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The company In
figures

Over 80 years of
Innovation,
expansion, and
growth

80

Locations
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Cleaner Mobility
Transition from ICE (internal combustion engine) to e-mobility
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There is always a need for innovative filtration solutions.
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Cleaner Mobility
MANN+HUMMEL Products for E-Mobility & New Products (Cars)

e St All vehicle applications
|Ii ' / XEV applications
HV battery systems
Coolant Integrated Brake dust Cabin air Oil filter system
reservoir Front End Filter particle filter filter system for eAxles Fuel cells

Venting
unit

Coolant dryer
cartridge

Air dryer
cartridge
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Coolant
particle filter
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Pressure/suction-side
transmission oil filter

Cooling air
particle filter

* BOP - balance of plant
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lon exchange
filter

Fuel cell

cathode air path
system (BOPY)

Coolant
particle filter




Cleaner Mobility
MANN+HUMMEL Products for E-Mobllity & New Products (HD)

Coolant
reservoir

Venting
unit

Cooling air
particle filter

Fine dust
particle filter

Coolant dryer
cartridge

Brake dust

particle filter

T,

Air dryer
cartridge

LT

Cabin air
filter system

Coolant
particle filter

QOll filter system
for eAxles

Pressure/suction-side
transmission oil filter

lon exchange

filter
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Cathode air
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Coolant
particle filter

All vehicle applications
XEV applications

HV battery systems

Fuel cells
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Relevance of Reducing non-exhaust Emissions
Emissions of PM10 and PM2.5, California, 2000-2035

PM2.5
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Exhaust emissions reduced, NON-exhaust emissions quite stable, slight increase

Source: OECD ENV/EPOC/WPIEEP(2020)4/FINAL, Fig. 2.3 California Air Resources Board (2019[77]).
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Cleaner Mobility — Non-exhaust Emissions
Non-regulated vs. regulated emissions

Non-exhaust? Exhaust

= Brake Wear ’

= Tire Wear
» Road Abrasion 85% 15%
= (Resuspension)

non-regulated regulated

“Brake wear emissions can be influenced by a vehicle’s weight, rate of deceleration, the
composition of brake discs and pads, rotor temperatures, sliding speed, and contact
pressure. ...

Considerable uncertainty remains regarding the amount of PM

that is emitted by non exhaust sources in real world driving conditions™

Source: 1) Victor R.J.H. Timmers, Peter A.J. Achten, Non-exhaust PM emissions from electric vehicles; Barlow et al., Non-Exhaust Particulate Matter Emissions from Road Traffic:

Summary Report 2) OECD ENV/EPOC/WPIEEP(2020)4/FINAL, Fig. 2.3 California Air Resources Board (2019[77]).
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Cleaner Mobility — Non-exhaust Emissions
Brief Literature Survey on Brake Dust Particle Emissions
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Average Emission® = 12.8 mg/km (PM,,); Assumed % front brake Vs rear brake

(1) Average value from 41 sources (Literature, values from customers, own test bench measurement and real driving tests)
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Cleaner Mobility
Reducing fine dust emission — Filtration Solutions

Filtration at the Source, Mobile as Community, Stationary at Hot Spots

= Brake Dust Particle Filter = Integrated Fine Dust = Filter Cube
Particle Filter
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Technology
Validation

________

Bachler, P., Miiller, T. K., Warth, T., Yildiz, T., & Dittler, A. (2021). Impact of ambient air filters on PM concentration levels at an urban traffic hotspot (Stuttgart, Am Neckartor). Atmospheric Pollution Research, 12(6), 101059.
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Cleaner Mobility — Reducing Fine Dust Emission
Basic Concept for Community Approach of Reducing Fine Dust

Filtered Air
. * Flow Rate
. °
: ' o Particle
e 4 Concentration
B
S, @ :
* e, ’ Filtration
e @ ° : Efficiency
X [ . | = Emission Reduction
. . Average (mg/km]
* . - f Driving Speed
o ° ’ \

Reducing emissions from road/tire abrasion, brake, resuspension, exhaust
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Cleaner Mobility — Reducing Fine Dust Emission
Reducing PM10 concentration car-to-car

Mobile Front-End Fine Dust Filter Solution by MANN+HUMMEL & HBPO
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Brake Dust Particle Filter — Reducing Fine Dust at the Source
Filter Concept in Principle

Brake dust Fiber

Particle trajectory

Passive filter — no additional energy required!
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Brake Dust Particle Filter — Reducing Fine Dust at the Source
Alternative Concepts

Active System Brake pad / disc material Regenerative brakes
Suction system to centrally Reduction of brake dust Combination of mechanical
collect brake dust over emission  through different braking and the use of the
vacuuming the particles materials or coatings. Example electric motor of a hybrid or
through the brake pads Bosch iDisc electric car as a generator

Today'’s friction braking system is quite complex but highly optimized!
Changes are a challenge. Retrofit preferred.

MANN +
2 1 é?slfeoguzs? Particle Filter VERT Forum H U M M E L



Brake Dust Particle Filter — Reducing Fine Dust at the Source
It's More Than Filtration e.g., Installation Space

Q

Usable installation space Fits in existing installation space
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MANN+HUMMEL Brake Dust Particle Filter
Service Concept

= The filter media is welded to the cage
= The cage is assembled to the filter housing and can be easily removed

Stainless Steel Cage

End of use

Used filter media and cage can be added

to the recycling process for stainless steel

Filter Media (Stainless steel)

Only the cage with the filter media will be replaced.

All other parts are designed for lifetime use.

MANN +
2 3 é?slfeoguzs? Particle Filter VERT Forum H U M M E L



MANN+HUMMEL Brake Dust Particle Filter
Everyday Usage under Real and Severe Conditions

Filter were tested under different conditions:
= Everyday usage on the road with more than 60.000 km combined
= Severe conditions like snow, sand, water, dirt ...

= No standardized tests used
= Focus on impact on the brake system and filter durability

Currently in progress:

= |Investigate influences on the filter efficiency
= Measure filter efficiency in new condition and after vehicle test

Everyday usage and severe conditions were successfully tested.

Filter and surrounding parts remained unharmed. Brake fully functional.
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Brake Dust Particle Filter — Reducing Fine Dust at the Source
It's More Than Filtration e.g., Temperature Tests — Grol3glockner
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2 5 é?;EeOSUZS? Particle Filter VERT Forum

Standard test carried out with:

NN

VALMET AUTOMOTIVE

Tested system

All temperatures in uncritical range
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Brake Dust Particle Filter — Reducing Fine Dust at the Source
How to Measure Brake Dust Particle Emissions?

Air intake H13 Filter Exhaust Air Brake dyno test bench @ LINK

\ g

Measuring equipment for detecting
particle number and particle mass

APS (aerodynamic particle sizer)
Particle size distribution for larger
particles based on light scattering
[370 nm - 20 pm]

Gravimetric
Total particle mass
Absolute filter membrane

e
CPC (condensation particle | 5 | = FMPS (Fast mobility particle sizer)
counter) . 1= o l Particle size distribution of small
Particle number [10 nm - 2,5 pm] Q o — { . particles based on electric mobility
No size fractions =" [5,6 nm - 560 nm]
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Brake Dust Particle Filter — Reducing Fine Dust at the Source
Excursus — Determining Filtration Efficiency

Standard Filter Efficiency Measurement VS. Brake Dust Particle Filter Measurement
All done during the same measurement At least two separate measurements needed
— T
| n -

n ... Separation Efficiency
Ng ... Particle Number with filter
Ng ... Particle Number raw emission

LI e e e e

Upstream J
|/

Withouit Filter With Filter

Downstream

Variations in the particle emission of the brake itself have
a high impact with this type of measurement

Brake Dust Particle Filter efficiency measurement is only possible with a

reference measurement in comparison with a filter measurement
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Brake Dust Particle Filter — Reducing Fine Dust at the Source

Enclosure-in-Chamber w/ near ZERO Background Concentration
Realization — How to fit in a brake dynamometer? (5/5)

» (outer) chamber of

d?namnmeter at [ Bypess

slight negative pressure I Ourtlet adr Inlt air
! i fee W < 2000 mih W = 2000 mh
#Preventing emissions to A Catiper |

workplace {/—
\

* (inner) enclosure at slight / /
positive pressure 13 Filter

# Avoiding particle intake - . b~ +30 Pa
through gaps of enclosure L=10xd
\_J “Isokinetic zampling
P, <0Pa
» Challenge: limited space, \\\_:I b

but successful implemented schematic setup as installed in LINK M3900 chamber

SHAE Inlorsstionsbl
Breke Coloyuum Onling Puger 20800037 13

=>» Prerequisite: reliable measuring brake emissions (see SAE Brake Colloquium 2020)
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Brake Dust Particle Filter — Reducing Fine Dust at the Source
Our Plus for Clean Mobility — Status quo and aiming for more

Exhaust Emission PM,, Brake Dust Particle Emission PM,,

Average Emission® = 12.8 mg/km (PM,)
Assumed distribution:
% front brake Vs rear brake

Average Emission EU®D = 4 mg/km (PM,)
Euro 5b-Euro 6¢® =2 mg/km (PM,g)
Euro 6d temp® =1 mg/km (PM,g)

LB MH 1941

EMISSION
REDUCED

TEST CAR
= e

Reduction of ~3 mg/km (PM,,)

Brake Dust Particle Filter mounted

Compensation of 3 Passenger Cars
(1) HBEFA3.3

(2) Average value from 41 sources (Literature, values from customer, own test bench measurement and real driving tests) ( p)
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MANN+HUMMEL Brake Dust Particle Filter
Brake Dust Particle Filter

Product Features:
= Reduces brake dust emission directly at the source

= Easy, fast and clean service

= Robust and passive design, no moving parts
= Scalable for every vehicle

= Designed to fit in existing installation spaces
= Temperature & corrosion resistant filter media

Concept Advantages:
. Improved environmental effects / reduced health hazards Effective solution to reduce total vehicle

= Holistic approach to vehicle particulate pollution particulate emissions
= New styling element
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Leadership in Filtration

Thank YOU and
Tobias Worz,

Lukas Bock and our
Brake Dust Filter Team!
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