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CARB leads California’s fight against air pollution and 
climate change, protects public health, and
     promotes clean, energy-efficient
     fuels and technology.
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California needs to improve air quality regionally 
and locally and reduce greenhouse gas emissions 

Disadvantaged Communities
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(California’s 2022 climate change scoping plan)
(CalEnviroScreen Disadvantaged Communities)

https://ww2.arb.ca.gov/our-work/programs/ab-32-climate-change-scoping-plan/2022-scoping-plan-documents
https://oehha.ca.gov/calenviroscreen/sb535


Non-exhaust is a dominant source of total 
direct PM2.5 for on-road vehicles

Need to characterize non-exhaust PM with scientifically-robust, reproducible methods

5

(EMFAC2021 default values before adjusting for the brake-
wear PM benefits of clean transportation programs.)



Brakes and tires generate airborne particles that 
may be associated with adverse health effects

• Brake-wear PM 
o Mode: ~ 2.5 μm
o Metal content: Ba, Fe, Cu, Zn, 

Ti, and others
• Tire-wear PM

o Mode: 2.5 - 10 μm
o Metal and micro-plastic 

content: Zn, Si, Al, Ca, Ti, 
Alkanes, NR, SBR, SBR, and 
others
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Need to assess adverse health effects of non-exhaust emissions

(Aurore Lavigne et al., 2019)

Note, 
> 1 indicates an association 
with increased risk



CARB’s research approaches and questions on 
non-exhaust emissions

• How to characterize non-exhaust emissions?
• What are their potential health effects: community exposure and 

regional air quality?
• Can our current programs and policies help reduce non-exhaust 

emissions? 
• What are the impacts of new tire/brake materials and EV 

technologies?
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CARB non-exhaust emissions research goals
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• Measure 
on-road 
tire-wear 
gaseous 
emissions 
and 
profile 
emission 
chemical 
compositi
ons

• Derive EF 
for tire-
wear 
gaseous 
emissions 

• Assess EV 
system and 
component 
technologies 
associated with 
improving 
energy 
efficiency or 
reducing 
brake- and tire 
wear for 
passenger cars, 
trucks, and off-
road vehicles.

FY24/25

17RD016: 
Brake-dyno 
tests for 6 
LDVs (1HEV)

22RD002: 
On-road 
BWTW PM 
measurem
ent

17RD012: 
Health 
impacts of 
brake/tire 
PM

23RD010:  
Train 
BWWW PM 
measureme
nt

CARB RL-
SHED tests 
for 
brake/tire 
PM from EV 
regen-
braking

FY17/18

FY18/19

FY22/23

FY23/24

• Develop California Brake-
Dyno (CBD) cycle and 
brake-dyno testing 
protocol 

• Develop brake-wear PM 
emission factors for 
EMFAC

• Understand chemical 
characteristics of the PM 
through CARB and USEPA 
internal efforts

• Characteri
ze 
oxidative 
potentials 
(OPOH) and 
exposure 
associated 
with 
brake/tire-
wear PM

• Estimate 
contributi
on of 
brake/tire
-wear PM 
to near-
road 
communit
ies

• Develop 
on-road 
brake/tire
-wear 
measure
ment 
methods 

• Character
ize EF, 
chemical 
profiles, 
and near-
road 
exposure 
levels

• Assess 
brake-wear 
PM 
reduction 
potentials 
from EV 
regenerativ
e braking 
compared 
to gasoline 
vehicles in 
considerati
on of duty 
cycles  

• Develop 
train 
BWWW 
measure
ment 
methods

• Characteri
ze EF, 
chemical 
profiles, 
and near-
road 
exposure 
levels

Objectives

23RD008:  
Characteriz
ation of 
tire-wear 
gaseous 
emissions 
under real-
world 
driving 
conditions

23RD007: 
Assessing EV 
Technologies 
Associated with 
Improving 
Energy 
Efficiency or 
Reducing Brake- 
and Tire-Wear 
Emissions

FY24/25: 
Exposure 
and health 
impacts of 
non-exhaust 
particles in a 
region

• Conduct a 
regional 
assessment 
of the 
exposure 
and health 
risks for 
BWTW PM 
in a region 
with 
overburden
ed 
communitie
s in the San 
Joaquin 
Valley

18RD017: 
Roadside 
measureme
nt of non-
exhaust PM

Caltrans/US
EPA: Brake-
dyno tests 
for 1 EV and 
6 HDVs

FY24/25:
Off-road BW PM 
measurement

• Develop 
California off-
road brake 
dyno testing 
protocol 

• Off-road BW 
EF for EMFAC

• Understand 
chemical 
profiles from 
off-road BW

Completed projects

Current projects

Planned/considered projects



Brake-wear PM was measured at a brake-dyno 
laboratory 

• Applied a similar concept to the EU brake-wear 
testing protocol
o Developed and used braking activity cycles that 

represent California fleet

• Selected California fleet representative vehicles
o 5 gasoline, 1 hybrid, and 1 full electric vehicles 
o 7 diesel trucks and buses

• Characterized brake-wear emissions and 
chemical compositions

(Brake Dynamometer System)
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Brake temperature profiles were developed for 
each vehicle through on-road track tests

Front Rear
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A brake-dyno test cycle was developed considering 
deceleration rate, braking duration and brake 

temperature, and speed

CBDC = California Brake Dynamometer Cycle 
UC/SCCs = Unified Cycle/Speed Correction Cycles (chassis-dyno cycles)
WLTP = Worldwide Harmonized Light-Vehicle Test Procedure
Caltrans Survey = 2010/12 Household Travel Survey Data
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Brake-dynamometer and CVS experimental setup

Constant Volume Sampling 
(CVS)

Sample 
Flow
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|

47 mm 
QFF Filter 

(VOC)
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1
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2
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PM10 mass by vehicle weight and brake pad type
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NAO: non-asbestos organic
LM: low metallic
SM: semi-metallic

NAO

LM/SM

(Details are available from CARB’s research report, 2021)  

Brake pad type distribution 

https://ww2.arb.ca.gov/sites/default/files/2021-04/17RD016.pdf


Chemical speciation profiles for California 
brake pads in 2018

Av
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e 

%
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f P
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n= 6n= 20

NAO brake pad LM brake pad
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(Note that California has regulated heavy metal contents since 2014)  



Health effects of brake and tire wear PM was 
studied in the greater Los Angeles area

• Understand  potential 
health effects of brake 
and tire wear PM using 
ambient PM samples
o Characterize spatial 

variations in PM2.5 
metal concentrations

o Integrate exposure 
model into health 
studies
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Molina et al. (2020)

Health effects

Exposure map



PMF source-apportionment analysis results for 
oxidative potential (OPOH) 

• Tailpipe emissions are still the 
dominant source of the 
oxidative potential

• Brake and tire wear is an 
important contributor to the 
oxidative potential
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Disadvantaged communities exposed to 
higher oxidative stress potentials

• Lower SES groups measured by 
CalEnviroScreen exposed to
ohigher particle mass 

concentrations
oparticles with higher toxicity 

due to higher oxidative stress 
potential of particles

• Lowest SES group exposed to 
particles with 62% higher 
oxidative stress 
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(Jiaqi Shen et al, ES&T 2022 56 (24))

Disadvantaged 
communities



Current projects (1): 
Characterize in-use non-exhaust emissions

• On-road brake/tire-wear (BWTW) PM 
measurement
o Measure real-world BWTW emissions for 

LDVs and HDVs
o Compare on-road BW PM to brake-dyno 

BW PM
o Assess near-road community exposure 

level
• Tire-wear gaseous emission characterization

o Measure real-world TW emissions of 
gaseous organic compounds for LDVs

o Characterize gaseous pollutants and assess 
their air quality impact at community and 
regional levels 

18(Enclosed BW sampling)
(TW sampling in design)



Current projects (2): 
Assess EV technologies and characterize train non-

exhaust emissions

• Assessing technologies that reduce 
brake/tire wear for EVs
o Evaluate energy-efficient 

technologies for EVs and estimate 
impacts on brake and tire-wear 

• Train brake/wheel/rail-wear (BWWW) 
PM measurement
o Measure train BWWW PM emissions 
o Develop chemical profiles of train 

BWWW  PM
o Assess potential enhancement of 

near-railway community exposure to 
BWWW PM

19



Remaining research area (1): 
Evaluate the contribution of both PM and gaseous 

non-exhaust emissions to regional air quality
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, based on EMFAC2017 EI

(Skipper et al., 2023)



Remaining research area (2): 
Assess NEE health effects and exposure disparities 

between communities
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2035 projected PM reduction with clean 
transportation programs in LA area

(Yu et al., 2023)

Disadvantaged communities in LA area



Remaining research area (3): 
Explore non-exhaust emission reduction opportunities 

through clean transportation programs
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Executive Order N-79-20

Brake-wear 
PM for electric 

vehicles is  
50% lower 

than 
conventional 

vehicles

Projected emissions with Advanced Clean Cars II and 
Advanced Clean Fleets programs

https://ww2.arb.ca.gov/our-work/programs/advanced-clean-cars-program/advanced-clean-cars-ii
https://ww2.arb.ca.gov/our-work/programs/advanced-clean-fleets


Summary and Next Steps
• Brake- and tire-wear PM is a dominant source of total direct PM2.5 

emissions in California.

• Brake-wear PM was characterized using a standardized and reproducible 
scientific testing method.
o California’s low-carbon transportation programs help reduce brake-wear 

PM at community and regional levels.

• Non-exhaust emissions could be associated with adverse health effects. 

• Characterizing non-exhaust emissions and their health effects by source 
type needs to be continued.

o Assess air quality impact locally and regionally 

o Assess exposure to non-exhaust emissions near road/railway communities
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Supplemental information

• California regulatory programs relevant to non-exhaust emissions
• What are non-exhaust emissions?
• Brake-dyno testing approach and results for HDVs
• Brake and tire wear PM exposure maps
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California regulatory programs relevant to 
non-exhaust emissions

• California Energy Commission (CEC) 
regulates replacement tire efficiency
o Requires tire efficiency rating and a 

minimum efficiency performance 
standard of 9.0 rolling resistance 
coefficient (N/kN)

• Department of Toxic Substance 
Control (DTSC)
o Limits metal contents in brake pad
o Requires tire manufacturers for sales 

in California to evaluate safer 
alternatives to 6PPD
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Brake-Wear Metal 
Content by

Not to exceed by 
weight (%)

1/1/2014 Cd < 0.01
Hg < 0.1
Cr (VI) < 0.1
Pb < 0.1
Asbestos <0.1

1/1/2021 Cu < 5%

1/1/2025 Cu < 0.5%



What are non-exhaust emissions?
• On-road brake-wear  

o PM size < 2.5 μm
o Metal content: Ba, Cu, Zn, Ti, and others
o NOx, CO, and VOC

• On-road tire-wear 
o PM size < 10 μm
o Metals and micro-plastics: Zn, Al, Ca, Ti, NR, 

SBR, and others
o Tire additives: 6PPD, silica, and others
o VOC, PAHs, alkanes, and others

• No non-exhaust emissions info for:
o Potential discrepancy between lab vs. in-use
o Complete chemical profiles 
o Gaseous tire-wear emissions
o Off-road vehicles and trains
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Particle Size

(nano-particles)

(ultra and fine)

(fine and coarse)



HDV: fleet representative chassis-dyno cycles 
were identified for track testing  
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HDV: temperature profiles were developed 
and applied for brake-dyno testing
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HDV: brake-wear PM emission rates of 
individual wheels for loaded trucks

(Details are available from  Caltrans’ research report, 2021)  
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https://dot.ca.gov/-/media/dot-media/programs/research-innovation-system-information/documents/final-reports/ca21-3232-final-report-a11y.pdf


Brake and tire wear PM exposure maps from 
the CARB’s Health effect study 
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(Zinc is a primary tracer for tire-wear PM)(Barium is a primary tracer for brake-wear PM)
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