLTP-E 

26 - FE PM,PN Dyno WLTP-B Dyno, WLTP-B 

27 - FE PM,PN Dyno RDE Dyno, RDE 

28 3.70E+10 FE PM,PN On-road RDE On road RDE 

29  FE PM Dyno RDE Dyno, RDE 

30  FE PM Dyno RDE Dyno, RDE 

31 1.20E+10 FE PM,PN On-road RDE On road RDE 

32 2.10E+14 FE PM,PN On-road RDE On road RDE 
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Index TPN #/km/V 

average 

Sampling 

system 

Instrument Test setup Test cycle Comments 

33 6.00E+13 FE PM,PN On-road RDE On road RDE 

34 3.00E+09 FE PM,PN Dyno CBDC Dyno, CBDC 

35 2.55E+09 FE PM,PN Dyno CBDC Dyno, CBDC 

36 2.64E+09 FE PM,PN Dyno CBDC Dyno, CBDC 

37 3.30E+09 FE PM,PN Dyno CBDC Dyno, CBDC 

38 4.50E+08 FE PM,PN Dyno CBDC Dyno, CBDC 

39 3.00E+09 FE PM,PN Dyno CBDC Dyno, CBDC 

40 7.20E+10 FE PM,PN Dyno CBDC Dyno, CBDC 

41 8.40E+10 FE PM,PN Dyno CBDC Dyno, CBDC 

42 4.50E+09 FE PM,PN Dyno CBDC Dyno, CBDC 

43 1.50E+09 FE PM,PN Dyno CBDC Dyno, CBDC 

44 3.30E+09 FE PM,PN Dyno CBDC Dyno, CBDC 

45 2.55E+09 FE PM,PN Dyno CBDC Dyno, CBDC 

46 1.35E+09 FE PM,PN Dyno CBDC Dyno, CBDC 

47 1.47E+09 FE PM,PN Dyno CBDC Dyno, CBDC 

48 9.60E+09 FE PM,PN Dyno WLTC Brake Dyno, WLTC 

49 3.20E+09 FE PM,PN Dyno WLTC Brake Dyno, WLTC 

50 1.38E+05 FE PM,PN,FMPS Dyno WLTC Brake Dyno, WLTC 

51 1.02E+05 FE PM,PN,FMPS Dyno NEDC Brake Dyno, NDEC 

52 1.26E+05 FE PM,PN,FMPS Dyno FTP Brake Dyno, FTP 

53 6.90E+04 FE PM,PN,FMPS Dyno LACT Brake Dyno, LACT 

54 6.60E+04 FE PM,PN,FMPS Dyno WLTP-B Brake Dyno, WLTP-B 

55 2.10E+10 FE PN Dyno LACT Brake Dyno, LACT 

56  FE SPN Dyno LACT Brake Dyno, LACT 

57  FE PM,PN Dyno WLTP-B Brake Dyno, WLTP-B 

58  FE PM,PN Dyno WLTP-B Brake Dyno, WLTP-B 

59  FE PM,PN Dyno WLTP-B Brake Dyno, WLTP-B 

60  FE PM,PN Dyno WLTP-B Brake Dyno, WLTP-B 

61  FE PM,PN Dyno WLTP-B Brake Dyno, WLTP-B 

62  FE PM, PN Dyno WLTP-B Brake Dyno, WLTP-B 

63  FE PM,PN Dyno RDE Brake Dyno, RDE 

64  FE PM,PN Dyno RDE Brake Dyno, RDE 

65  FE PM,PN Dyno RDE Brake Dyno, RDE 

66  FE PM,PN Dyno RDE Brake Dyno, RDE 

67  FE PM,PN Dyno RDE Brake Dyno, RDE 

68  FE PM,PN Dyno RDE Brake Dyno, RDE 

 

Using the data from ÑċĤũĲШΝΜ and focusing on fully enclosed brake sampling systems, the one-way ANOVA 

analysis for PM10 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  
DF 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 WLTP-B kinetic energy of 15,980 J/kg of vehicle mass, assuming an average vehicle mass of  

2000 kg and a nominal test duration of 4.3 h (7433 kJ/h = 0.21 bhp-hr), [ŔŊƨƖĲШΝΣ indicates that [43] while exhibiting a 

large variation, most of the fleet's current brake systems would exceed California's particle mass (PM) and Euro 7 particle 

count (SPN10) tailpipe regulatory limits. Working the calculation backward yields a maximum PM10 of 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 the non-exhaust results are in Region II, where PN and PM regulation 

limits are violated. Non-exhaust emissions can vary from 109 to 1013 p/km and 10 to 100 mg/km for PN and PM10, 

respectively, in most cases.  

 

Figure 16 ш SPN10 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] 

[ŔŊƨƖĲШΝΤ and [ŔŊƨƖĲШΝΥ show the results primarily from laboratory tests using the GTR 24 test method, which is the basis 
for future product development, type approval, conformity of production, and market surveillance. Some results will reflect 

EF from previous test cycles and be marked accordingly. In the graphs that follow, emission factors are for full brake 

assemblies for various vehicle classes, brake systems, and friction couple designs.   Laboratory brake assemblies or OEM 

brake systems were tested in an enclosure sampling system, using a brake dynamometer, and following the WLTP-B (brake) 

cycle. Sampling from a tunnel using cyclonic separators is followed by filters for PM and condensation particle counters 
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(CPC) for PN. PN refers to total PN > 10 nm, but only when the measured values were close to the solid PN. The initial 

screening suggests higher ECE PM10 emission rates for heavier vehicle classes, while there is no clear trend for the other 

brake pad types. Lastly, [ŔŊƨƖĲШΝΤ shows lower emissions rates for the NAO brake types, aligning with findings from other 
studies [7], [35], [36]. For PM2.5 EF, the initial screening suggests higher emission rates of ECE and LM PM2.5 under heavier 

vehicle classes, no clear trend for the other brake pad types, and Lower emissions rates for the NAO brake types. [ŔŊƨƖĲШΝΥ 
illustrates the EF PM10 and EF PM2.5 as a function of vehicle weight class and type of friction material. The emission factors 

for PM exhibit marked differences between emission inventories, studies with semi-enclosed systems, and studies with fully 

enclosed testing. The EF from emissions inventories is at least twice as high as measurements with a fully enclosed system. 

One explanation for this is that several inventories still use data from legacy studies that rely on high-energy cycles and 

older formulations, whereas newer tests use the WLTP-B cycle and current or newer friction formulations. Figures 17 to 20 

show box plots of emission factors categorized by different factors or criteria. 

 

 Figure 17 ш PM10 emission rates based on Table 10, which includes fully enclosed brake sampling systems 

 
ёċђ Â~ΤΣЮĲůŔƚƚŔŸŰЮŉċĦƣŸƖЮƓĲƖЮĤƖċťĲ 
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ёĤђ Â~ΥдΨЮĲůŔƚƚŔŸŰЮŉċĦƣŸƖЮƓĲƖЮĤƖċťĲ 

 

Figure 18 ш PM10 and PM2.5 per GTR 24 for different vehicle weight classes and friction material types 

The relationship between fine (PM2.5) and coarse (PM10) particles is also important for further characterizing the 

friction couple or comparing the behavior of different sampling systems. [ŔŊƨƖĲШΝΥError! Reference source not 
found. and [ŔŊƨƖĲШΝΦError! Reference source not found. show the results for the entire dataset, including 

multiple independent studies across various vehicle classes, brake systems, and friction couple designs. PM10 

emissions on a mg/km/B basis suggest that ECE brake pads have higher emission rates under heavier vehicle 

classes, while there is no clear trend for the other brake pad types. Lastly, [ŔŊƨƖĲШΝΥШтШPM10 and PM2.5 per GTR 

24 for different vehicle weight classes and friction material types suggests that the lower emissions rates are 

presented for the NAO brake types. 

Regarding the PM2.5 fraction, [ŔŊƨƖĲШΝΦ shows that higher ratio values suggest a larger fraction of coarse-mode 

(>PM2.5) particulates, with no clear trend across the different weight classes. High average PM2.5/PM10 values 

were identified under NAO brake pads for the heavier vehicle classes. The large variation in the ratio also points 

to the need (as stated in GTR 24) to measure the two fractions separately, as there are no clear trends or ratios that 

allow estimating one EF from the other. From the data analyzed, as shown in [ŔŊƨƖĲШΞΜ, brake discs with non-

traditional surfaces (HMC or CC) can exhibit a larger PM2.5 fraction than other formulations included in the 

analysis.  

 

Figure 19 - PM2.5 / PM10 ratio for several studies on different vehicles, brakes, and friction couples 
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Figure 20 ш PM2.5 / PM10 per brake pad and brake disk material with data from Table 11, which includes PM2.5 and 
PM10 using GTR 24 tests.  Brake 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 = non-asbestos organic 

Correlations between main metrics for PM and PN 

When multiple studies are involved and several factors (e.g., vehicle test mass, vehicle type, friction couple design) are 

present, scatter plot analysis can reveal associations or correlations that explain trends in EF. [ŔŊƨƖĲШΞΝ illustrates the 
pairwise correlations among PM10, PM2.5, PN, and vehicle test weight, with data grouped by friction material formulation 

type. The graphs include scatter plots at each intersection and histograms showing the distribution of results for each 

factor.  

[ŔŊƨƖĲШΞΝ indicates the following findings: 

a. When taking the entire set of results, there is a strong correlation between PM2.5 and PM10 

b. PN EF exhibits a broad trend to increase as PM2.5 or PM10 increases 

c. Due to the confounding of multiple factors without proper segregation within the studies, vehicle weight alone does 

not provide a useful prediction of PM or PN EFs, beyond indicating that when one measurand increases, the others 

tend to increase as well. 
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Figure 21 ш Pairwise correlation between PM10 / PM2.5 for several studies on different vehicles, brake types, and 
friction couples formulations 

[ŔŊƨƖĲШΞΞ depicts the behavior of isolating ECE brake pads. While most correlations exhibit similar behavior compared to 
the entire set of studies, the correlation is higher for ECE with vehicle weight than all formulations combined. Pearsonôs rĮ 

for EF PM10 v estimated GVWR increases from 0.25 for all formulations to 0.42 for ECE pads. For EF PM2.5, Pearsonôs rĮ 

remains about 0.37, and for EF PN, Pearsonôs rĮ increases from 0.4 to 0.62. 
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Figure 22 ш Pairwise correlation between PM10 / PM2.5 for several studies on different vehicles, brake types, and 
friction couples with ECE brake pad formulations 

Principal component analysis (PCA)  

PCA [44]is another tool for assessing the source of variation and the relation among factors. PCA aims to determine the 

minimum set of variables that explain most of the variation. Typical PCA uses two principal components to account for at 

least 80% of the variation. In this study, principal component 1 explains 69 %, and principal component 2 explains 21 %, 

corresponding to 90 % of the variation. PCA can help identify correlations between variables. ECE and NAO brake pads 

seem to follow PC2, which is mostly related to vehicle load. LM brake pads are strongly associated with PC1. This 

suggests that the emission performance of these higher friction pads is more closely associated with the generation of 

ultrafine particles during braking rather than the brake power itself. This finding aligns with studies showing that high-

friction brake pads, such as LM pads, produce many ultrafine particles due to their abrasive content and high-temperature 

performance. [7], [45], [46], [47]. The length of the vectors for the different variables indicates their respective 

contribution to total variance, with EF PM10 and EF PM2.5 exhibiting equal contribution and a strong correlation (as the 

vector directions and magnitude are almost identical). This effect is also visible in the scatter plots in [ŔŊƨƖĲШΞΝ and  

[ŔŊƨƖĲШΞΞ. [ŔŊƨƖĲШΞΟ shows the results of the PCA assessment. The eccentricity (deviation from the circular shape) of the 

different ellipses for the various materials also indicates how sensitive the given formulation is to the estimated GVWR 

for the vehicle. E.g., in this compilation, the LM materials (in green) have a larger scatter in emission factors (more 

eccentric) and are less sensitive to GVWR (low alignment between the major axis and the GVWR loading vector, 

comparted to the ECE materials (in red). The wide range of test setups, test conditions, and brake under testing, can also 

contribute to the scatter in test results. We found at least two studies [48], [49] applying the PCA approach to a systematic 

set of results, including the application of PCA to predict PM2.5 concentrations in the Beijing-Tianjin-Hebei region.  
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Figure 23 ш Biplots from Principal Component Analysis (PCA) for several studies on vehicles, brake types, and 
ŉƖŔĦƣŔŸŰЮĦŸƨƓũĲƚѢЮŉŸƖůƨũċƣŔŸŰƚЮĤċƚĲĬЮŸŰЮÑċĤũĲЮ11 using GTR 24 tests. Orange vector for PM10; purple for PM2.5, and 

red for PN 

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 the WLTP-B 

(brake) cycle. Sampling from a tunnel using cyclonic 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 close to 

the solid PN. 

ÑċĤũĲШΝΝ from [35] show emission 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 for light-duty vehicles, i.e., with the 

WLTP-B (worldwide harmonized light vehicles test procedure brake cycle), unless otherwise specified. Values 

in italics were calculated based on the vehicle classification and the default loading conditions from the GTR 24 

and common payloads for the different vehicle classifications 

Table 11 ш Emission factors measured during GTR 24 tests 

Index Year Source Vehicle 

type 

Axle Type Pad Test 

Mass 

kg 

Estimated 

GVWR 

kg 

U
S

 C
F

R
  

E
U

 L
D

V
 Comments 

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 
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Index Year Source Vehicle 

type 

Axle Type Pad Test 

Mass 

kg 

Estimated 

GVWR 

kg 

U
S

 C
F

R
  

E
U

 L
D

V
 Comments 

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 Mini van 

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 City car 

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 SUV 

24 2021 [35] 
 

F HMC LM 2250 2690 D J SUV 

25 2021 [35] 
 

F CC LM 2250 2690 D J SUV 

26 2021 [35] 
 

F CC LM 2250 2690 D J SUV 

27 2021 [35] 
 

F HMC LM 2250 2690 D J SUV 

28 2021 [35] 
 

F CC LM 2250 2690 D J SUV 

29 2022 [35] 
 

F D ECE 1800 2040 C F Luxury sedan 

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 SUV 

35 2023 [35] 
 

F D ECE 2623 2960 E C Mid-size 

36 2023 [35] 
 

R Drum n/a 1253 1490 B A Super mini 

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 Luxury sedan 

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 City car 
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Index Year Source Vehicle 

type 

Axle Type Pad Test 

Mass 

kg 

Estimated 

GVWR 

kg 

U
S

 C
F

R
  

E
U

 L
D

V
 Comments 

55 2023 [35] 
 

F D ECE 1200 1440 B B City car 

56 2023 [35] 
 

F D ECE 1250 1490 B B City car 

57 2023 [35] 
 

F D SM n/a 
   

Average  

58 2023 [35] 
 

F D Ceramic n/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 Large car 

64 2022 [51] HEV R D ECE 1195 1435 B B City car 

65 2022 [51] HEV R D SM 1195 1435 B B City car 

66 2022 [42] 
 

F D ECE 1993.5 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 2112.5 2550 D J SUV 

72 2023 [42] HEV F D HMC 2112.5 2550 D J SUV 

73 2023 [42] ICE R Drum LM 2040.5 2280 C C Mid-size 

74 2023 [42] ICE R Drum LM 2040.5 2280 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] SUV 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 Medium car 

90 2024 [54] ICE F D NAO 1600 1940 C C Medium car 

*Corrected with ×0.7/2 

U.S. CFR: 

Class AðNot greater than 1360 kg. (3,000 lbs.) Class BðGreater than 1360 kg. to 1814 kg. (3,001-4,000 lbs.) Class CðGreater than 1814 kg. to 

2268 kg. (4,001-5,000 lbs.) Class DðGreater than 2268 kg. to 2722 kg. (5,001-6,000 lbs.) Class EðGreater than 2722 kg. to 3175 kg. (6,001- 

7,000 lbs.) Class FðGreater than 3175 kg. to 3629 kg. (7,001-8,000 lbs.) Class GðGreater than 3629 kg. to 4082 kg. (8,001-9,000 lbs.) Class Hð

Greater than 4082 kg. to 4536 kg. (9,001-10,000 lbs.) Class 3ðGreater than 4536 kg to 6350 kg. (10,001-14,000 lbs.) Class 4ðGreater than 6350 kg 

to 7257 kg. (14,001-16,000 lbs.) Class 5ðGreater than 7257 kg to 8845 kg. (16,001-19,500 lbs.) Class 6ðGreater than 8845 kg to 11793 kg. 

(19,501-26,000 lbs.) Class 7ðGreater than 11793 kg to 14968 kg (26,001-33,000 lbs.) Class 8ðGreater than 14968 kg. (33,001 lbs. and over)  

according to [55] 

European Commission vehicle segmentation according to [56] 
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ÑċĤũĲЮΤΤЮшЮĦŸŰƣŔŰƨĲĬ 

Index Powertrain 

or Vehicle 

type 

Axle Type Pad Test 

Mass 

kg 

PM10 

mg/km/B 

PM2.5 

mg/km/B 

PN #/km/B PM10 

mg/km/V 

PM2.5 

mg/km/V 

1   F D LM 1500 4.6  4.90E+09 13.80  

2  F D ECE 1500 4.5 1.5 1.50E+09 13.5 4.5 

3  F D ECE 1200 2.5 1.2 8.00E+08 7.5 3.6 

4  F D NAO 1200 1.2 0.7 5.00E+08 3.6 2.1 

5  F D NAO 1200 0.4 0.2 1.00E+08 1.2 0.6 

6  F D ECE 1750 7.6 2.5 4.50E+09 22.8 7.5 

7  F D ECE 2150 12.2 4.8 8.70E+09 36.6 14.4 

8 ICE F D NAO 2500 1.2 0.5 1.10E+09 3.6 1.5 

9 ICE F D NAO 2500 0.7 0.4 8.00E+08 2.1 1.2 

10 ICE F D ECE 2950 0.8 0.5 8.00E+08 2.4 1.5 

11 ICE F D LM 2500 4.3 1.5 5.90E+09 12.9 4.5 

12 ICE F D LM 2950 7.1 2.1 3.20E+09 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+09 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 0.05  0.3 0.15 

21  F D ECE 1700 8.5 4.5 3.50E+09 25.5 13.5 

22  F D ECEopt 1700 2.2 1.1 1.50E+09 6.6 3.3 

23  F D LM 2250 4.7 2.4 1.00E+09 14.1 7.2 

24  F HMC LM 2250 2.1 1.2 1.30E+09 6.3 3.6 

25  F CC LM 2250 1.4 0.9 8.00E+08 4.2 2.7 

26  F CC LM 2250 12.4 6 4.60E+09 37.2 18 

27  F HMC LM 2250 3.4 1.8 2.50E+09 10.2 5.4 

28  F CC LM 2250 1.2 0.8 6.00E+08 3.6 2.4 

29  F D ECE 1800 4.5 1.45 3.40E+09 13.5 4.35 

30  F D LM 2000 4.2 2.1  12.6 6.3 

31  F D NAO 2000 1.2 0.5  3.6 1.5 

32  F D ECE 1600 6 2 2.00E+09 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+09 32.1 11.4 

35  F D ECE 2623 9.1 3.1 3.30E+09 27.3 9.3 

36  R Drum n/a 1253 0.5 0.3 1.70E+09   

37  F D ECE 2500 7.7 3 5.80E+09 23.1 9 

38  F D ECE 3390 9.4 4 8.10E+09 28.2 12 

39  F D LM 1660 5.3 2.8 4.30E+09 15.9 8.4 

40  F D NAO 1660 3.9 2.2 2.80E+09 11.7 6.6 

41  F D ECE 1660 1.5 0.9 5.10E+09 4.5 2.7 

42  R Drum n/a 2041 1.1 0.8 2.80E+09   

43  R Drum LM 2041 0.7 0.6 3.60E+09   

44  R Drum NAO 2041 0.3 0.3 3.40E+09   

45  F D ECE 2113 7.6 3.5 3.90E+09 22.8 10.5 

46  F HMC ECEopt 2113 1.6 1 1.40E+09 4.8 3 

47  F D ECE 2027 4.1 1.2 2.10E+09 12.3 3.6 

48  F D ECE 1840 6.5 1.8 5.00E+08 19.5 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 

or Vehicle 

type 

Axle Type Pad Test 

Mass 

kg 

PM10 

mg/km/B 

PM2.5 

mg/km/B 

PN #/km/B PM10 

mg/km/V 

PM2.5 

mg/km/V 

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+08 2.4 0.6 

62 PHEV F D NAO 1533 0.095 0.045 1.00E+08 0.285 0.135 

63 HEV F D ECE 1547 11.13 4.47 5.48E+10 33.39 13.41 

64 HEV R D ECE 1195   2.92E+08   

65 HEV R D SM 1195   2.18E+08   

66  F D ECE 1993.5 3.6 0.9 3.44E+09 10.8 2.7 

67  F D ECE 2524.7 5.9 2.1 2.10E+09 17.7 6.3 

68 ICE F D ECE 1659.5 5.3 2.8 4.30E+09 15.9 8.4 

69 ICE R D ECE 1659.5 1.5 0.9 5.10E+08   

70 ICE F D NAO 1659.5 3.9 2.2 1.80E+09 11.7 6.6 

71 ICE F D ECE 2112.5 7.6 3.5 3.90E+09 22.8 10.5 

72 HEV F D HMC 2112.5 1.6 1 1.40E+09 4.8 3 

73 ICE R Drum LM 2040.5 1.1 0.8 2.80E+09   

74 ICE R Drum LM 2040.5 0.7 0.6 1.10E+09   

75 ICE R Drum NAO 2040.5 0.3 0.3 4.90E+08   

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    11.13 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+09 15.3 5.4 

83 LCV F D NAO 1600 2.5 0.8 1.00E+09 7.5 2.4 

84 LCV F D ECE 1668 8.8 3.5 8.60E+09 26.4 10.5 

85 SUV F D ECE 2623 8.3 2.8 3.30E+09 24.9 8.4 

86 LCV R Drum  1253 1.2 0.2 1.70E+09   

87 VAN F D ECE 2500 7.7 2.9  23.1 8.7 

88 VAN F D ECE 3390 8.5 3.3  25.5 9.9 

89 ICE F D LM 1600 5 1.8 4.50E+09 15 5.4 

90 ICE F D NAO 1600 5.4 2.4 8.26E+09 16.2 7.2 

* Divided by 2.83 to convert from vehicle to 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 = light-commercial vehicle; LM = low 

metallic; NAO = non-asbestos organic; SUV = sports utility vehicle 

ÑċĤũĲШΝΞ from [35] list the main emissions inventories currently in place and their respective limits for PM. 
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Table 12 ш Light-duty vehicles' brake emissions are based on emission inventories (mg/km/V) 

Year PM10 PM2.5 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 1.3 EEA, COPERT (PC BEV) 

2022 12 4.8 EEA, COPERT (LCV N1-I) 

2022 17 6.7 EEA, COPERT (LCV N1-II/III)  

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, MOVES3 (PC) 

2020 15.3 1.9 US EPA, MOVES3 (LCV) 

2021 3ï10 1ï3 CARB, EMFAC (PC) 

2021 14 4.5 CARB, EMFAC (LCV) 

2021 9.1 3.6 DCE, (PC) 

2021 10 - PBL NL (PC) 

The emission factors for PM exhibit significant differences between emission inventories, studies using semi-enclosed 

systems, and studies employing fully enclosed testing. The EF from emissions inventories is at least twice as high as 

measurements with a fully enclosed system. One explanation for this is that several inventories still use data from legacy 

studies that rely on high-energy cycles and older formulations, compared to newer tests using the WLTP-B cycle and 

current or recent formulas. [34], [41], [45], [50], [57], [58], [59].  

ΝΤЮΝЮΞ ÑŔƖĲƚ 
On contributions to microplastics from road transport tires 

A recent review study [18] relied on about 300 measurements, indicating a mean abrasion of 110 mg/km/V or  

68 mg/km/tonne for passenger cars. To assess the abrasion rate experimentally by tire mass loss, the vehicle (typically on 

a convoy with one vehicle fitted with a reference tire) is driven between 5000 km and 15,000 km. Tires fitted on the front 

of the front-wheel-drive (FWD) can account for between 60 % and 85 % of the total tire mass loss for the vehicle. For 

rear-wheel-drive (RWD), the rear tires can contribute to about 71 % of the total tire loss. ÑċĤũĲШΝΟ from the same study 

summarizes the studies of the abrasion levels and the spread of results. For the tire 205/55 R16, abrasion rates from  

25 mg/km up to 227 mg/km have been reported, with most values falling in the (50 to 125) mg/km range. Several studies 

[60] highlight that, like brakes, tires exhibit higher wear rates during the first few thousand kilometers of driving, 

decreasing from about 240 mg/km after driving 1000 km to about (44 to 63) mg/km after 7000 km. The same study 

includes a simplified representation of the main factors and measurements needed to understand the role of tire abrasion 

on microplastics and pollution from particulate matter.  

Table 13 ш Abrasion rates of various tires determined from on-road test 

Year No. of Tires Ĭ  

Types of Tires 

Vehicle Abrasion 

mg/km 

Comment 

2013 1 Ĭ 175/70 R13 n/a 127   

2013 2 Ĭ 185/60&70 R14 n/a 132   

2013 1 Ĭ 195/65 R15 n/a 149   

2013 4 Ĭ 205/60-70 R14&15 n/a 141 (125ï154) Data (per tire) from the Russian Federation, based on 

mass loss and average travel distance. They were 

multiplied by four, assuming they were based on both 

front and rear wheels. The exact number of vehicles is 

not provided 

2013 1 Ĭ 215/65 R16 n/a 119   

2004 195/65 R15 FWD 56 36,000 km (motorway), 90ï94 km/h 
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Year No. of Tires Ĭ  

Types of Tires 

Vehicle Abrasion 

mg/km 

Comment 

2004 185/65 R14 FWD 67 40,370 km (motorway), 65ï75 km/h 

2004 145/80 R13 RWD 86 11,300 km (urban), 43ï51 km/h 

2004 185/65 R14 FWD 193 3665 km (urban), 60ï64 km/h, misaligned wheels 

2004 175/70R FWD 85 15,000 km (rural), 61ï66 km/h 

2022 Gasoline 1370 kg - 158   

2022 Diesel 1395 kg - 168 Based on tread depth loss, a 550 km test track with 

asphalt concrete (KS F 2349, b19 mm). 50 km/h (3 h), 

80 km/h (2 h), and 110 km/h (2 h). 

2022 Electric 1665 kg - 202   

2022 ICEs - 72 (36ï105)   

2022 Hybrids summer - 53 (26ï91)   

2022 Hybrids M + S - 112 (56ï175) Based on tread depth loss, 76 taxis in Rome (Italy) and 

Athens (Greece). Hybrids (Toyota-Auris) and ICEs 

(Ġkoda Octavia) had a similar curb mass. 

2022 Hybrids winter - 160 (109ï180)   

2022 18 Ĭ (models) Mercedes C-class ĭ 67 (38ï161) 5000 km (motorway) in the U.K. 

2021 6 Ĭ 205/55 R16 91 Peugeot 308 37ï63 15,000 km (65% rural, 30% motorway) in France, 71 

km/h, LoAS 0.68 m/sĮ, LaAS 0.87 m/sĮ 

2022 2 Ĭ 205/55 R16 91 VW T-Roc 217ï227 7000 km (39% motorway, 31% rural) in Spain 

2021 4 Ĭ 205/55 R16 [S] VW Golf 8 91 (70ï115) Į France and Germany up to 24,000 km, at temperatures 

from 7 ÁC to 25 ÁC (summer tires) and 4 ÁC to 16 ÁC 

(winter tires). 

2021 6 Ĭ 205/55 R16 [W] VW Golf 7 94 (58ï163) Į   

2021 2 Ĭ 235/35 R19 [S] VW Golf 8 92 (59ï123) Į   

2022 14 Ĭ 185/65 R15 [S] VW Polo 89 (58ï126)   

2019 16 Ĭ 185/65 R15 [S] VW Polo 93 (59ï124)   

2019 16 Ĭ 185/65 R15 [W] VW Polo 109 (85ï109)   

2021 15 Ĭ 205/65 R16 [S] VW Golf 7 118 (82ï151)   

2020 15 Ĭ 205/65 R16 [W] VW Golf 7 121 (86ï149) 15,000 km (55% rural, 40% motorway) in Germany,  

85 km/h average speed 

2016 7 Ĭ 205/65 R16 [M + S] VW Golf 7 117 (82ï152)   

2020 16 Ĭ 225/40 R18 [S] VW Golf 7 130 (115ï157)   

2021 16 Ĭ 195/65 R15 [W] VW Golf 7 139 (100ï171)   

2023 50 Ĭ 205/65 R16 91 [S] (VW Golf 7) 125 (56ï202) Į 35 on a drum, 19 on-road 

2023 5 Ĭ 245/45 R19 102 [S] BMW X1, iX1 171 (134ï202) į 15,000 km (50% rural, 35% motorway) in France 

ĭ RWD; Į assuming 1.6 t vehicle mass; į assuming 2.28 t vehicle mass. FWD = front-wheel-drive; ICE = internal combustion engine; LaAS = lateral 

acceleration standard deviation; LoAS = longitudinal acceleration standard deviation; M + S = mud and snow; RWD = rear-wheel-drive; S = 

summer; W = winter. Example: 50 Ĭ 205/65 R16 91 [S] means 50 summer [S] tires were tested with 205 mm width, a 65% aspect ratio (distance 

between the wheel and the edge of the tire to the tire width), radial R construction, a 16-inch rim size (internal diameter of tire), and a 91 load index 

(å615 kg). 

[ŔŊƨƖĲШΞΠ from [18] provides a visualization of the level and spread of abrasion rates for different regions, along with the 

weighted mean for all studies (on the rightmost bars). 
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Figure 24 ш Summary of tire abrasion rates in various countries. Error bars show minшmax. Numbers indicate the 
number of tires. The small horizontal lines indicate the weighted mean of all studies. Image from open source [15] 

No studies with dates after 2000 exist until results from the ongoing market assessments for commercial vehicle tires (C3) 

are available.  

Even though there are limited studies, the PM10 emissions were (1.4 to 2.2) mg/km per tire, and particle number emissions 

were 1010 #/km per tire. The ratio of PM10 to total abrasion was 2.5% on average, which can be attributed to the sampling 

system used or the actual behavior of the tire. Lastly, the PM2.5/PM10 ratio was estimated to be around 40%. ÑċĤũĲШΝΠ 
shows PM EF for different tires tested under various conditions. A 2014 review concluded that the ratio of PM10 to total 

abrasion is less than 10% [25]. Another recent study reported in [18] argued that this ratio (PM10 to total tire abrasion) can 

be as low as 1.5 % on average, which agrees with recent studies (1.5 % to 3 %). In general, PM10 is assumed to be (2 to 

10) % of the total tire abrasion. ÑċĤũĲШΝΠ provides some percentages reported. The mean value is 2.5%, or 1.9%, weighted 

by the number of tires tested in each study. For PM2.5, the values were 1.6% and 1.0%, respectively. 

Table 14 ш Particulate matter (PM) values (per tire) and ratios 

Year No. of 

Tires 

PM10 

mg/km 

PM10/ 

Abrasion 

PM2.5 

mg/km 

PM2.5/ 

Abrasion 

PM2.5/PM10 Comments 

2005 2 (9ï11) - 1ï2 - 0.11 Road simulator 

2010 3 types {0.9} - - - - Up to 350 mg/km1 

2013 1 - - - - 0.73 On-road 

2018 5 - - - - 0.45 Road simulator 

2018 4 0.05 1.5 % 0.04 1.20% 0.82 Drum, abrasion 3.4 mg/km 

2018 1 0.01 0.3 % 0 0.10% 0.55 Drum, abrasion 3ï9000 mg/km 

2019 5 - - - - 0.7 Drum 

2020 4 1.9 - - - - Road simulator 

2021 1 - - - - 0.25 Abrasion device 

2021 1 1.7 3.7 % 1.3 3.30% 0.76 Drum-like 

2022 3 2.2 - 0.4 - 0.16 Drum2 

2022 4 0.9 - 0.2 - 0.23 Drum 

2023 3 - 2.4 %3 - 0.20% 0.08 On-road 

2024 9 0.4 - 0.1 - 0.15 Drum 

Average - 2.2 (1.4)4 2.5 % 0.5 1.60% 0.42 - 

Weighted average - 1.9 (1.1)4 1.9 % 0.3 1.00% 0.37 - 
1 the value in {é} not considered in the analysis. The value of the summer tire was calculated using a factor of 100 less than the studded tire, based 

on the graphs of the study and dividing by four; 2 the values reported for vehicles were divided by four; 3 the original study assumed an abrasion rate 

of 120 mg/km, so the percentages were recalculated using 110 mg/km; 4 the value in parenthesis (é) was calculated without the studies with values 

in parenthesis (too high or too low PM). 

PM emission factors exhibit a large range of values, with emission inventories using values between 5.8 and 11 mg/km.  
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Using a comprehensive approach to national tire wear emissions 

Study [14] tackles the question of tire emissions with two approaches to provide input for environmental assessments. 

One method uses a mileage approach combining emission factors measured directly for passenger cars and LDV, and 

emissions factors from literature for HDV for tire wear and vehicle kilometers. The second method validates the process 

by using tire recycling/sales/material flow statistics. The calculations yielded slightly lower overall emissions than legacy 

estimates, higher for passenger cars and LDV (more than 50 % of the total), and lower for HDV and motorcycles. This 

study relies on estimates that tires emit approximately 1.3 million tons of different compounds, microplastics, and 

particulate matter of varying sizes each year in the EU. The mileage approach enables greater detail for specific vehicle 

types and traffic activity data, including a split between urban and rural roads and motorways. It assesses the impact of 

potential regulations and measures on TWP emissions, including the Euro 7 emission standard. However, climate, road 

topology, and road surface properties influence tire wear; hence, national emission factors are expected to differ. The 

study relied on direct laboratory measurements for tire wear on light-duty vehicles and adapted literature-based emission 

factors for HDVs and buses. For a mileage approach, the study combined results or values for the average yearly traveling 

distance per vehicle, the number of tires in traffic, and the EF. Computation also incorporates factors for the mix of road 

types and then combines them with the mix of traveling distances to determine an emission factor for a tire type. For the 

sales approach, the calculation assumes stable tire wear throughout the tire's life. It combines the number of tires replaced 

(not relying solely on sales figures) in the fleet with the average weight loss during the tire's lifetime. It should be noted 

that the abrasion rates are much higher during the first 1000 km driven, decreasing slowly or even stabilizing after 5000 

km [61]. For passenger cars and LDVs, it is important to account for changes in vehicle miles driven. In Sweden, between 

2000 and 2019, the number of LDVs increased by 30 %, and the miles driven doubled. Between 2010 and 2019, the miles 

driven by passenger cars increased by 1 %, while LDV increased by 23 %. This study includes data and highlights the 

need to determine emission factors for a given geography (state, county, or region), including at least the following factors 

to validate the estimates: 

ī Vehicle mileage, number of vehicles, and tires in traffic (active fleet) 

ī Number of tires (per type or vocation) yearly replaced, scrapped, and installed in new vehicles (using vehicle 

registration data instead of vehicles sold) 

ī Estimates for tire life or replacement rates 

Upon computing the estimates, the study suggests that only lifetime, total mass loss over the tireôs lifetime, and total 

number of tires in use are important for the forecast. This approach offers useful simplifications to compensate for the 

lack of detailed data in a comprehensive study. Based on this study for Sweden, the tire wear emission factors for summer 

and the overall average (including non-studded and studded) were reported as: 

ī Combined EF (mg/tire/km): 22 for summer 

ī Passenger cars EF (mg/tire/km): 21 for summer and 23 for average 

ī LDV EF (mg/tire/km): 28 for summer and 29 for average 

For heavy-duty vehicles (HDVs), the study considers domestic, international, and foreign transport, combining 

government data with modeling and surveys, which yields notably different estimates for vehicle mileage: 4.6 Ĭ 109 km 

and 3.6 Ĭ 109 km, respectively. The main contributors to total distance were vehicles 60-70 metric tons GVW with 55%, 

26-28 metric tons with about 13 %, and vehicles 14-20 metric tons with about 7%. Further subdivisions based on GVW 

(3.5-16 metric tons, 16-26 metric tons, and above 26 metric tons) and vehicle types (road tractor with trailer, rigid truck 

with trailer, and rigid trucks). EF (including airborne and larger particles) or tire wear (was (50-61 mg/tire/km) for straight 

trucks and (38-50 mg/tire/km) for tractor units. The background study did not provide details to explain the differences in 

the estimates.  

Regarding buses (divided into two main categories, those under and over 18 metric tons), the study estimated 9.3 Ĭ 108 

km driven in 2019, relying on partial data that is publicly available. Unfortunately, this study had to rely on EFs derived 

before 2000 for their estimates of 170 mg/tire/km. For heavy trucks, the study used primarily tire sales and lifetime wear 

(from about  

600 000 tires in 2018-2019), with 60 kg of average weight for new tires and 10-15 % weight loss during usage. When 
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combining all the above information and estimates, the study reports that passenger cars, light-duty vehicles, and domestic 

heavy-duty vehicles account for 91 % of the total tire wear emissions in metric tons per year in Sweden. Buses and 

foreign heavy-duty vehicles account for 9%, with international heavy-duty vehicles and motorcycles accounting for the 

remaining 1%.  

[ŔŊƨƖĲШΞΡ illustrates the split of tire wear emissions (tonnes/year) by road type and vehicle category for Sweden, using the 

mileage approach. 

 

Figure 25 ш Total 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 to recent studies, 500,000 tons of tire abrasion are released annually in the EU, accounting for an estimated 

one-third of all microplastics emitted in Germany alone. ADAC [62] has developed extensive studies and methodologies 

combining real-life driving and laboratory testing to reach maximum wear limits (based on tread depth). According to this 

study, the average tire wear per vehicle was 118 g/1000 km, calculated by combining results from summer, winter, and all-

season tires across five tire sizes and 15 tire brands. [ŔŊƨƖĲШΞΣ depicts the aggregate values per brand. 
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ёċђ ƻĲƖċŊĲЮƣŔƖĲЮƽĲċƖЮƓĲƖЮĤƖċŰĬ 

 
ёĤђ fŰĬŔƻŔĬƨċũЮƻċũƨĲƚеЮċƻĲƖċŊĲеЮċŰĬЮĬŔƚƓĲƖƚŔŸŰЮƓĲƖЮƣŔƖĲЮƣĲƚƣĲĬ 

Figure 26 ш tire wear for 25 brands and five tire sizes from ADAC  2022 

Some of the main findings related to tire wear are the following: 

ī On average, the tire abrasion of a vehicle is around 120 g/1 000 km. 

ī There is a tendency for tire abrasion to be slightly lower on summer tires than on comparable winter tire sizes. 

ī In almost all tire sizes tested, you can find tires that achieve a low tire abrasion of < 100 g/1 000 km. 

ī One exception is the summer tire size 225/40 R18. In this size, the racing tire models received special attention in the 

tests, and it was concluded that they all have above-average tire abrasion. 

ī The summer tire size 195/65 R15 is also conspicuous. Tires designed for compact vehicles and vans typically have 

very high tire abrasion levels for this size. Whether this tire size has design disadvantages or the manufacturers are 

using outdated tire technology has not been clarified. 

ī There are tire models in all sizes with low abrasion and good driving safety. 

ī Tires with low abrasion do not necessarily lead to an increased risk of aquaplaning, as the aquaplaning features 

depend entirely on the tread design and depth and not on the rubber compound. 

ī In the case of winter tires, it is evident that tires with low abrasion tend to provide poorer snow performance. 

However, some tires effectively reconcile this conflict of objectives while still providing acceptable performance in 

snow with low abrasion. 

ī Especially in the case of racing tire sizes and so-called ultra-high-performance tires (UHP), the focus often seems to 

be placed only on high-performance stability on dry roads. The tire abrasion associated with this is rarely the focus of 

many manufacturers. However, the above-average tire performance on dry roads provides hardly any additional safety 

advantages in normal road use since the borderline range is extremely high. At best, these tires are good for racing. 
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ī The 185/65 R15 tire size stands out. In this tire size, which is suitable for small cars, many models produce 

significantly less than 100 g/1 000 km of tire abrasion, especially among the summer tires 

Another study from ADAC [13] reported relationships between abrasion level, tread depth, and mileage, as shown in 

[ŔŊƨƖĲШΞΤ. 

  

ёċђ ĤƖċƚŔŸŰЮƻЮƣƖĲċĬЮĬĲƓƣő ёĤђ ĤƖċƚŔŸŰЮƻЮůŔũĲċŊĲ 

Figure 27 ш Abrasion, tire tread, and mileage correlations 

ΝΤЮΝЮΟ ÅŸċĬШ 
From [18] multiple reported values from on-road tests include a significant percentage of road wear particles and 

resuspension. For several emission inventories, road wear particles are at the same level as tire abrasion in terms of mass 

[63]. Another review also found similar levels of tire and road wear PM emissions. An on-road study with sampling 

behind the tire found that tire abrasion particles accounted for less than 27% of the total PN measured and 65% of the 

mass (including brakes and road resuspension). An analysis of a roadside sample from a bus stop found that asphalt 

particles were more than tire abrasion particles. 

ΝΤЮΞ ÑĲƚƣШůĲƣőŸĬƚШƣŸШŊĲŰĲƖċƣĲШŰŸŰрƣċŔũƓŔƓĲШÂ~ 

ΝΤЮΞЮΝ 7ƖċťĲƚ 
The landscape of test methods and setups for brake emissions has undergone significant evolution since the first 

experiments over 25 years ago. Results in the systematic review are based on laboratory and on-road tests using fully-

enclosed, semi-enclosed, and open-probe sampling brake emission techniques. Regarding the test cycles, the studyôs 

results presented are based on the test cycles summarized in the following ÑċĤũĲШΝΡ.  
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Table 15 ш Characteristics of test cycles used worldwide for assessing vehicle emissions 

Test cycle Brake 

stops 

Initial velocity (range)  

km/h 

Deceleration (range)  

m/s² 

Test 

duration 

Driving distance  

km Source 

SAE J 2707  20 50-100 4 20 min ~8 [64] 

ISO 26867 143 80-200 0ī1.7 - - [65] 

3h-LACT 217 9-154.3 0.2-2.88 3 h 150 [66] 

SAE J2522 8ī18 80-200 0.5-1.7 ~12 h - [67] 

WLTP-B 303 7.58-135.19 0.49-2.18 4 h 24 min 192 [40] 

BSL-035 1000 65 2.94 - -  

WLTC 51 56.5ī131 1.05ī1.66 30 min 23 [40] 

NEDC 18 15-50 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 0.28-3.3 4 h 9 min 131 [16] 

 

This paragraph focuses on three main test methods: the Global Technical Regulation GTR 24 from the European Union, 

the California Brake Dynamometer Cycle (CBDC) for light vehicles, and Caltrans cycles for heavy-duty vehicles. The 

second part of the paragraph provides brief descriptions of R&D setups to measure volatile organic compounds. Other 

methods, including pin-on-disc, chassis dynamometer, and on-road testing, are described in detail elsewhere [34].  

Global Technical Regulation 24 from the European Union for light vehicles 

Test setups for brake emissions testing have reached a level of maturity over the past few years since the release of the 

new GTR 24 [6]. The Second Amendment of the United Nations Global Technical Regulation GTR 24 and the conversion 

into a United Nations Regulation are under development at the time of completing this systematic review [70]. The latest 

draft of the intended UN regulation includes updates on type approval process and minimum items to report, computation 

of emission factors combining results from both brakes (front and rear), sampling devices, sampling probes arrangement, 

brake drag measurements, kinetic energy calculation, and decimal places, among other updates[71]. This document was 

published after the completion of this report, so the reader is encouraged to become familiar with the last update to the 

draft regulation [71]. 

The actual development and other details (including the 1 Hz time-resolved speed trace) on the WLTP-B cycle were 

presented in [46]. 

After the statement of technical rationale and justification in paragraph I, paragraph II of the GTR 24 provides the 

following: 

ī Paragraph 3 with Definitions for vehicle and brake dynamometer settings, test setup, brake hardware, WLTP-Brake 

cycle, PM and PN measurement, test system, and non-friction braking. Some important definitions include the 

following: 

ñVehicle test massò 

 

ñRoad loads,ò fixed as 13 % of the test mass 
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ñAverage-byцƣŔůĲњШыůΝ³ƣΝШҼШůΞ³ƣΞШҼůΟ³ƣΟШҼШвьоÑ 

:òAverage-by-distanceò (m1³d1 + m2³d2 +m3³d3 + é)/D 

 

ñBrake acceleration event" means a measurable period during which the linear speed increases to a predetermined set 

value at a known rate. This event always precedes a brake-cruising or brake-deceleration event. 

"Brake cruising event" means a measurable period during which the (non-zero) linear speed is constant. 

"Brake dwell event" means a measurable and predictable brake pause at zero speed during the cycle. 

"Nominal brake deceleration event" means a measurable period during which the nominal linear speed decreases at a 

known rate to a predetermined release speed during the cycle. The nominal deceleration event is identified using the 

fast nominal linear speed signal as per paragraph 9.4.3 (i). 

"Deceleration rate" means the total rate of reduction in the vehicle's linear speed induced by the application of the 

service brake, the road loads, and the non-friction torque from the electric machine. 

 

"Solid particle number emissions" means the number of solid particles emitted from the brake under testing per [72] 
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ñResponse timeò [é] Difference in time from the reference point to the measurement system per яΤΟѐ. 

 

ī Paragraph 4 with abbreviations and symbols 

ī Paragraph 5 has general requirements for brake emissions families for original, identical, and non-original 

replacement as a function of brake design and vehicle application for disc or drum brakes. In addition, this paragraph 

provides Table 5.3 with the default friction braking share coefficient for all vehicle types per ÑċĤũĲШΝΣ. 

Table 16 ш Friction brake share coefficient for all vehicle types per Table 5.3 from GTR 24 

 
ī ParagraphЮ6 provides an overview of the test for full-friction braking, including cooling adjustment, brake bedding, 

and brake emission measurements, as shown below. 

Step
Input
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(a) (b)

(c)

(d)
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<0.1s

(a)  Delay time
(b) Rise time
(c) Transformation time
(d) Response time

t0

Brake type Vehicle Electrification Type 

Friction Braking  

Share Coefficient (c) 

   Full-friction braking ICE and other vehicle electrification 

types not covered in the non-friction 

braking categories in this Table  

1.0 

Non-friction braking* NOVC-HEV Cat. 0 **  0.90 

NOVC-HEV Cat. 1 0.72 

NOVC-HEV Cat. 2 0.52  

OVC-HEV 0.34 

PEV 0.17 
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ī Paragraph 7 details the test system, providing two indicative layouts without and with a 90Á bend in the sampling 

tunnel downstream from the brake enclosure, as illustrated in Figure 12(a) and 12(b), respectively (of the GTR 24). 

 

Note: (a) The layout has the sampling tunnel 

connected directly to the brake enclosure and 

assumes four sampling probes (a three-

sampling probe layout is also feasible). The 

brake dynamometer is not depicted but only 

denoted (grey area)  

 Note: (b) The layout has a bend downstream 

of the enclosure and upstream of the sampling 

plane and assumes four sampling probes (a 

three-sampling probe layout is also feasible). 

The brake dynamometer is not depicted but 

only denoted (grey area)  
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The same paragraph represents the main subsystems of a GTR 24 brake dynamometer setup, with:  

1  Climatic conditioning unit with variable flow blower(s), air temperature, and air humidity control  

2  Cooling air filtering medium  

3  Cooling air temperature and humidity sensors placed upstream of the brake enclosure  

4  Brake enclosure  

5  Brake assembly connected to the brake dynamometer  

6  Brake dynamometer (not depicted but only denoted in grey)  

7  Sampling tunnel  

8  Sampling plane with the corresponding PM and PN sampling probes  

9  Instruments to collect PM mass and measure PN concentrations  

TPN10, SPN10 Systems to control, measure, and output signals of TPN10 and SPN10  

PM2.5, PM10 Systems to control sampling flow, sample brake particulate matter on filters, and output signals  

10  Airflow measurement elements placed downstream of the sampling plane  

Symbols  Per GTR 24 [70] 
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ī The same paragraph 7 classifies all the elements of the test setup into five systems: 

S1 ï Brake dynamometer 

S2 ï Automation, control, and data acquisition system 

S3 ï Climatic conditioning unit  

S4 ï Brake enclosure and sampling plane  

S5 ï Emissions measurement system  

 
ī Paragraphs 7, 8, and 12, combined, provide the requirements related to: 

Cooling air conditioning level and tolerances per ÑċĤũĲШΝΤ. 
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Table 17 ш Summary 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 (Qset) per paragraph 

10. 

Average value: Maximum 

permissible tolerance 
Ñ2 C  

(21 C Ò T Ò 25 C) 

±5 %  

(45 % Ò RH Ò 55 %) 

±5 % of Qset 

Instantaneous values 

(1Hz): Maximum 

permissible tolerance 

Ñ5 C  

(18 C Ò T Ò 28 C) 

±30 %  

(20 % Ò RH Ò 80 %) 

±5 % of Qset 

Instantaneous values 

(1Hz): Permissible 

deviation beyond the 

maximum permissible 

tolerance 

Not defined Not defined ±10 % of Qset 

Instantaneous values 

(1Hz): Maximum time 

exceeding the maximum 

permissible tolerance 

10 % of each test sectionôs 

duration 

10 % of each test sectionôs 

duration 

5 % of each test sectionôs 

duration 

Climatic conditioning unit with Qmin = (100 to 300) mį/h; Qmax Ó (Qmin + 1000 & Ó 5ĿQmin) mį/h; Shall consist of a 

variable flow blower able to supply conditioned cooling air  

Cooling air cleaning with efficiency Ó 99.95% or Ó HEPA 13 filter; PNC zero verification Ò 0.2 #/cmį; Tunnel 

background Ò 20 #/cmį; applies to 5-min average for TPN & SPN; Measure system level, pre-and post-test 

Cooling airflow measurement and control at Ó 5di downstream & Ó 2di downstream; average airflow for the section 

and maximum airflow at  1 Hz Ñ 5% Qset; allow Ñ 10% Qset for Ò 5% section time; report actual and normalized 

conditions; 2-min leak check Ñ 5% Qset; Sensorôs accuracy: Ñ 2% Qset;  Ñ 1 ÁC; Ñ 0.4 kPa 

The brake dynamometer is a technical system that provides controlled kinetic energy to the brake under test. It 

primarily transforms rotational kinetic energy into thermal energy. 

Brake enclosure being symmetrical on both axes; horizontal inlet/outlet; smooth transition & finish;  

L (1200 to 1400) mm; H (600 to 750) mm; D (400 to 500) mm; cone/trapezoid angle (15Á to 30Á);  

2-min measurement, 9-point measurement for inlet speed variation within Ñ 35% (225 mm from axis); 2di entry round 

duct; stainless steel with electropolish; Re > 4000 at entry 

Sampling tunnel with constant diameter duct between the outlet of the brake enclosure and the inlet of the sampling 

probes; round with no changes in cross-section; inner diameter di (175 to 225) mm; maximum one bend with Ò 90Á 

and radius Ó 2di; stainless steel + electropolish; minimal accumulation of debris Ò 10 Õm; sampling plane Ó 6di 

downstream from, and Ó 2di downstream of nearest disruption 

Sampling plane with all nozzle tips shall be at the same cross-section in the tunnel; PM2.5 and PM10 probes at the same 

horizontal plane to the lower part of the tunnel; 4-probes layout allowing the use of a single sampling probe for PN 

with a flow splitter 

Brake assembly with the axis of rotation concentric with enclosure axes; use only L0-U or L0-P fixture; low residual 

torque and vibration; mounting to tailstock, caliper, or backing plate, disc or drum; connecting to the dynamometer 

shaft 

PM mass measurement system (d50 Ò 2.5 Õm or Ò 10 Õm) to quantify the particulate matter mass generated by the 

brake during the test; provide the emissions factors in mg/km; measure brake PM10 and PM2.5 emissions 

gravimetrically using separate sampling systems for each cut-off diameter (2.5 ɛm and 10 ɛm) 
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PN concentration measurement system (de.
mob
. Ó 10 nm); sampling and measurement to quantify the number of 

particles generated by the brake during the test; provide the emissions factors in #/km/B; capable of measuring Total-

PN (TPN10) and Solid-PN (SPN10) at a nominal particle size of approximately 10 nm electrical mobility diameter 

and larger 

The default brake work distribution of 77 % on the front and 32 % on the rear axle for vehicles category 1 (passenger 

cars), and 66 % on the front and 39 % on the rear axle for vehicles category 2 (pick-up trucks and SUVs) according to 

[74]. The per cent distributions represent the (representative) axle portion of maximum vehicle mass, considered 

individually, hence the total for the vehicle add to more than 100 %. 

 

Test parameters for the vehicle application and the brake under testing 

Test setup preparation, including software and test parts measurement, including installation of thermocouples; brake 

runout Ò 50 Õm; zero level for torque and pressure signals during Ó 30 s with the brake stationary; brake bleed to 

remove air from the brake lines 300é3000 kPa; brake drag at three speeds (5, 50, and 135) km/h Ò 10 NĿm; verify 

data collection, dyno operation, and test inertia; set cooling air to predefined or default value; verify pre-test 

background emissions (TPN10) 

Location and depth of thermocouples installed on the disc or drum 

 

 

Caliper positioning at the 12 oôclock position  

Use of universal or post-style fixtures 
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Airflow direction as a function of disc rotation 

 

ī Paragraph 9 describes the cooling adjustment, the bedding, and the emissions sections with one WLTP-Brake cycle 

with 10 individual trips each; active speed control: 15 826 seconds; 303 brake deceleration events; nominal test 

distance: 192 km; average speed of 43.7 km/h; maximum speed of 132.5 km/h; average deceleration: 0.97 m/sĮ; 

maximum deceleration 2.18 m/sĮ; average brake duration of 5.7 s; deceleration event duration 2é15 s.  

 

Paragraph 9 also describes criteria to define speed violations following GTR 15 яΤΡѐ using an upper limit: nominal 
speed within Ñ 1 s of a given point + 2 km/h, and a lower limit: nominal speed within Ñ 1 s of a given point - 2 km/h 
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Kinetic energy dissipation during brake deceleration events using the equation: 
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Where: 

wf,n  is the specific friction work of the nth brake deceleration event in J/kg 

WLt is the test (or applied) wheel load in kg 

tstart,nom,n is the start time of the nth nominal brake deceleration event in seconds 

tend,nom, n is the end time of the nth nominal brake deceleration event in s 

f(t)  is the fast rotational speed signal in 1/min 

Űbrake is the fast brake torque signal in Nm 

ī Paragraph 10 deals with cooling airflow adjustment. The conditioned air (for cleanliness, temperature, and humidity) 

across the brake under testing serves a dual purpose: to cool the brake and transport particles from the braking surface 

to the sampling plane. To determine the amount of airflow for a given test, the test facility runs a series of Trip # 10 

from the WLTP-B cycle to target the average brake temperature during the trip, along with the initial and final brake 

temperatures for the six deceleration events (46, 101, 102, 103, 104, and 106) with the highest kinetic energy 

dissipation.  
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The temperature ranges are a function of the wheel load-to-disc mass ratio. The latest proposed amendment to the 

GTR 24 яΤΜѐ This paragraph includes a default airflow of 950 m/hį when multiple airflows meet the temperature 
metrics. It also has provisions for carbon ceramic and drum brakes to consider new braking technologies and legacy 

braking systems. 

ī Paragraph 11 addresses brake bedding by repeating five WLTP-B cycles without soaking in between and without PM 

or PN emission measurements.  

ī Paragraph 12 provides technical and embodiment details of the PM mass measurement system for PM10, PM2.5 and 

PN (Total and Solid) 
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ī Paragraph 12 also describes the weighing procedure from the test and the reference filters residing in the weighing 

room or chamber, along with the buoyancy correction for filter mass reported 
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ī Paragraph 13 addresses one crucial aspect of reproducible measurements: the structure and format of the test report, 

using several spreadsheets with predefined format, syntax, and units for close to 400 parameters and values. 
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ī Paragraph 14 details aspects related to calibration and ongoing quality controls for all sensors and devices part of the 

test toolchain (brake dynamometer, cooling air, PM measurement, PN measurement, and weighing systems for filters 

and test parts). The details include requirements for zero intercept, linearity, standard error, and coefficient of 

determination for dynamic sensors (e.g., brake speed, torque, pressure, airflow) and weighing balances. This 

paragraph also details sample treatment, conditioning devices, and particle number counters. 

ī Annex A includes all events (idle, acceleration, cruise, and deceleration) for the entire WLTP-B. Below is a depiction 

of the first 100 seconds of the cycle out of the 15,826 seconds total. 

  



ÂċŊĲШ҇ШΤΤ 
 

 

9Å9ШÂƖŸŢĲĦƣШ ŸЮШEрΝΠΟ ҇  ÉǃƚƣĲůċƣŔĦШÅĲƻŔĲƽШŸŰШ7ƖċťĲЯШÑŔƖĲЯШċŰĬШÅŸċĬШìĲċƖ 

ī Annex B lists all 303 brake events, which are divided into 10 trips. Below is a depiction of the first 10 events for trip 

#1. 

 

ī Annex C describes the main elements and requirements for measuring and calculating vehicle-specific brake share 

coefficients c, conducting only a WLTB-B cycle or Trip #10. The measurement requires the use of a chassis 

dynamometer compliant with GTR 15 яΤΣѐ. 

Reference method and calculation for vehicle-specific friction braking share coefficient: friction work (including 

braking power and brake torque using direct, pressure-based, or alternative methods); and determination of the Cp 

value for the torque-to-pressure ratio    

Testing setup and specifications: vehicle selection; preparation (e.g., torque, pressure); data recording; chassis 

dynamometer settings; test sequence; chassis dynamometer test quality criteria (driven and target velocity, 

acceleration, and specific inertial power); root mean squared speed error, inertial work rating for deceleration, inertial 

power difference work, and inertial power difference rating. 

Equivalency of methods for computation of c, including the selection of a vehicle for proof of equivalence, testing of 

the alternative method, and the equivalency criterion 

Equivalency of the test cycle, allowing the use of only trip # 10 of the WLTP-B cycle 

Test output and allowed offset of the declared friction braking share coefficient (increased by the vehicle 

manufacturer by up to 50 % of the measured value or 0.05 absolute value, whichever is greater, in coordination with 

the contracting party. 

During the ILS3 of the UNECE PMP-IWG to enhance the GTR 24 document, several aspects were improved, clarified, or 

corrected. 

One important enhancement of Amendment 2 to the яΣѐ is the correction of the computation method for kinetic energy 
dissipation. The revised calculation relies on the integral of torque Ĭ rotational speed to replace the former method, which 

used simple average torque and revolutions to stop, as described in the initial release of the document. [ŔŊƨƖĲШΞΥ 
exemplifies the effect of the change in the computation method, thereby avoiding false positives (Labs C, F, K, and M) 

and false negatives (Labs E and N) in the results.  
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Figure 28 ш Comparison of methods to calculate kinetic energy 

Other improvements to the document include the following: 

ī New equation to harmonize the calculation of the nominal torque for a given deceleration event using a threshold 

deceleration of 0.25 m/sĮ to determine the start and end of the brake event 

ī Remove the average-by-time definition for torque, pressure, and coefficient of friction to reflect the vehicle dynamics 

response better 

ī Clear definition of time stamps (15 % of target torque) to define the start and end of events  

Enhanced definitions for brake effectiveness to account for disc and drum brakes 

 A comprehensive study was conducted using three different brake enclosures and sampling tunnel setups to approximate 

the GTR 24 setup, and documented in [36].  

California Brake Dynamometer Cycle CBDC for light vehicles  

In 2018, CARB launched a study to update the Emissions Factor Model 20219 (EMFAC2021) for automotive brakes by a) 

conducting a market survey for vehicle and friction material applications, including estimates for wearable mass and 

replacement rate, b) conducting proving ground measurements using WLTP-B cycles to determine the thermal regimes, 

and c) conducting laboratory testing using single-ended inertia dynamometers on six vehicles applications, each axle 

tested separately, and assessing the PM, PN, PSD, and time-based mass for the OES and two leading aftermarket friction 

couples. The development of the CBDC test cycle provides a 22-hour test v 2.5 days per WLTP-B, and compared to the 

WLTP-B, it has shorter brake events, lower deceleration rates, slightly higher braking speeds, and a larger percentage of 

driving time. Defining the CBDC started with analyzing the Caltrans 2010-2012 California Household Survey data from 

over 14 000 hours of data at 1 Hz (OBD-only, OBD+GPs, and GPS-only) from more than 2000 vehicles in operation.  

One important difference between the CBDC and the WLTP-B cycles is that the former uses non-constant decelerations 

within a given braking event. Like the WLTP-B test per GTR 24, the CBDC setup uses HEPA-filtered air conditioning for 

temperature (20 Ñ 5) C̄ and humidity (50 Ñ 10) %RH, an electropolished brake enclosure, a constant volume sampling 

tunnel, and a sampling plane located at least six diameters downstream from the last disturbance, and two diameters 

upstream from the next disturbance in the sampling tunnel. For quality controls, the CBDC uses speed violations and 

speed errors according to UN GTR 15 and SAE J2951. For brake bedding, the CBDC includes a series of 35 repeats of 

high-energy modules from the activity data to condition the friction couple and a short conditioning cycle to transition to 

the actual emission cycle with active PM, PM, and PSD measurements. To assess the validity of the bedding cycle, the 

project measured the stabilization of the coefficient of friction (COF) and particle number. As a result of testing the front 

 
9ШőƣƣƓƚаооƽƽΞЮċƖĤЮĦċЮŊŸƻоƚŔƣĲƚоĬĲŉċƨũƣоǯũĲƚоΞΜΞΝрΜΠоΝΤÅ?ΜΝΣЮƓĬŉ 

https://ww2.arb.ca.gov/sites/default/files/2021-04/17RD016.pdf
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brakes on the Ford F150 and Toyota Camry, the COF was stable after 30 000 seconds and 20 000 seconds, respectively, as 

shown in [ŔŊƨƖĲШΞΦ. At this point, the PN had achieved a stable level when using the cumulative particle count on the 
CPC. The project also considered the adjustment of the cooling airflow for the laboratory test using brake temperatures 

measured on the proving ground. The laboratory tests exhibited an average disc/drum temperature within 10 C̄, an 

average disc/drum initial temperature for six events with high braking power, and an average disc/drum final temperature 

within 25 C̄, all when compared to the vehicle.  

 
ыċь [ΝΡΜШŉƖŸŰƣШ ~ШũŸƽрůĲƣШ9§[ 

 
ыĤь 9ċůƖǃШŉƖŸŰƣШ  §Ш9§[ 

Figure 29 ш Brake effectiveness during CBDC bedding 

One important aspect of this study was the ability of the brake dynamometer to recreate the kinetic energy and thermal 

behavior measured on the proving ground, especially for the Toyota Prius with regenerative braking. [ŔŊƨƖĲШΟΜ shows the 
time-resolved alignment for brake disc temperatures for the front and rear brakes on the Toyota Camry and Toyota Prius. 

The comparison is three-fold: a) confirmation of the kinetic energy dissipation as a function of dynamometer control and 

test inertia, b) cooling airflow adjustment observed as the peak temperatures achieved during high energy events and 

cooldown periods, and c) regenerative braking on the dynamometers observing the temperature rise during braking for the 

Toyota Prius. 
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[ƖŸŰƣЮĤƖċťĲ 

 
ÅĲċƖЮĤƖċťĲ 

Figure 30 ш Example of temperature traces for proving ground and brake dynamometer tests for front (top) and rear 
(bottom) panels 

The cycle developed applied a microtrip approach with a thermal model to define the CBDC test with 14 933 seconds 

(compared to 15 826 seconds for WLTP-B), three speed ranges (compared to 10 trips for WLTP-B), 347 braking events 

(compared to 303 events for WLTP-B), and a total test distance of 131.2 km (compared to 192 km for WLTP-B). ÑċĤũĲШΝΥ 
shows the main parameters, and [ŔŊƨƖĲШΟΝ shows the speed trace.  

Table 18 ш main parameters for CBDC test 

Microtrip average 

speed range 

Percent of Caltrans 

distance traveled 

New cycle 

distance 

New cycle 

represented the 

distance 

New cycle 

duration 

[0, 21] km/h 4 % 6.16 km 4.7 % 2740 s 

[21, 69] km/h 38 % 47.31 km 36.0 % 8340 s 

> 69 km/h 58 % 77.78 km 59.3 % 3855 s 

Total  100 % 131.25 km 100 % 14 933 s 
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Figure 31 ш CBDC speed trace at 1 Hz 

The bedding cycle, designed to allow an entire CBDC test to run for 24 hours, includes 32 repeats of a high-energy 

segment of the CBDC, followed by a low-energy segment for cooldown, before the actual brake emissions measurement 

cycle. The total kinetic energy dissipated during the bedding is equivalent to five WLTP-B cycles. 

The payload during testing is equivalent to the curb weight plus 300 lbs. For SUVs or pickup trucks, the heavily laden 

weight is calculated as follows: 

Ὄὒὡ ὅόὶὦ ὡὩὭὫὬὸ
ς

σ
Ὃὠὡ ὅόὶὦ ὡὩὭὫὬὸ 

During the CARB study [77] a fully enclosed brake inertia dynamometer with climatic conditions, a constant volume 

sampling tunnel for isokinetic sampling, and an electropolished enclosure following the guidelines shared with the 

UNECE PMP-IWG were used. QCM 140 and 100S4 measured or collected PM2.5; 100S4 and gravimetric sampling 

provided PM10; CPC and EEPS reported PN, and the APS provided time-resolved PM up to PM10. Figures 31 to 33 depict 

the dynamometer setup and the sampling system.  

 

Figure 32 ш Dynamometer and sampling system circa 2018 
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Figure 33 ш Block diagram for sampling nozzle assignment circa 2018 

 

 

 

 

 

 

 

 

 

Figure 34 ш Arrangement of PM sampling devices circa 2018 

The real-time instruments for the light and heavy-duty vehicles were the same and included the following:  

ī TSI QCM MOUDI 140. The Model 140 Quartz Crystal Microbalance (QCM) MOUDI is designed to perform 

continuous, real-time size-segregated mass concentration measurements of particles smaller than 2.5 ɛm. The system 

uses six cut-point stages at (960, 510, 305, 156, 74, and 45) nm and operates at a 10 L/min inlet flow rate. Based on 

input from the CARB LD study results, the QCM was improved to report 10-second average results vs. 60-second 

average results for the heavy-duty study 
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ī TSI CPC. The 3790A Condensation Particle Counter (CPC) is a full-flow design PM particle counter with a particle 

size lower detection limit10 of 23 nm. The unit is designed to respond linearly to particle concentrations ranging from 

1 to 10,000 particles/cmį and can operate continuously, taking 10 Hz measurements. TSI indicates a counting 

accuracy of Ñ 10%. The PMP has specified using this unit as the baseline for brake particle counting, utilizing a 

catalytic stripper for the Volatile Particle Remover (VPR) and a dilution stage. No VPR or dilution was used for the 

CARB or Caltrans studies. 

ī TSI APS. The 3321 Aerodynamic Particle Sizer (APS) measures the aerodynamic size of particles ranging from 0.5 

ɛm to 20 ɛm. The system uses time-of-flight aerodynamic sizing to determine the particleôs airborne behavior and is 

unaffected by the index of refraction or Mie scattering. The unit also measures light-scattering intensity in the 

equivalent optical size range of 0.37 to 20 ɛm. The system offers continuous sampling at a rate of 1 Hz.  

ī TSI EEPS. The 3090 Engine Exhaust Particle Sizer (EEPS) spectrometer continuously measures the size distribution 

of particle emissions from 5.6 to 560 nm at a rate of up to 10 Hz. The EEPS provides outputs of size distribution in 

the above range and particle number concentrations down to 200 particles/cmį.  

[ŔŊƨƖĲШΟΡ shows the dynamic ranges for the real-time instruments. 

 

Figure 35 ш Dynamic ranges for sampling and measurement devices circa 2018 

Parallel to this study, a high-fidelity computational fluid dynamics simulation was compared to experimental 

measurements, where fine Arizona dust was injected into the sampling nozzles inside the enclosure's brake position to 

assess transport efficiency (using particle count as the surrogate metric). [ŔŊƨƖĲШΟΣ shows the comparison between the 
simulation and the laboratory measurements [78].  

 
10 ÉŔŰĦĲШƣőĲШĦŸůƓũĲƣŔŸŰШŸŉШƣőŔƚШƚƣƨĬǃЯШƣőĲШŔŰĬƨƚƣƖǃШőċƚШůŸƻĲĬШŸŰШƣŸШċĬŸƓƣШΝΜШŰůШċƚШƣőĲШũŸƽШĦƨƣрƓŸŔŰƣ 
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Figure 36 ш Cumulative size distribution for high-ŉŔĬĲũŔƣǃЮƚŔůƨũċƣŔŸŰдЮџÅƨŰƚѠЮĬĲŰŸƣĲЮƚŔůƨũċƣŔŸŰƚзЮџÑĲƚƣѠЮdenotes 
experiments at the physical sampling system 

One important parameter to monitor is the thermal regime represented by the average rotor temperature. [ŔŊƨƖĲШΟΤ shows 
the average and the 95th confidence interval for all the tests on a given vehicle, axle, and loading conditions. 

 

Figure 37 ш Average brake temperature and tolerance 

For the same project, the weighing process went through a correlation study with 30 untested filters measured in 

triplicates, comparing the testing laboratory with the EPA Emissions Laboratory in Ann Arbor, MI, as a reference. The 

filter weights ranged from 385 to 400 mg, and the regression line had a slope of 1.00008 and a zero offset of 0.035 mg.  

California Brake Dynamometer Cycles for Caltrans heavy-duty vehicles  

The Caltrans study [16] for heavy-duty vehicles focused on commercial vehicles with a gross vehicle weight rating above  

10 000 lbs (4536 kg), equipped with air or hydraulic brakes. A second type of test included a Tesla Model 3 tested under 

the CDBC and with an approximation of the regenerative braking in real-time during testing.  Regarding the HD tests: 

ī The data from the proving ground testing was used to adapt and update a HD brake temperature model first published 

in the 1980s [79], with good agreement between predicted and observed temperature traces 

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

gravimetric and real-time 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 and plan, both shown in [ŔŊƨƖĲШΟΥ:  

a) Creating a Brake Wear Index (BWI) to rank and select the vocations for the study using vehicle miles traveled (VMT) 

statistics for California, nominal brake dimensions, and replacement rates from business intelligence from the 

industry. Figure 38 shows the calculation for the BWI  

b) Using the BWI results to confirm the test plan and secure the test hardware for the study. Figure 37 shows the ranking 

of the BWI metric for all the vocations analyzed 

 

 

Figure 38 ш Upper panel: infographic for Brake Wear Index. Lower panel: application to market survey and fleet 

The test matrix was determined from a California brake wear mass balance analysis, accounting for braking activity by 

truck vocation as shown in ÑċĤũĲШΝΦ. The test matrix included Class 8 drum, disc, and trailer configurations tested over 

three vocation cycles and two load points a Class 6 hydraulic disc configuration tested over two vocation cycles. A refuse 

truck and urban bus tested over representative cycles. Tests were repeated for original equipment and aftermarket brake 

pads to evaluate potential deterioration in brake emissions over time, though the differences between these equipment 

types were not 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 material 

replacement intervals.   
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Table 19 ш Overview of Caltrans test matrix 

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 OOS 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 ** Long-Haul Out-of-State 

One important aspect of this study was adapting field measurements for short (30-minute) cycles for exhaust emissions, 

which were readily available for the brake emissions measurements (proving ground for temperatures and brake 

dynamometer for actual emissions measurements). [ŔŊƨƖĲШΟΦ illustrates the speed trace for different vocations obtained 

from [80]. 

 

Figure 39 ш 1-Hz time-resolved driving cycles 

The control system allows the entry of the coastdown coefficients per [81] for the vehicle under test to reflect road loads, 

enhancing the fidelity of the dynamometer test with parameters shown in ÑċĤũĲШΞΜ. This 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 the use of retarding in populated 

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

demand in addition to road loads. 

Table 20 ш Coastdown coefficients applied for the different tests 

Vehicle type A [N]  B [N/(km/h)]  C [N/(km/h)²] 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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Regarding brake temperature control, this study combined proving ground measurements and an update to a legacy 

thermal model [79]. [ŔŊƨƖĲШΠΜ shows the overlay between measured and computed results. The actual temperature during 

the dynamometer tests remained, on average, within ± 25 °C of the target, with the Class 8 trailer axle with drum brakes 

and the refuse drive axle with disc brake exhibiting the lowest temperatures, even at the lowest cooling airflow setting. 

 

Figure 40 ш Simulation of brake temperature vs. dynamometer test results 

And, [ŔŊƨƖĲШΠΝ reflects the actual test plan for commercial vehicles.  


































































































































