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MDEC Toronto - VERT-Workshop on DPF Technologies — 10.0¢t.2019

A.Mayer -TTM

Independent Consultant
Emission Reduction of IC-Engines

- graduaded from Karlsruhe Institute of Technology, Germany
- Brown Boveri Switzerland Steam- and Gas-Turbines Researach
- Supercharging Diesel Engines aand Emission Technology
founded TTM 1990
- founded VERT 1994 Verification of Emission Reduction Technology
- Research and Development in International Projects
- Implementation of Emission Reduction Measures
(Germany, Austria, Italy, California, Canada, Chile, China,lran, Israel)
- Organization of Seminars and Conferences: HDT and ETH-NPC
- 3 books 2004/5/8 on “Elimination of Comb. Gen. Particles”
- Member of Swiss DPF-Standard Group SNR 277205
- Member of 2008 EU-Expert Group for DPF-Retrofit
- SAE Fellow 2005
- Dr.med h.c. University Bern 2009
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CONTENTS

as requested by MDEC Conference Organizers

* History and Evolution of DPF systems

* Modern DPF design

» Expected changes in near future

» Pros and Cons of different designs

* How to select a DPF-system for a given application

This is not a new story
but we only started late to learn our lessons

L] Percival Pott proves the correlation between cancer and soot
atchimney sweeps scrotum

= 1928: Lawther proves correlation between traffic in London/Wales
and lung cancer

= 1936: first assumption in the German journal “DUST” correlates
deseases to particles < 1 ym

= 1959: OSH Convention in Johannesburg defines the submicron
fraction which penetrates bronchi and alveoli

= 1978: John J.Mooney introduces aftertreatment for the petrol engine,
the TWC - three way catalyst

= 1981: CANMET: First Report Dainty/Mogan

= 1982: CARB introduces the first limit value for Diesel PM

= 1989: WHO declares Diesel exhaust probably carcinogenic

= 1993: Dough Dockery: Mortality due to PM2.5 quantified in the Six
Cities Study USA 1978-1993
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London Smog 4
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Source: Dockery NEJM 1993
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Translocation into blood circulation

is only possible for solid particles < 500 nm
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A very strange
coincidence

The most sensitive size range
of the Lungs

is the most intensive
emission range

of the Engines
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Diesel Exhaust Carcinogenic
1988 class 3, 2012 class1

International Agancy for Research on Cancer
{ﬁ} Warid Heatth
*4 Organization

2 June 2DIZ

IARC: DIESEL ENGINE EXHAUST CARCINOGENIC
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Based on epidemiologic evidence in 8 US metal mines
with 2 lung cancer victims in 100 workers — after 10 years work
exposed to Diesel particle concentration of 100°000 P/cc




MDEC 2019 Workshop

But we had a perfect Solution pretty
early available 1979 e —————

GM ki Ol At L 7o Fote k. 11 Aty
vl Momry Cospuantirs Gzt W) fpwr W SHE Pl
Poasreont 1 1HTR. bimant, Jase 38, 1991, 4PRE

i I_'_,_,..- B w
Corning 1982 Lu_ S e s e
TTM 1984 with DB

Canada started very early in Mines

e Emimn e,

CANMET
anada Centre  Centre canadie
for Mineral de la technologie
ind Energ des minéraux
Tech ot ge [energie

.* Energy. Mnes and  Energe. Mnes et

CANMET

Canada Centre  Centre canadien
for Mneral e |a technologe
and Energy des mindaux
Technology e de Ienergie

A SUMMARY OF UNDERGROUND MINE INVESTIGATIONS OF CERAMIC DIESEL
PARTIQULATE FILTERS AND CATALYTIC PURIFIERS

E.D. Dainty, M.K. Gangal, D.H. Carlson,
EMISSIONS
e LT . Verger and B Mk

February 1986
E.D. Dainty and J.P. Mogan

September 1981
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Diesel Engine Exhaust ‘

e i
R
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Executive summa
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Health Council of the Netherlands

Long-Term Health Impacts .
Heart Failure/Myocardial In Loy

ONPHEC Cohort (1.1 million adults, Toronto, Canada)
+ 2-5% Increased risk per 10,000/cm?¥ independent of PM25
and NOz

Tabled, Hazard Rafion or incident Congasive Haan Failune and Acule Myocardial infarciion According o Long-
Tarm Exposure i Uitrafine Partickes and Mitrogen Dioxide, Toronto, Ontano, Canada, 19%6-2012

st incidant CHE
HA o Gl 2 2] aEsCl
UFPy
Saranfied by age and sex 1.06 1.4, 1.07 1,068 1.04, 1.08
Adusied lorneghibormhoad-level covariates” 1.04 1.02,1.05 1.05 1.08, 1.07
Adjusted lor comentidity™ 108 102, 1.05 1.05 102,107
Acjusion for PMy « 108 1.02,1.05 1.04 1.02,1.08
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Awareness of black carbon’s role on GW

Watining EFfect

of Blaok Cataos Adrds

BC on snow
decreases
albedo,
turning to
water..
further
lowering
albedo

Journal of Geophysics Res.2007
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Science Daily, United Nations Environment Program Nov 2008

Global Warming
by BC-Particles

CONTENTS

» History and Evolution of DPF systems

* Modern DPF design
» Expected changes in near future

» Pros and Cons of different designs
* How to select a DPF-system for a given application
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VERT 1993 the NEAT-Tunnel

Switzerland + Germany + Austria
Occupational Hygiene Requirement
«Reduction of solid submicron particles to < 100 ug/m3

27 withugmbree years» by 95 %

4 tubes longest 57 km, total 152 km

Tunneling is the extreme challenge
»,VERT-Filter for each Diesel”
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Switzerland (VERT) 1996

Based on this physiological and toxicological findings
(mostly from occupational health, see Johannesburg
convention 1952) a first definition was proposed

,o0lid, insoluble particles in the mobility
size range of 20-500 nm*

—>development of new instrumentation
- BAT-particle filters
—> start of the ETH-NPC

7 reasons why we need PN count replacing PM

* PM detection limit is 5 mg/kWh — PN DL is 1000 times lower

+ Filtration depends on particle size = only size specific PN count
can define size depending filtration efficiency

* Only particles < 500 nm can penetrate alveoli membranes, their
mass is 1 fg = 10-® g! Can not be weighed but counted

* Only PN-measurement is sensitive enough to permit dynamic
roadside quality control of DPF

* PN measurement is also more accurate, dynamic, easy to handle
and cheaper than PM-monitoring (NIOSH 5040) and supplies
more information

* Only PN monitoring in ambient air can confirm the effect of DPF
on ambient air quality

* Only PN permits to monitor soot particles and metal oxide
particles — BC or TC is unsufficient

10
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VERT—certified DPF Systems
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VERT-certified DPF Systems

for different targets and applications
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Filtered Diesel-Exhaust is cleaner than
Ambient Air «uele VERT 1998)

1.00E+07 +

Rohemission
vor Partikelfilter

1.00E+06

1.00E+05 +

E Reingas unverdinnt
[ nach Partikelfilter

Partikelanzahl dN/dlogDp (1/cm3)

1.00E+04 +— —

Raumluft im Labor $
_—

1.00E+03
10

1000

Metrology Development became decisive
for Particle Counting by CPC and DC -Instruments
for Laboratory, PEMS, Maintenance and Personal Sampling

lon Trap Voltage
High Voltage  Charging current measurement

12
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400

TC (760 pg/im3)

TC

E
=]
@ P Background  MAK-Limit
2
o
[} 100 ------

before 1998 1898-2000 2001 2002 2003 2004

Improvement of Air Quality in Swiss Tunneling
“no Diesel without filter” since 1997

Proof of Success: PN and BC reduced by

60% at a very busy motorway in Switzerland
although traffic increased by 30 %

' 0.24 [-0.29, -0.22] pg-mr)year

A EBC {(pg-m)
10 15 20 25 30 35 40

2008 2010 2012 2014 2016

Year 26
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Peugeot mit FAP — 2 Mio Fahrzeuge

erfolgreich im Einsatz ! Roll out
May 2000

Response of International Legislation ?
- Impressive reduction of PM Mass
but is this the solution ?

Ubersicht der HD-Abgasgesetzgebung (USA & EU)

14
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Nanoparticle number concentrations

Eurp B, MAN  Euwro Ii, Eiaro i, Euro iV, EwraV (2], EuroV, MAN
Mercedes MAN MAN MAN

B Low idle W High kle  ® Free sce. 8 Porvial kood

EU adopts VERT Criteria in 2006
for Euro 6 - EU Co-Decision (Art.12, Rec.15)

appropriate to indicate that (particle number limits)are

likely-to-reflect the highest levelo mance with
particle filters using best available technology

+ .. the commission shall introduce particle number based
limit values at a level appropriate to the technologies

actually being used.

15
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DPF-Installations in Europe . ==

Hi.

and GPF to come

14
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CONTENTS

History and Evolution of DPF systems

Modern DPF design

Expected changes in near future

Pros and Cons of different designs

How to select a DPF-system for a given application

32
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SCR on DPF

Liebherr
Red > SCRoF (1040mm)
Purple - SCR-only (868mm)

Thermomanagment

Tools are available in all modern vehicles
for DPF-Regeneration, SCR-Support, Deposit Cleaning

* Intake Throttle
% R Ny i - HC-injection

» Catalyt Combustion
* Retarded injection

* Multiple Injection

; . : + TC-Management
[[l_[ .|¥E % —-——-1 HCII control m-:;-:lurer « EGR Managment

integrated in ECM

S L) BOSCH ° Cooler Managment

« Electric Load

17
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CONTENTS

History and Evolution of DPF systems

Modern DPF design

Expected changes in near future

Pros and Cons of different designs

How to select a DPF-system for a given application

35

Structures

Porous Ceramic Extrusion

Metallic Sinter Structure

Ceramic Foams

Metal Foams

Ceramic Wire Structures

Glas Fibre Cartridges

Metal Wire Structures

Deep Filtration and Membrane Structures
Low Temperature Paper Filters

36
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| FBC active

> 250 °C |

FBC active

> 200 °C|

Offline Regeneration

| Disposable Element

Full flow Burner

o

19
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Full Flow Burner combined with
Base Metal-Catalyst - Sulfur tolerant

Standard Filtermodul

Restsauerstoff im Abgas: > 8%

Heizleistungen: 30 — 400 kW
Druckluft > 5 bar: 20 Nmd¥/h
Dieselkraftstoff: 3-401/h
Stromversorgung: 24 VDC

FS26 spezial

Diesel-Burner at Engine Idle or Standstill

20
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Catalytic Combustion

[

T -

S
S
~
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Late Injection and Fuel Borne Catalyst
combined

[

Electric triggered
FBC supported Combustion

22
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CRT-Filter System
Johnson Matthey Patent 1988

Passive Regeneration with FBC (360 °C)

S

23
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Filters for external Regeneration
and disposable Filters

NN =

CONTENTS

History and Evolution of DPF systems

Modern DPF design

Expected changes in near future

Pros and Cons of different designs

How to select a DPF-system for a given application

48
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All VERT-certified filters guarantie
particle elimination, toxic gas reduction,
no secondary emissions, low noise,
long life .....

But which one
will regenerate properly
under the given operation conditions ?

Soot burns above 600 °C

1060

Isoiherm ———

synth, Lult ——

oo BEEBEIEER

T T T T T T T T T T
100 200 300 400 500 600 o 20 30 40
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Soot combustion with mit O, or NO,
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Operation Profiles
can be very different

‘ Welche Temperatur steht zur Verfugung fir die Regeneration ? ‘
VEWCLED 260620001255 0 in 1 S, Tamp
w0
.
Sometimes — -
- - - g 2000 °
individual Measurement :- :
. . - | »
is required .. 0
,,,,,,,,,,,,, G —
|
suns s Ll
El
w0 I
N I il
IIIIIIIIIII VEHICLE2-17072000-1715 0 Min.1 Sec. Temp.1
:
. I 20
I I

uuuuuuuuuuuuu
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VERT interactive CD-Rom
- Tool for Filter Selection

e - ]

Al des Fitorsysieom — Votabklanngon Ve

VERT interactive CD-Rom

—> respecting all boundery conditions

NO2- Brennstoff Katalytische | |Keine Zusatz

i Additive i mass-

nahmer

[[nto ] [t ] [[mto ] [ into ] [t ] [t ] [0 ]
[mo ] [mo ] [ | [0 ] [mo ] [Tmo ] [T ]

[ zur VERT-Filterliste
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Passive and Active Regeneration

800 Brenner

Elektr. Beheizung

Russ
ohne
Katalysator

2 - Motordrosselung
% 400 —| - |- Nacheinspritzung
g I —
" t-
E Adlitive Edelmetall-
B cSE & Beschichtung
EE— I Leerlaufdrosselung
200 — I~ Abgastemperatur

But in addition look for

- Backpressure Requirement - might be very
different for different engine types

- Fuel Quality - might have high sulfur content
- Lube Oil Quality — Ash, Sulfur, Calcium +++
- Installation: Vibration, Heat

- Safety Aspects: Visibility, Fire Risk

- Variation of operation Conditions

- Continuous Monitoring

which might influence the Filter Type Selection

29
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Backpressure required OBD

> =

* Exhaust Flow i . .
[ « Filter Loading = f (Time); max 10g/l
» Soot Emission =
l max 200 mbar
* 0,- & NOy- Content ||~ « Filter Regeneration
* Exhaust Temperature

L | - FILTER-BACKPRESSURE

Some Engines are more sensitive

If Backpressure t Charging Soot Generation
increases Pressure 1 Increases I
Air Excess and
Performance
Decrease

30
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Engine Exhaust Gas contains

Soot Particles
Ash Particles
Liquid Droplets

Gases:
CO, HC, NOx
PAH, Nitro-PAH

and many trace
substances

Filter Cleaning

» Ash cleaning every
1000-2000
operation hours
must be well
organized to
protect workers
from toxic dust and
clean filters
efficient to reach
long filter life

31
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Minimize Ash-Deposit by use of
LowSAPS Lubricants

Standzeitverlangerung durch aschearme Molorale (Esterdle)

—F‘Mhﬂ.l'r. Oremrtirsuchal ooy
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| =1 | Ansalz:
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- I

L} MEH AEDE 4003 PEOM

AUGEH  1REES LEEOSD  MDEOD  (ANGOE JORAGD  JIES0
Landisisineng fm|

And insist on
Acceptance Test

- for each Retrofit

Warranty-Document
VERT-Label with
individuel Number

VERT® Acceptance Test Roport for PFS
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Conclusions

Select only certified filters — VERT-Filterlist
Check the operation conditions carefully
Ask for experience - VERT database
Install remote control Monitoring
Implement Inspection & Maintenance Rules
Require 2 Years Guarantee

Learning Curve in Switzerland
Success need a Vision and Persistance
Inspiration & Transpiration
Year Fuel Sulfur Retrofit Retro- Failures VERT
S gpm total Fitters %hpa Certified
1988 2'000 100 2 >10 =
1992 2'000 350 2 >10 -
1995 500 500 3 >10
1998 500 900 8 10 16
2000 350 2’500 12 8 23
3002 50 4'900 7 3 8
2003 50 6500 | S~ 2 2z
2005 10 11500 21 2 30
2007 10 17'500 26 2 50
2010 10 | 25000 30 <2 71
2012 10 35000 30 <2 75
2015 10 | 46000 32 <2 80
2020 10 35 <1 g

Y 2000: failure rate too high, 15 manufacturer deverified, 2000 hrs endurance introduced

33
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DPF Retrofit worldwide
« EUROPE: 540’000 (2001-2015)
« USA : 120’000
« ASIA : 545’000 mainly Korea and Japan
YIOUI-Y200s | Ya0oo-yaoil | vaOi1-vanis Totm_|
| Bus | Truk | MR_| Bus | Trock | WR | Bk | Trook | MR | Siis | Teom | 0ef | x 3000 |
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Table 2 Rotrofits worldwide (x 1000)

34



MDEC 2019 Workshop

Technology Transfer —

Much educational material available

Checklist
Particulate filters for diesel
engines used underground

SUMMARY

» Worldwide > 9 million death per year by pollution

Mortality by Air Pollution is 95% by EC-Particles
Main source of EC particles are vehicle engines
LDV & HDV / Diesel & Petrol / on-road & off-road
EC-particle emissions eliminated by DPF/GPF
DPF/GPF are applicable for in-use vehicles and OE
EU enforces DPF/GPF for all new vehicles

> 100 million DPF/GPF guarantee reliability

IRAN has already an excellent policy
and will succeed to clean the air within 10 years

70
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Exhaust End Pipe stays clean !
onroad > 85000 km offroad > 1000 h

The classic Wallflow Filter = Full

Flow CORNING 1982
e
e
F = \\_...j
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EU adopts VERT Criteria
in 2006
EU Co-Decision (Art.12, Rec.15)

appropriate to indicate that

like eflect the highest levelo
partlcle filters using best available technology

» .. the commission shall introduce particle number based
limit values at a level appropriate to the technologies

actually being used.

DPF introduced via PN-Regulation with
new vehicles Euro-6 2011 and Euro-VI 2014

US-EPA stays far behind
Standard PM requ. | PN eff. |PNrequ | PM eff | Comment
Euro-I| 700 3x1014 No real progress
Euro-Il 150 2x1014 No real progress
Euro-llI 100 1x1014 No real progress

Euov [ 20 [ 6x10%) | |Norealprogress |

EPA 2010 10 3x1013 DPF not required
PFF suficient

Euro VI (2013) 10 3x1013 50x below EPA
6x10" 0.2 DPF required

PM [mg/kWh] CVS Particles < 2.5 pm
PN [PNC/kWh] CVS-PMP 23-2500 nm
PN converted to PM with particle diameter 70 nm

38



MDEC 2019 Workshop

The new EU-NRMM-Regulation
Type approval 2018-21; Sales 2019-22

Is based on Particle count PN < 1072 P/kWh
Which guarantees introduction of highly efficient DPF

NRE (19sP=<560) — Construction &
+ NRMM general |

NRG (P>560) - Gensets

IWP (P2300) — Ship propulsion

IWA (P2300) — Ship Auxiliary

RLR (P>0) - Railcars

Cabin Filter: "NanoCleaner"

39
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Doors shut, Filter ON...

1.E+04
9.E+03 inside vehicle
8.Ed03 I outside

|
S rde b MW&"MW\, " b
oelos e phalk

: | WF‘W&%

e —
2.E+03 / 1[

. —7
1E4Q3 Filter \M
0-5& T T T T T -

100 200 300 400 500 600 700 800)
time (s)

5.E103

number concentration (#/cm3)

HIS Fatwzeugtechnik GmbH & Co KG

SMF® — Design-Alternativen

\ b Ih\-

Satelliten-Filter Filter-Box

Jetfilter®
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DPF-Efficiency can be very high

Just 7 m? exhaust (3 min operation of a 3.0 L Eulro-3 engine (100 kW)

EMPAQ

1 e ST —
[ p—
Chmtm 0 e o et
w1 ey =
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ETH- NPC from 1997

——
| ..d'rl rl]l||”||

uqmrumt:ut

Particle Filisr
for all Diesel

>100 SAE- Papers
> 300 publications

i Handbuch
i Verbrennungsmoltor
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Uberschrift

Plagues poreuses en
mital fritle

Uberschrift
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Uberschrift

5 Product forms and characterisiics {cont.)

« Bioklpon® ST wnder the mlernseape

A (A

sintmres| Inbyrinth

Uberschrift

canarip erTIie fereom

- e —

——m =
—— -
| —

i g
+ garamic subsireie (&g alicon caitails « conugsted Felical metal lols wih opan
coralante, alumena tianaia) as wal fow chanmes, catahyticaly ooabes
MU, poasisly coaing & ahous e Anacs B pugEed with acel, snsus
a0t s sinmal insioe the channels frees Ewnugh apen crannsis particutais
& TN s NOCELRATY i mgar rhuction i fhan zeen)
irdervals, depecding on 8.9 eibaus gas = thermal reganeration = nal iedessary
backprussine. dausl o IMESTELEG, « Iyp, avernge partenlen redecilon, 30%
s hondng of CPF = Malecheers. g g. Emfec, Doerland Mangaold,
+ particwise redustion * B0% Erocai
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Regeneration is controlled by the
Availability of Oxygen and Temperature

M = relative Russmasse

— poz = Partialdruck des Sauerstoffs
ﬂ = kg - M™ - ]’Jn R R = Gaskonstante
dt [}j T =absolute Temperatur

E = Aktivierungsenergie

* plenty of Oxygen is available in Diesel Engine Exhaust
Gas — particularly at light load 12-16 %

* but Temperature is often to low to support regeneration
at light load conditions if the NO,-Process is to be avoided

- Adding Energy (fuel burner, electr.heater ?
is properly speaking not needed

- Available Energy can be used to lift the Temperature
to the required Level

Soot-Reactions with O, und NO,

) C+02 - COZ 2.5E-11
and the CRT-Process (JM) 2E-111
« C+2NO, = CO,+2 NO B 1,561

this CRT-process needs NO, 1E-111

which is not available in
engine exhaust but can be
provided by catalysis

SE-12 1

CO,- Intensi

Temperatur (°C)

NO2-Rection is very attractive because of low temperatur
- but requires Pt-Catalysis, which is not Sulfur-tolerant

0 100 200 300 400 500 600 700
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Backpressure must be under Control

Electronic Datalogging

Anzeige von Mesvweren der ECU, 7. 8

- DCagemirus

—  Terjmratsm

- BefuSuaparriy

= Crwegwre

- FosfteSerkicad

- AAFliS e
Auniesembglichislt aklive Fahlsriits
Wamung des Fahrers bel

= o e ek (YERT

= AT

Sensors for Backpressure
and Temperatures

Alarm Indicator
at the Drivers
Seat

or remotely
controlled

Ash Deposits

filters must be cleaned
professionally 1-2 times
per year

RD032

L
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3WC and Filter harmonized

Umicore 2012
1,00E+13

213E+12

1.00E+12 PN threshold ELIE Diesel
- Ry ——————————

LIEMN
BRE+D
1,00E+11 | I ey EEWD
1,00E+10 . . l
fresh

enging F00km 0Tkm  100Tkm  160Tkm

out

43,
CPK.RU'IMIWH ; r ""h\_ ‘i.-l,.
it ot Data Export (L I/'*

= 1. Local Download

2. Remote Download

* Data will be transferred to
an independent internet
server

e Alarms at critical levels
Automatic notification
of 3 phones by SMS
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Results of Monitoring
online, frequency profiles, episode structures, variability

<File: INC02.820L.2003.112>
<Measure interval 60 secs 5|

¥
o

(Pressure [nbar] | Temperaiure 1 {61 Tenperatwe 210 ] s 00
.
*

May1SZ003 101543 OO 2003 10:37:28

O41hOn0s DBhABOs 01NOMOs 142SHn0s IAANOmOs 121NONDs 24BNOMOs 201daImDE 50100 20 300 400 500 =600 %700

INCO2-820L 2005-10-10

2050 . . . . . - . . . . . 800

700

600

o

Temperature [°C]
8 g8 & 8
g§ 8 8 8

3
8

o

Monitored History with Particle Filter

<Datei: DATA001459_20140811_091813_web.li1>

3

M\N\

| i

<Datei: DATAD01489_20140814_121020_web.Il1>

<Messintervall: 10 sscx

— Druck [mbar]

<Datei 700
<Messin| 600
500
400
700 300 ]
800 4-- 200
5004 400 -ome e BPFORAIY BN TR -
400 §-- 0
3004 -] 05.Aug.2014 23:57:14 03.Aug.2014 09:18:00 10.4ug.2014 21:53:20 11.Aug.2014 225524 13.Aug.2014 02:51:42 13.Au0.2014 19:49:06
05.Aug 2014 23:57:14 (08.Aug 2014 09:18:00 10.Aug.2014 21:53 20 11.Aug.2014 22:55:24 13.Aug.2014 02:51:42 13.4u0.2014 19:49:06
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Aerosol Number/Size — Distribution
City (Zurich) and Coutry (Ziircher Oberland)
10° ; a arr
6 November 2001
10°4 13 E
10*4 19 E
5 10°4 &N 14 1
a L1
D 10% l\ 13 3
=]
Z 10'4 1 3 E
Urban Area: Rural Region:
10°4 (Downtown Zirich) 1 4| (Zlrcher Oberland) J
Day (SMPS) N Day (SMPS)
Night (SMPS) \ Night (SMPS)
10"4| —e—Day (OPC) 4 4 —e—Day (OPC) E
—o— Night (OPC) sf —o— Night (OPC) \I
10-2 T T T T T T \
10 100 1000 10000 10 100 1000 10000
Dp (nm) Bukowiecki et al., Atmospheric Environment, 2002

The Lung are an open door for toxics
to enter our body since we cannot stop breathing

. = W
Repiratory volume/day:
10 —20 m3 ?,F

150 000 000 000

particles/day

Source: Nature Video / Dr. J. Schiltknecht
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Size Distribution at Curbside Zurich
would BC be the right parameter ?

Particle Number vs. Particle Mass

Engine

11:30

resuspended

* Engine emitted
(EC+metal oxides)
particles have very little
mass but high numbers

» Tire wear (BC) has low
numbers but higher
mass

* Resuspended material
(also BC ?) has even
higher mass

Road Dust

Tire wear ?

Break wear ?

Exhaust VVall deposited particles

Mortality and Health Cost global 2012

due to traffic [per year]

Inhabitants | Mortality Related Mortality Cost
Mio Traffic | Health Cost | per1 Mio | €/Pers
x1000 Mio € and year
USA 313 200 ? 638 ?
California 38 9 ? 236 ?
London 8.1 4 234 493
Schweiz 7.8 4.5 6.5 576
EU28 501 400 650 798
World 7000 4500 ? 642 1007
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Chronicle of DPF-Introduction and reasons why PN was and is that importan|
From 10 VERT-Filots 1996 fo 100 Millions of vehicles with VERT-Quality Filfers

1775 Percifal Pott established clearly a correlation between sool and cancer of chimney
| aweeps — first epldemiclogist

Nobilitation, knighthood, for his merits, however no further reverberation |

1910 | English MD's in occupational haalth suspect bessdes preumo-coniosis and silicosis serious |

lung damage dus o much smaller nol visible parficles; they begin both, to classify |

mccording fo see and to count parficles = conimatry

1828 | Lawther establishes comeiation Defween lung cancer and fraffic growth m London and in
Wales - &t that time iherm was no lung cancar in Swiss Canlon Tessin, which is nowadays
| m 1 (Cavalh)
1938 | First edition of cocupational haalth journal “STAUB™ brings conjecture of serious (iness via

lung due to parthcles of selze < 1y improvemants of measuring methods are requested.

1836 | Asbesios s recognized @S causing cancer, LUS-maurance compartes deny e nsurance |
for asbestos minsrs and handisrs; first reactions i Switzerland: the critenon of number of
beoken fibres is ntroduced, becausa determination by welght (mass) is not feasiils
No nodice is laken of this change in paradigms for measuring harmitd sub-stances

| Apparantly, a leck of commurication n medical discipines of environmen! public and

Lo | ccupational healh, |

1851 | Docupatonal Haalth Madicine Conference of Johannesburg, The aary suspicion of British |
MI¥s in mindng is conflrmed: particle are clazsed into three fraclions, adhesion whether to |
thorax, or bronchi or to alveol (= 1) measures are requasted, axcellen! procesdings am |
published one year lnlsr

Aerosol Research

AN (In(DE) [1/em?]

strange coincidence

128 mm)
1 1 100 10
Electrical Mobilty Equivalent Diameter [am]
80

Metals

The most sensitive size range

of the Lungs

is the most intensive emission range
of the Engines J L
and the weakest size range of b
Filtration

1 soot
\ Diesel soot

@
S

N
S

Regional Deposition [%]
I
S

T T
10 100

The Lung is an open door for
engine emitted particles
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1993 Six Cities Adult Mortality Study

* Random sample of 8411
adults in six cities
— Dirty: Steubenville, OH
& St. Louis, MI
— Moderate: Watertown,
MA & Harriman, TN
— Clean: Topeka, KS &
Portage, WI
* Enrolled 1974-77

* 14-16 years of mortality
follow-up

Probability of Survival

1.00
095}
\&\ N
N
090" o steubenvile N, Q\?&D\
m St Lous b AN
A Harriman X
085+ O Watertown 3
O Topeka
A Portage
080}
o758 . L
0 2 4 6 8 10 12 14 16

Years of Follow-up

Dockery et al, NEJM 1993;329:1753

Filtration - 65 DPF VERT tested
25 % > 99.8 % within size range 20-300 nm

100
99+
a4-
a7 -

94+
93-

it

B SMPS New
B SMPS Afer 2000 b

-y

e &

3 —- $ £
T T —

FigspQUs48egg=
EECEgEppRlcEngEs
YEalsP s Tugdetasn
E20sigB38TE 258
WEL—EIUF g ol AR e
E<<r2nf DONEEBLE
= o o =
€7 E2181 cdZERdac
5k [=1 EE:

Q3 U""E

@5 m

EMINGX CRT

EMINCX FEC pass

EMINGX FBC anl

Engalhard DPX 1 | |

Enpelhand DFX2

Engelhard El. Stand

ETB FEC
GAT Coal

Greantop Coal

HISCRT

Hu=s EL Staad

= (20 5]

EE"“"§
S il =
=9EFS
S3TE8
* 3

2
:

Huss Raplace

ETE El, Haal
Greentop FEC
Huss Burnar Sisnd

5
E
@
3
i
z
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O Postauto Schweiz
Edtartriall T Wi i

CRT: FAP a régénération continue par NO,
Johnson Matthey 1988

[T [P
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Warmemanagement mit Gas-Drosselung
MAN, ENWA, LOGLINK, DAIMLER-BENZ, ISUZU, XXX, YYYY

NN ==
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Einweg-Filter >Hausmuiill
ENDEAVOUR / TSH / DONALDSON / EHC / BAUMULLER

NN =z

Kombination von SCR und
Partikelfilter

Ad Blue
CRT SCR
— : = B =
Ad Blue SCR aktiver Filter

ETeE-
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Schematic of full-flow filters FFF (left)
and partial flow filters PFF (right)

Ceramic Substrate Ceramic Substrate

Exhaust Exhaust

Ceramic Plug Ceramic Plug

Messung von Abgaskomponenten
im Feld

Co, CO,, O,

NO, NO,, HC, SO,
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Careful Selection for each Application
since operation modes can be very different

r100-110

330363
+-90-100
207-330
90
264.297
70-60
231264
70 § H198.231 8
0- 2 =
0§ 165108 &
2 2
T 2
%5 132-165 §
40 132
20-30 Rl
1020 66
110
800- 930- 1060- 1190- 1320- 1450- 1580- 1710- 1840- 1970- 2100- 800- 910 1020 1130- 1240- 1350 1460- 1570- 1680. 1790- 1900-
930 1080 1190 1320 1450 1580 1710 1840 1970 2100 2230 910 1020 1130 1240 1350 1460 1570 1680 1790 1900 2010
Motordrehzahl [1/min] Motordrehzahl [1/min]

Quelle: Liebherr

Elektronische Onboard Filterkontrolle
zwingender Bestandteil des Filtersystems
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Chemical Composition of Diesel-Particles

Sulfat 3%

_15_ Organische Verbindungen 24%
. Sanstige Bestandleile 2%

- Kohlenstoff 715

Partikelfilter
fur Baumaschinen

- Stand der Technik
- Filterauswahl

- Einbau und Betrieb
- Vorschriften

- Russpartikel

VERT: Interactive CD for Filter Selection
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Walk through the city and
monitor pollution by PN

Evaluation of DNesel Particalute Filter Syvstems
il Stobie Mine

March, 206 ]

Desel
Emissions
Evaluation
P'rogram

Prepamed by Hiige |8 Canand

Mwsilod by Eoeef Sacimlak Ciregiry Ml
Aawdreas Mg Back Mayone
Uevepe Schnshewbery Hoben Usppal
Aldckummalai Fhsgririka Eidlles Bakipd
Muhe Crangl
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Awareness of black carbon’s role on GW

" iy Higher in atmosphere
Wiarming Effect . Sooling Effect Muttiplying Effect g Y

ol Catacks A (=] B Saraw maiikam

Taich i e P Pl Cinrbics: Dotea e Saafacs

Wiirst Fiaiiigs: Paak Blasy Cavton @i Fm

BC on snow
decreases
albedo,
turning to
water..
further
lowering
albedo

Science Daily, United Nations Environment Program Nov 2008

Global Warming
by BC-Particles

Journal of Geophysics Res.2007

Datalogging Driving Cycle Parameters
for proper PFS-Selection

=10 NRRLAR ¥ mittsls Datalogaer im ol

'*FFE-WHIt (fiir Systems mit Passiv-Regensration unerlasslich 1)

Lastkollakity vom anuhr 5 Arbolistage

L4 L8
13
1]
Lo -
& o
5“-' [ — ' THE
guj — Hinhgksi saes doni bl g den Werios En
-
400 o o
5 41
" 50 = a5 b
A3 ‘ : | e e AR
oang 1 G S | 15 o L 0 w
] -Aljasismpsratir n Gl T

S L
S s :
o B L5
IJE'ﬂ'lII 09:3%; 00 12000 1424100 1Eﬂ'm:m-m
- - . Uhrzeit . . . -
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MDEC Toronto — VERT Workshop on DPF Technologies — 10.0¢t.2019

Part2

What is VERT ?

1. VERT =
Verification of Emission Reduction Technologies

2. VERT is a Diesel Particle Filter Testing,
Certification and Quality Control System

« 3. VERT is a Trade Mark
. for Particle Filters of Best Available Technology

* 4. VERT is a non-profit Association (based in CH)
of Filter Manufacturers, Engine Builders and
Associates — 24 members
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CONTENTS

as requested by MDEC Conference Organizers

* Why is Filter Type Approval needed ?

 Filtration with resp. to particle size and number concentration
* Emission of limited gaseous emission THC, NOx, CO

» Secondary Emissions

* Further Requirements: Endurance, Fuel Economy, Noise ...
« Standards and the VERT Filter List

* What does measured engine emission mean with regard to
exposure or exceedance ?

123

Anzahl und Oberflache von kugelformigen
Partikeln mit einer Massenkonzentration von
10 pg/m?® (hypothetisch)

Durchmesser

: - Institut fiir Epidemiologie

Anzahl [em™] Oberfliche [em™]

2.400.000 3.016 pm?
153 120 pm?2
1 24 pmZ2

Oberdorster et al., 1994
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M e a s u re m e nt Ot Liebherr D914 T, 2000 min-1/ full load
m u st be by 1.0E+6 1+ Octimax (20 ppm Fe + 5 ppm Sr)
N u m be r 1.0E+5 + i X paz:::l?: ttlI!:al:l
a n d S Ize stand. fuel
& 1.0E+4
£
5
to show that £ 10evs 1 g fue
Filtration
Effectiveness e artile tap
iS > 99 (yo Octimax ambient air
1.0E+1 1
1.0E+0 .
10 diameter [nm] 100 1000

Filtering Structures must be porous
which makes them brittle and weak
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Pore Size
Particle Size

<0.1 pm =100 nm

[ ]
[ ]
® ®
. ® °
Filtration Mechanisms
Brown'sche Bawegungalinla
dcoulament i Partikalks
e L ] —
. 8 -
:'.'IEH':HT.JIT"E-II"II'B Zentrallinie
des Partkels
DIffLI SiDn Fasar- ecollemant Impakbon
guerschritt o i ~ -
N e °-o o
Partikallughahn Zantraflinia
impact Faser-
{inortio) Oueerschnitl
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Solirce Hinds* Aernanl Technalnav

MDEC 2019 Workshop

dp= 1.0 ym

100 100
= =
2 ap- 3
2 =
£ £ 8
8 80— Ug =10 cm/s 8 70
38 Interception 3
l«— Diffusion —» »e— Impaction —» 60
70 T T T T T T 7T
0.01 0.1 1.0 1.0 10 100
Particle Diameter [um] Face velocity [cm/s]
= =
SUdrnyge
Tso Metals
. " %50 1 soot
Coincidence T N
VAR
HH H &) 0 1 T T T
The most sensitive size range oo odor oy o1 &% o

of the Lungs
is the most intensive emission
range of the Engines
and the weakest size range of
Filtration

The Lung is an open door for
engine emitted ultrafine
particles in this size range

(]
Facter . [ larrmear |pm|
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Filtration Efficiency = f (Pore
Size

65

(o))
(=]

Porosity %
(9] W
S W

N
vy

40
0 10 20 30 40

Median Pore Diameter (mm)

Source: Merkel et al.; CaPoc, Brussels (2003)

Filtration [%] = f (Time, Soot-Loading)

Source: TRTDEN HDT-Seminar 2006

100 ‘ __!; —
90 |,
1 —16/170- 9/42
== 12/300- 10/40
80 ¢

== 12/300-12.5/45
= 12/300- 15/50
70 | = 12/300-17.5/55
=—12/300- 20/60

60
0 0.1 0.2 0.3 0.4 0.5
soot load [g/L]
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1.0E+07

1.0E+06

1.0E+05

m3]

T [#1

W 1.0E+03

N

1.0E+02

1.0E+01

1.0E+00 +

E 1.0E+04

Correlation Opacity /
Particle Number 7

<

R? =0.2062

0.00 0.20 0.40 0.60 0.80 1.00 1.20
Opacity

Number concentration dN/dlog D 5 [cm™3]

Solids or Volatiles?

1010 T T T mrrri
E LI I DF = 1:7
C --- DF=185
109.2— — - DF=1:20
: — DF =1:50
1098 /7 it
107 &

106 DF = 1:20, RH < 10%
E DF = 1:8.5, dil air 80°C

10 100 1000
Particle Mobility Diameter, D p [nm]
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Particulate Mass Samples upstream and
downstream of a Particle Filter in a Bus

Hansen, Jensen, Ezerman
(2001) Report 270-1-0019,
Engine Technique Aarhus

Without Filter

With Filter

Conclusion Daimler

- SCRis not reducing PN

- DPF reaches reduction of 100-1000

PM - PN different technologies

Non-0FF soldions

PNl high Sanpds

1 EDE&I4
e h
“ < - -p- AT L L T } P
R - — _.=,__,_..--"""
| -
1 -
£ 100E12 I AN « SCR
i b OFF i P in - P
> il M-rhrrﬂll + OPF
o 1 o0feit ¥ * SCRT
1 OOE=i0
\:/
| BOE &0
oo a0 i 200 20 Mo »no =00 K. wo
PM mg/kwWh

Source; Daimier, SAE HD Emissions Symp, 8/14
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,Release” after 4000 km

[ o W R 11

Switzerland (VERT) 1996

Based on this physiological and toxicological findings
(mostly from occupational health, see Johannesburg
convention 1952) a first definition was proposed

,S0lid, insoluble particles in the
mobility size range of 20-500
nm“

—>development of new instrumentation

- BAT-particle filters
—> start of the ETH-NPC
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Change from unspecified PM to solid

Particle number PN and size
In Switzerland 10 years before EU-PMP

| | |
Evapo- Dilution only Size Number
ration Ratio  solids
> 100

ME
Volatile Particle Remover + CNC
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What is the toxic Element ?

The Carbon core ?

Coatings ? Deposits ?
> A new :
Concept for Toxicology Evaluation

Two important conditions:

1. Expose to fresh aerosols

2. Expose human lung cells - epidermic, macrophages,
dendritic — the triple cell model

Biologic endpoints

« Cytotoxicity: amount of death cells

» Oxidative stress ROS

* Damage in the DNA - Mutagenicity

* Inflammation + pre-inflammation gene reactions

To learn more requires biologic testing in the engin

lab: exposure of cell cultures to exhaust aerosol

Biological test system

. , On-line exhaust
Triple-cell model, killer cells

characterization
—Y

Test vehicle Exhaust gampling
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Exposure of triple cell model
lung epithelial, dendritic, macrophages
to engine out diluted and
conditioned aerosol

=m |——————|
I.r p —‘ I I
i N g r*'—!l\
. ——- i
s Y
- i I
|
- =
[
Tmerout | [woor

Particles are elimmated

Effects on gases weaker Testing Inflammation
— A .. with non-catalysed DPF

B Contral (Fitered air)
1 Reference exhaust
Fillered exhausl

T
H
=
€
(=)
®
£
B
S
T
[
c
L
(1]
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Testing Mutagenicity (Ames Test)
with non-catalysed DPF

Salmonella typhimurium TA100

Kl

=t=Ralerance sukhouil

= =Hhered exhaust

= —
8 E
;i
EE
E &
ETF
zf

g
g e
=&
BE

] Ik ah &b
Exposure duralion

Testing Mutagenicity (Ames Test)
with catalysed DPF

Salmonella typhimurium TA100

m=g.5
=2=Reference exhaust
= =Fihered exhaust

=§=DPF 4 Satacen

Fold revertant formation
[rekatihve o negative co n'tral.l

Exposure duration
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But then we observed Formation of
Dioxins in a Filter System using Cu-FBC
Chlorine: 11 ppm 100 ppm
100000 [] with DPF B 77600
0 woDPF | = §
%) 1000 11595 Z Z
2 —,— =
s =m0k K
i i EFeil ECeil = §Cu§ al

And extremely toxic Polycyclic Aromatic Hydrocarbons PAH
even in the exhaust of gasoline engines

- 1 - Liss

B
-
—

AR | i

3
s
é.
5
5t
E; et Benzola)pyrene is the
1: =T major contributor tg
] B genotoxicity
Ths - |-

J 800x higher 11! e
= F =
t :

EL - air fimil value GDI Nest emits 64-, T00- and 39000-fold higher
1 ng/m’ benzol)pyrene (2014M07/EC Directive) PN emissions than the Euro-5 diesel vehicle
Maria Misficz. Empa
VERT-Focus Event Effect- and foici atsessmand of exhausts March 18, 2018, Empa 16
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CONTENTS

as requested by MDEC Conference Organizers

» Why is Filter Type Approval needed ?
* Filtration with resp. to particle size and nhumber concentration

» Emission of limited gaseous emission THC, NOx, CO

» Secondary Emissions

» Further Requirements: Endurance, Fuel Economy, Noise ...
« Standards and the VERT Filter List

+ What does measured engine emission mean with regard to

exposure or exceedande ?

149

9
all this must be covered
by a Type Approval Process
which clearly favors sytems
which
- provide best available filtration,

- eliminate all toxic substances
contained in the engine exxhaust
gas - and suppress any generation of

new toxics in the filtration system

150
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Traditional DPF Certification Protocols

VERT PN Filter only 97 (99)

VERT, focussing on Particle Number + Size, is health-oriented, reaches 99%
provides much more in-depth phys.+chem. Information and tests application
robustness — but is less costly because it focusses on DPF properties and
supplies information which is be valid for any engine application.

UN-ECE-REP is actually developing a new retrofit regulation based
on PN, Filter only, > 95 % .. following VERT. EU will adopt the result

Suita‘:)IiEIEg Test Field inspection
VERT
" Field inspection
Filter Test 1 ;
Stationary 1SO 8178 e e
+Transient +Regeneration - i af ase
Limit value >97% (20-300 nm) Wwww.akpt.org
T T
Filter Testing - =
e H Secondary Emissions Test P
Ce rtlfl Catl O n 1SO 8178 Conformity of Production
no toxic
reaction products
and : |
1 VFT 2
Quality Control oy e
>2000 op. hr. In Use Compliance

Ap <200 mbar

VFT 3
Verification Test
Similar to VFT 1

no aging permitted

<3%
* Confirmation

>5%
Rejected

BAFU/SUVA 3-5%
Filterlist Approved Traps Improvement needed
www.bafu.admin.ch
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Concept of VERT-Filter Testing

In Depth Testing of Exhaust Gas Filter Structures for
Nanoscale Filtration (Physical Properties)

In Depth Testing Chemical Phenomena in Exhaust Gas
Filter Structures

Testing a complete DPF system

Type Approval of one filter per filter family
Endurance Testing on Typical Vehicle Application
Testing is Worst Case oriented

Best Available Technology is the moving Target

Testing the Combination Filter + Engine not required

VERT targets are BAT

Filtration

Filtration A B C

hetween From year 2010 2012 | 2015

Regenerations Mew stale =07% | =98% |=99%
2000 hrs. =07% | =298% |=99%

Filtration 1 2 3

during From year 2010 2012 | 2015

Fegeneration Mew state | 260% | = 70% |=80%
2000 hrs. =60% | =70% |=B0%

Secondary Emissions

ANOLNOx ratio before 2012
for newly certified
systems Mo limit = 20 %

(a4
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Swiss Standard
(Techn.Norm)

How to measure

and characterize
Nanoparticle
Filtration systems for
Combustion Engines

I ST IR
N e T

L e =
3a =i T

1 P TN EAgIIeS - Sifin Gin &P Hadlmed] - Fulcs "R Sratem -
Taaog MemeR.

FETIITUREPTONN - AIGRRTOESINY « SIS -
TR

WY 3 SRS — FEATIRRTC B IS O ST — Sjrsesy B e
I - s 38

Woor 1 omuminre - T-rdterens de g g s - Tnter S M
IR - M) I R

Crprr o o m e
T

e
fuel . I
mechanical [ ] t S t
fuel tank & cooled e s e u
Liebherr D 934 S A6
cooling water 100 g |
s from main 5 |
4 pa * watar supply = 1—
[ ¥ E ? T ﬁ"—
a0 Ll lug *
brake 4
| Schenck 0 8
W50 600 800 1000 1200 1400 1600 1800 2000 2200
engine Lisbhar D %34 5 Af :
ng‘ engine speed [rpm]
- n

[
)
particle trap, minidiluter ?;ﬁ::’aﬁ
catalytic converter 1 CO, HCrg. HCy,
of neither ™ NO, NO, COy, O;

SMART
SAMPLER
fifter element for
gravimetric or
coulometric analysis

SMPS

silencer ': J—e- ventilation
1 i

opacimetry

ManoMest
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Test Setup Detall

ranulometry N
tt2. P2 Gay filter_t,
I (/)
particle trap,  Minidiluter fqiiihufeﬂ”nlknet

CO, HCgp, HCR, NO,

[ NOxCO;, O, FTIR
) silencer — ()= ventilation

partial dilution X te, ps%J TC *

catalytic converter MD_19
or neither )

t7, p7

eating opacimetry

tunnel
SMART | DDA
SAMPLER filter elementfor + X
gravimetric or dilution air DMA L
coulometric analysis CPC

SMPS NanoMet

Compatible to EU-PMP
PMP-Set-up for solid particle

countin g PNC 23-2500 nm: ECE/324/ Add .48,

-
GHORSS AW
FIERPUREREE, i i e e

-
fierad air -

i
d 1 -
Flow girection
|
|
/'l ey :
P . 1
act HEPA
carban Trrm engine axhaust
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SMPS = Scanning Mobility Particle Sizer

Mass flow .
Control Filter
R

XX
X
s

—~=— Sheath Air

High Impactor
Voltage
Supplgy Sample
20-10000 ‘ Aerosol
volts Kr-85 Bipolar
Charger, 2mC
A Jj; Differential
- Pressure

Differential

Mobility

Analyzer

Mass flow
Control
Eggg Excess
Filter /\
Particle
[E— Counter =
Mass flow
Measurement ‘ RS232
PC
High Voltage programming Signal |

good UPF

Measuring Particle Size, Surface, PN Number, EC/OC, PM Mass
and Gases NO, NO2, HC, CO, CO2, 02 + FTIR-Analysis..

before, after and during Regeneration . _"'I"':"““""‘“ ——
new Filter and after 2000 operation hours |~ | ==/ == L

- -
ey
0y ik
pt e TN
[ [E——————
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-2357/\7'; e = Size
o —— "ill.-'/L = distributions

I“:_?’\ - =t - Liebherr Diesel
§a= f -\ | & nomer 110 kW
Bl fime 8 operation points of

! ISO 8178/4 C1 test cycle

"":'.gm.u-- = = o j“': - = = OP 8 =idle
.:.r Py : = Sampling: 300°C,
i s Dilution Ratio DR=100

| I} p— !A\ " PSP 81T G-yl o comainacion e sgres
| - ¥ it ; _‘.__""""‘
R S ) P Mg i — e e,
=T : . L - - . A
| T . . 1."_' "Ry :.‘-.I.-
e =] ~ 7‘5\ "I ::r‘l_“‘ '.‘:-.Jl':‘
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:L

]

U PN-Test results
#ilfih Swins PN-Limi { 1x10'7)
1 00E+ 12 7 7T - ¥ ., =
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£ ' i " »  EURO WIHE PN-Limit (G107
.? ' " » I
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1 DOE+ 10 4 i .. . .
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1 00EH
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Extreme Transients « free acceleration »
with DC-signal, with / without DPF

1.2E+06
= measurement 4 = —measurement 5 === measurement 6
9.6E+05 wio DFR
E 7.2E405 A I
.,, i
£ i k
E
Q ]
a2 4 8E+05
-
g .
- with DPF
24E+05 A
0.0E+00 f T T T
0 4 8 12 16 20

time[s]

Regeneration Test

Find Balance Point and Regeneration Gradient

Torque M
Backpressure Loading phase
of the trap Ap - constant load 5

- exhaust temp. Tgyp < TRegeneration

— Torque M
= Exhaust backpressure Ap

AM

AM

AM = 5% of Mmax by Nnenn
I I |
Ap=10' Ag=10" Ap=10' time t

82



MDEC 2019 Workshop

Emission Reduction by DPF

120

100
80
60 -
40
0 - T T T T T
HC NOx

Russ PAH Asche co
krebserzeugende Substanzen

CONTENTS

as requested by MDEC Conference Organizers

Why is Filter Type Approval needed ?

Filtration with resp. to particle size and number concentration
Emission of limited gaseous emission THC, NOx, CO
Secondary Emissions

Further Requirements: Endurance, Fuel Economy, Noise ...
Standards and the VERT Filter List

What does measured engine emission mean with regard to
exposure or exceedande ?

166
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Secondary Emissions

Toxics generated in the Filter/Catalyst system
* NO,, Dioxins/Furans, PAH, Nitro-PAH etc.

» Sulfuric acid aerosols

+ Metal oxide (Ash) particles, mineral fibers etc.

Legal Aspects

linistrator shall col

use of any device, s n, or element of design,

issions of any unreg

5

-
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fuel tank &,, ~Gooled

Test Setup for size-
specific particle

cooling water
—— from main
4 pa * watar supply

analysis
bz Lo frus ‘ *
| —
brake
] Schenck
w450
engine Lisbharr D §34 5 AG
| e
-

[
)
particle trap, minidiluter r?i::;:::?a’::l
catalytic converter Mo, 18 CO, HCpp. HI
or naither " NO NO,
L sllencer

T
partial dilution

ELPI — Impactor
13 size classes
30 nm — 10 pm

SMART
SAMPLER
fifter element for
gravimetric or
coulometric analysis

Sampling during VERT-Filter Test

Exhaust
Test Engine ————{Particle Filter >
\A Y
[}
) ISP
fezssssssssmmoz=oss — Exhaust Gas Opacity
Sampling
Solid Particle Analytics  Dilution Gas Phase Analytics
Thermal
Treatment
Size Distribution of Particle number «¢ P CO, HC, NO,
Overall Particle number | P Secondary Emissions

(NOy, Trace Substances)
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VSET - et
Test set-up | |
and Bt v s
Gas + icualte
Metrology -
NanolViet P R
_>a:(\m
swes ¢ — HPLC (VOCOX)
—»HPLC (PAH)
—p» SOFINSOF
(omom) A
—»  X-Ray Diffraction
- »  SEMEDX
. IcPMS
(inductively coupled plasma mass
spectrometry: DL =0.0002 g per stage)

ISO 8178 continuous for VSET

Torque

Idling

10%

N0
/

60% 100% RPM
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Carbon monoxide, hydrocarbons, fuel

Mo significant effects on fuel consumption

co HC Fiuel
2.0 2.0 300 -
L= -
dts o o |
z 16 g o 16 HWlie - »
o
ol - ¢ [ 1.2 180 4
§ 1
'E AR IHII M 0.8 120 4
o
[
E 04 l EJ--E-- EEEEEE B0 4 é §
£ i
e <
0.0 . $ ﬂ.ﬂ-—-J— o
O | - S | TS
2 EE 2 kB g & E
70%
Pt-Coating A

NO->NO,
conversion with
catalytic coatings
and NO,-
reduction with
FBC

NO2 / NOx [%]

60%

50%

IS
o
X

W
=3
X

20%

Pt-Coating B

Pt-Coating C

Pt-Coating
D

Pt-Coating

w/o D

X

/ E
K=

Base-Metal 1
Coating G
. Base-Metal

T5 (before bPR) [°C]
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CRT-Filter System
Johnson Matthey Patent 1988

NO conversion to NO2 (%)

80

Effect of Sulphur Contents (in ppm S) in Fuel
on NO Conversion over CRT®-Catalyst

70

-—10 ppm

60

==~ 50 ppm
-l 100 ppm

50

/=500 ppm

-@- 1500 ppm
T

40

30

20

10

250 300 350 400 450 500 550 600

Temperature (°C)

88



MDEC 2019 Workshop

Two filter families: one converts NO, the other form NO,!

Emission factor [g/kWh]
~ o Pnos B

=

0.02

0.01

Ref

FF1

FF2

NO
20

3 8
16 o o
12 4 l

+

Iglalﬂl-él
4
0

Ref

FF1

FF2

Heeb et al. ES&T, 2010, 42, 3773-3779

What are PCDD/Fs?

2,3,7,8-Tetrachlorodibenzodioxin - the so-called Seveso-dioxin
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What happens if traces of chlorine enter the system?

2,3,7,8-chlorinated PCDD/F (TEQ-Sum)

Sinter metal filters Ceramic filters
s e =0
[pail] [poll] ——— < —
10000 10000 b 9
| — & -
— 5
1000 1000 O
100 4

10 je:
o™
[ ]
1

We*lst have to pickthe ri

.4 d L 2

2,3,7,8-TCDD Emissions

[pg/L fuel]

|

L b 1L
IMHH (AT A l.llli i}

.u’\ tew 2 A
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2,3,7,8-TCDD Emissions

[ =

w
=]
o
(=]

2010

[pg/L fuel]
t non-Cu PCDD/F catalyst

Cu not allowed in NEAT

A
irs

f

Na
cell membrane
(alveoli, placenta,
blood cells, brain)

transport like a
~ Trojan horse
to

Elemen rbon
Polycyclic Hydrocarbons
Metal Oxides Clusters

'into cells

Trojan horse, Harbour of Canakkale, Turkey
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Conversion of all carcinogenic PAHs!

Carcinogenic PAHs

Bensoib) Bano]k)- Banzo(a)- Indenal 12 3-0d)-
funranthena |5) fuoranthens (6) pyrene [T) Pyrang (&)
1E-03
8 B £ & g 8 " e
o 1E-04 a o o o o o & o
Pl Al Lay Ly
.ﬁ 1E-08 é | . & .
E IE-U? - E é .Ilﬂlg-l‘ll- .-‘H-g-lll- --lg-p. 4=
E r
“oece E H B
1E-08 — ——— .
B B B B E G T 8 3 -
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Nitration is regioselective - peri-positions are more reactive.

DPF-induced nitration of PAHs .

o ¥ ] I s a8 ]
M R ¥
|

1-Nitrp- 2-Niro- 3-Mitro- B-Niro-
naphihaisna (&) naphthakene (10 phenanthrens (11) phenanthrens (12)
1E-03
= fo) Y (]
_ 1E4 . . ; s = ; - (Y
E T i i = L ] -&--I-D
: f 6 E' i '
1E-08 o |
' -nﬂlg- suw 1+ ﬂﬂ
g 107 1‘ ¥ 1 ] ¥ E ".'E" E e
d g8 5 3 & & -. i ] T
(=] (=] (=] {=]
1E00 ———— — o e
E 5 & E B 3 B 5 § E 8 B

Benzo(a)pyrene is the
major contributor

genoloxicity

800x higher 11!

| ]
EU - mir limit value GDI fleet emits 64-, 700- and 39000-fold higher
1 ngfm’ benzolajpyrene (2014/107/EC Directivel PN emissions than the Euro-5 diesel vehicle
Maria Mufioz, Empa
VERT-Focus Event: Eflect- and toocity-based asssdsmant of sxhauats. March 16, 2018 Empa 16
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Substantial ammonia emissions with active SCR!

Ammonia (NH,)

engine-out SCR only DPF/SCR
8.E+03
<30mgh™ 1870 mg h'' 1790 mg h'*
6.E+03 (<3 mg kg;:m] i E (210 mg -cg'l'“:l] i (210 mg kg'I:m]
=
2 4E+03
T
Z 2E+03 - ] ﬁ ﬂ
0.E+00 e T T T -ﬁn |ﬂ|ﬁ| T T |ﬁl ™ -1ﬂ1EI|
12345678 12 3456 7|8 123456 78

Substantial ammonia emissions with active SCR!

Ammonia (NH,)

engine-out SCR only DPF/SCR
8.E+03
<30mgh™ 1870 mg h'' 1790 mg h'*
6.E+03 (<3 mg kg;:m] i E {210 mg -cg'l'“:l] {210 mg kg'I:m]

EEEEEEEE N E N EEEEEEEEEEEEEEEEEEENEESR Illllllllllsglh

NH; [mg h']
o
m
+
b

2 E+03 1 g 4
Sy EEEEEEEEEEEEEEEENpQ Iﬂlllllllllllll glh
mEEn EEEEEEEEEEEEED LR EEEEEERERYN
0.E+00 IE-F—'.I - T T T |ﬁﬁ| T - 0. glh
1234586728 12 3 45 6 7|8 12 3 45678
Heeb et al. Atm. Env. 40 (2006) 3750-3763 Livingston et al. Atm..Env. 43 (2009) 3326-3333
Heeb et al. Atm. Env. 40 (2006) 5986-5997 Heeb et al. Atm. Env. 42 (2008) 2543-2554
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Isocyanic acid emissions 70-85 x above MAK

Isocyanic acid (HNCO)

Heeb et al. Atm. Env. 40 (2011) 3203-3209

engine-out SCR only DPF/SCR
1.E+03 ,
28mgh” 282mgh’ 245mgh™
-, BE+027 (3:2mgkg,,) 1 {32 mg kg, 1 (20 mg kg]")
=
o 6.E+02
&
O 4.E+D2 1.4 - 1.7 mg/m3
§2E02IIIIIIIIIIIIIIIIIII mm EEEEREERSR
2 ] 1
Rl R N 4 E
12345678 123456 78 12345678

Metal Analysis
in 13 size 10 nm — 10 mm
classes per HR- ICP-MS

For all catalytic coating metals
For all fuel borne catalysts
For metals from oil packages
For engine wear metals

190
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Size Specific Pt-Emission-Analysis (CDT-FBC)
ELPI Diameter upstream downstream Trapping
Stage D50 [nm] Trap [ug] Trap [pg] eff. [%]

1 30 0.002

2 63 0.006

3 109 0.007 -

4 173 0.005 0.001

5 267 0.015 0.001

6 407 0.022 0.002

7 655 0.022 0.001

8 1021 0.013 0.0005

9 1655 0.007 0.0005

10 2520 0.004 0.0002 DL

11 4085 0.003 0.0002 DL

12 6560 0.002 0.0002 DL

13 9999 0.002 0.0002 DL
Sum: | 0117ug | | 00088 pug| 93%

Durability Test (Field test) 2000

hrs

VERT approved DPF systems must
undergo a field test of at least 2000
operating hours

Do be done in a typical application of the
specific DPF system (i.e. stationary or
mobile application resp.)

With periodic tests of filter performance,
back pressure, regeneration, control
and alert systems, mechanical
construction etc.

Followed by a full filter test on bench VFT3
no aging or deterioration permitted
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Effect of Backpressure on
Fuel Consumption

Abe  Ap
be pe+pr

Where be is the specific Fuel Consumption [g/kWh] Abe
the Increment due to the Backpressure Increment Ap in
relation to the overall Engine Work, expressed by
effective pressure + friction pressure

This linear Relationship is valid for natural aspirated
engines without EGR up to about 300 mbar, above we
find a nonlinear increase.

Noise

Filter is replacing Silencer
Noise must be controlled for each Retrofit Case
Noise usually 1-2 dB(A) lower — see VERT-database

Ohne Filter Mit Filter
Drehzahl | links | rechts | links | rechts
[rom] | [dB] | [dB] |[dB] | [dB]

600 63 65 62 62
1000 66 70 66 65
1500 74 78 69 69
1700 77 81 71 71

Mitelwert 7,7 66,8
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CONTENTS

as requested by MDEC Conference Organizers

Why is Filter Type Approval needed ?
Filtration with resp. to particle size and number concentration
Emission of limited gaseous emission THC, NOx, CO

Secondary Emissions

Further Requirements: Endurance, Fuel Economy, Noise ...

VERT Filter List

What does measured engine emission mean with regard to

exposure or exceedande ?

195

VERT-
Certificate

1.VERT-testing
successfully completed
2.Application per System
duly signed - directed to
VERT coordination office
3.Examination by VERT
Scientific Committee -
ananimity required
4. Stamp “Valid” VERT-CEO
5. Filter listed
6. Certificate to manufacturer

\)

VERT®-Certificate
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VERT
Filter List

65 Certifications
First Publication 1998
Published on VERT-homepage

Updated whenever modified
Responsible:
VERT-Scientific Committee

Language: English only

VERT" Filter List

VERT certified *
Particle Filter Systems

Taswod Mareh 1010

CONTENTS

as requested by MDEC Conference Organizers

» Why is Filter Type Approval needed ?
+ Filtration with resp. to particle size and number concentration
» Emission of limited gaseous emission THC, NOx, CO

» Secondary Emissions

» Further Requirements: Endurance, Fuel Economy, Noise ...
« Standards and the VERT Filter List

* What does measured engine emission mean with regard
to exposure or exceedance ?

198
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M eas u re m e nt TR Liebherr D914 T, 2000 min-1/ full load
m u st be by 1.0E+6 1+ Octimax (20 ppm Fe + 5 ppm Sr)
Number roevs | TN partcletrap
a n d S Ize stand. fuel
& 1.0E+4 |
£
5
to show that £ 10evs 1 g fue
Filtration
Effectiveness R \ particl rap
iS > 99 0/0 Octimax ambient air A
1.0E+1 1
1.0E+0 + + +————++ + +—t———
10 diameter [nm] 100 1000

Size Distribution at Curbside
Zurich

would BC be the right parameter ?

Particle Number vs. Particle Mass *Engine emitted
— e (EC+metal oxides)
BTG particles have very little
é BNty (190N mass but high numbers
- e )1 O h, ! *Tire wear (BC) has low
B o A numbers but higher mass
i 2 NI v 4 *Resuspended material

(also BC ?) has even

I higher mass
I I resuspended

Road Dust
Tire wear ?

Engine Break wear ? .
Exhaust /Vall deposited particles
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dN/d(logD) (cm®)

Aerosol Number/Size — Distribution
City (Zurich) and Coutry (Zurcher Oberland)

10°

10°4
10"+
104

1074

——

10'5
Urban Area: Rural Region:

10°4 (Downtown Zdrich) | 1| (Zurcher Oberland)
Day (SMPS) %@ Day (SMPS)

Night (SMPS) Night (SMPS)

10"4| —e—Day (OPC) 1 4| —e—Day (OPC) % 4
—o—Night (OPC) \ —o—Night (OPC) \
107+ ; ; \ ‘ ‘ |
10 100 1000 10000 10 100 1000 10000
Dp (nm)

Bukowiecki et al., Atmospheric Environment, 2002

1.0 1.5 2.0 25 3.0 3.5 4.0

And the Result:

Cleaning the Air by DPF in Switzerland
Monitoring BC

-0.24 [-0.29, -0.22]_

Limit today
based on PM10

Limit <0.1 um/m3

2008 2010 2012 2014 2016 For 4/100°000
cancer cases

Year
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400
TC (760 pg/m3)
TC
300
200

Background  MAK-Limit

EC EC

Diesel soot [ug/m?]

before 1998 1898-2000 2001 2002 2003 2004

Improvement of Air Quality in Swiss Tunneling

Health Cost Reduction Zurich
due PM/PN-reduction by vehicle exhaust filtration

Kosten der Luftverschmatzung im Kamton Zirich
00

rTe T
a0
i
oo | . T
s = = J
y TR 1 ' TEis E
¥ o0 B
i om i
w0
=
o |
o 010 s
et e PUIR @ (b b i i S L b e
At e by te o Eorimie® et

Fgar sl oW Lifswrsiematueyg o namsi Towh e Bolisaongag da PRI et
st ptatenskenies. [pmirss g

450 million CHF less annually = 300 CHF per Person

published April 2018

102



MDEC 2019 Workshop

VERT was there before 1993
and may stay after 2018

1984 BBC/ETH-DPF with DB tested successful in USA
- Corning-Degussa-DPF desaster, 2000 engines failed in USA
1993 DPF the only solution for building NEAT
- 1994 Filtertest at AFHB following the PN-standard
- 1997 First ETH-Nanoparticle Conference
- 1998 First VERT-Filterlist
- 1999 Nanomet «the golden nstrument» at Hannover fair
- 2000 DPF mandatory in Swiss tunneling
- PSA FAP roll out
2002 DPF mandatory in Swiss construction
2011 DPF mandatory for Euro 6 only possible due to PN-standard

Main requirements of
VERT filter test

High filter efficiency 97 %:

highest space velocity,

highest temperature,

clean,loaded,regenerated and during regeneration
new and aged,

all particle sizes 20-500 nm

No secondary emissions
Durability of filter quality

Regeneration of the filter
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op

Full Flow versus Partial Flow
Filters

Ceramic Substrate ¢ Ceramic Substrate

Exhaust Exhaust

Ceramic Plug Ceramic Plug

Partial Flow System A : EMITEC

\ Prinar- Setnubelbiareich
wallung

Falienrand-
strailen

Wliesmathe

Strédmung

PM-Glatliage
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Soot ,Store and Release”-
Effects

2000 km, City 2000 km, City
30 km/h

30 km/h ‘K‘T|WC‘T
55

System G

-35

The Wall Flow Filter
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op

Filtering Structures must be porous
which makes them brittle and weak

Correlation Opacity /
Particle Number

1.0E+07

R? =0.2062
1.0E+06

1.0E+05

1.0E+04

1.0E+03

NPET [#/cm3]

1.0E+02
1.0E+01

1.0E+00 + T T T T T )
0.00 0.20 0.40 0.60 0.80 1.00 1.20

Opacity
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Wall-Flow-Filtration by Diffusion

onlv |

Size Ratio

of Particle/Pore
10nm /10‘000nm
equals the ratio

of a fly to a room
—~>Not acceptable is
filtration after soot
cake formation only
—~>Not acceptable is
low cycle migration

.25 Porenlagen

10..

VERT-Test
for BAT
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VERT-Conformity Criteria 1998

VERT-Pilichtenheft filr Partikeifiltersysteme bei Baumaschinen Stand 15 4 66

Abscheidegrad (am Referenzmator Lebherr 914 T)

« Gesamipartikel, gravimatnsch (150 8178 C1, 4 Tesipunkia) > B0%
» Elementarer Kohleraiofl, coulometnisch = 85%
» Russsioss boi froser Beschlounigung: Opaxital < 10%

= Penetration von Fesistoff-Femnmpartiksin m Grossenbersich10-500 nm < 5% (Anzahikonzentraton)

Zusatzaniorderungen Emisslonen

Es int keina messtachnisch mindoutig nachwesbarn und rolovanio Erhohung fl:llgrll'\dl:lf Emissionan
peganiber dem Ausgangsrustand des Molors 2ulasslg, insbesondare

= Sulfatbildung. Schwefslssure-Asmsale
* Sekunddremissionan durch Brennsioff-Addithe

= Sekunddremissionan durch Dioxinbildung
+ Erhohung der Grundemission CO. HC, NO, NOy (Summe Zykles)

= Minerafaser-Emizsion

400

TC (760 pg/im3)

TC

&~ 300
2
=]
@ P Background  MAK-Limit
2
o
0 100 -

before 1998 1898-2000 2001 2002 2003 2004

Improvement of Air Quality in Swiss Tunneling
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Health Cost Reduction Zurich
due PM/PN-reduction by vehicle exhaust filtration

Kosten der Luftverschmatzung im Kamton Zisich
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Diffusion Charging by TESTO and NANEOS

for Laboratory, PEMS, Maintenance and Personal Sampling
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Charging current measurement
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100

Mayer et al. MTZ, 2009, 70, 72-79

1998 | 2001 | 2002 | 2005
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exhaust cause cance

The Diesel Exhaust in Miners Study: A Nested Case-Control
Study of Lung Cancer and Diesel Exhaust

Debra T. Silverman, Claudine M. Samanic, Jay H. Lubin, Aaron E. Blair, Patricia A. Stewart, Roel Vermeulen, Joseph B. Coble,
Nathaniel Rothman, Patricia L. Schleiff, Willam D. Travis, Regina G. Ziegler, Sholom Wacholder, Michael D. Attfield

Manuscript received February 16, 2011; revised June 3, 2011; accepted October 21, 2011

Corraspondence to: Debra T. Silverman, ScD, Occupational and Environmental Epidemiology Branch, Dison of Cncer Egdemiooy and Geetcs
National Cancer Insfitute, Rm 8108, 6120 Executiva Bivd, Bethesda, MD 20816 (e-mal:; silverma@mal ih.ot

Background  Most studies of the association between diesel exhaust exposure and lung cancer suggest a modest, but con-
sistent, increased risk. However, to our knowledge, no study to date has had quantitative data on historical
diesel exposure coupled with adequate sample size to evaluate the exposure-response relationship between
diosal exhaust and ung cancor. Our purpose was to ovaluato the ralaionship botwoen quantitative ostimatos of
exposure to diesel exhaust and lung cancer mortality after adjustment for amal
confounders.

Mot W conitod s et s sy i cort of 25 ks s 23} 5 workers cohort,

which included 198 lung cageer deaths and 562 incidence density-sampled ¢
subject, we selected up !OM?\ subjects, individually matched on mining

birth year (within 5 years),

diesel exhaust exposure, represented by respirable elemental carbon (REC), by

based on an extensive retrospective exposure assessment at each mining facilit A

s e e i e e % (16 in 1000)
ables (eg, history of employment in high-risk occupations for lung cancer and

to estimate odds ratios (ORs) and 95% confidence intervals (CIs). Analyses were both unlagged and lagged to
exclude recent exposure such as that occurring in the 15 years directly before the date of death (case subjects)/
reference date (control subjects). All statistical tests were two-sided.

Results  We observed statistically significant increasing trends in lung cancer risk with increasing cumulative REC and
average REC intensity. Cumulative REC, lagged 15 years, yielded a statistically significant positive gradient in
lung cancer risk overall (£, = .001); among heavily exposed workers (ie, above the median of the top quartile
[REC = 1005 yig/me-yl), risk was approximately three times greater (OR = 3.20, 95% Cl = 1.3 to 7.69) than
that among workers in the lowest quartile of exposure. Among never smokers, odd ratios were 1.0, 1.47 (95%
€I 0:20 10 7.50), and 7.30 (95% CI = 146 to 36.57) for workers with 15-year lagged cumulative REC tertles of
less than 8, 8 to less than 304, and 304 pg/m?y or me=a = o
smoking and 15-year lagged cUmUIative REC (P

e amemoe . 198 lUNQG cancer death

attenuated in the presence of high levels of the d i ese I exha ust expos ure:

Conclusion  Our findings provide further evidence that d

J Nati Cancer Inst 2012;104:1-14

represant a potential public health burden. a pOte ntl al p u bl | c h ea Ith b u rde n
L]
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DPF-induced nitration of PAHs
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[pg/L fuel]

2,3,7,8-TCDD Emissions

[pg/L fuel]
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Is 90% conversion BAT today?

1.0

0.9

Efficiency [ ]

0.8

O ot @ & 3 4 5 & 7 8 o 1w oM

High deNO, efficiencies can be achieved!

3 E+D1

NO, [g h

Nitrogen dioxide (NO,)

= 2E+01 1

1.E+01 1

0.E+00 -

engine-out SCR only DPF/SCR
109gh" >99% n.d. 86%  154gh”
(1.25 gkg;,, ) (018 gkg _)

123458678

12 3 4567 8

= 91%
<= 92%

12 3 456 7/[8
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Nitric oxide (NO)

High NO conversion efficiencies can be achieved!

123458678

12 3 4567 8

engine-out SCR only DPF/SCR
4. E+02 5 ; ,
142 q h 86% 20.5 g !‘I_ 94% 8.15 q h
3 E+02 162 gkg ) 23 gka, ) (0.96 g kg, )
=
g 2.E+02 - § §
= - N
1.E+02 1 ‘
0.E+00 -

12 3 456 7/[8

» Secondary Emissions

» Why is Filter Type Approval needed ?
+ Filtration with resp. to particle size and number concentration
» Emission of limited gaseous emission THC, NOx, CO

CONTENTS

as requested by MDEC Conference Organizers

* Further Requirements: Endurance, Fuel Economy, Noise ...
+ Standards and the VERT Filter List

+ What does measured engine emission mean with regard to
exposure or exceedande ?

230
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Filter Regeneration

During filter operation, the filter fills with filtered
soot which must be removed

Soot is carbon, i.e. can be burnt in the filter

This so called ,,regeneration* of the filter is very
important for a good functioning

Filter regeneration is carefully tested in the
VERT filter test

Emission during Regeneration is measured
online and limited

Electronic Control of

each VER' -FI

|
i

m———— [¢| £
B

H i 3
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[ MEEE.
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Conflicts of Targets

Filtration

Pressure Loss

Small Pores
Labyrinth Character
Cake Formation

High Filter Depth
Low Regeneration Frequency
Gas Velocity

high > 500 nm
low <300 nm

Gas should be hot

Large Pores
Streight Channals
Loose Deposition
Thin Walls

High Regeneration Frequency
Gas Velocity low

Gas should be cold

Fuel Consumption be = f ( Backpressure Ap )

Bus Truck | Construction | Passenger
Machine Car
Ap 100 100 100 100
pe + pi bar 6 8 10 3
Abe/be % 1.6 1.2 1.0 3.3

acc. to VERT-Rules
* backpressure of the new filter shall be < 50 mbar
» max backpressure must be <200 mbar
« average backpressre will be in the range of 100 mbar
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VERT- e | R

Reports -
fOr DPF VERT Filter Test, Phase 3 with the
Diesel Particle Filter
on the Liebherr D 934 § Engine
Systems ARK STARFILTER
are confidential anst T S—
L L

| Attrwdasors 1 5 O a0 £l ragont

VERT-Label

- Public Awareness of
BAT-Filter Quality
- Used with each retrofit
internationally

- Carries the individual

running VERT-Number

- Issued to VERT-certified
manufactureres only

- Languages: D, E, I, F,.SN
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VERT Association stands for BAT-Filtration

see
and provides Best Practice Guidance

*Filterlist VERE- i L X
*Filter-Video e
*Retrofit-Label

.8

*Filterselection-CD
*VERT-Events g
*VERT-Forum

-VERT-Database _ — =TT

1.VERT Forum

Challenges and
Opportunities of BAT

Retrofit Particle Filters

*Acceptance Test s i a3 _— e

+300 Publications e

3 Books A e
238
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Mammoth

Fraumpreent amd Exhausty

Maintaining Mining Diesel Engine Exhaust After-
treatment Systems — New Technologies for Better
Performance and Increased Equipment Uptime

2019 MDEC Conference

By: By:

Ralph Deayton Chris Burrei
Mammoth Equipment & Exhausts DPF Alternatives
800.854.8291 833.373.2583

Presentation Overview

. Mammoth overview

. DPF Alternatives overview

. Why do DPF’s require cleaning?

. Benefits of a clean DPF

. History of DPF cleaning/restoration

. DPF cleaning options available today
. What is ultrasonic technology

. DPF Cleaning Myth busting

. Findings — R&D

10.Benefits & limitations of the options available
11.Common Questions

12.Availability of services

O©oONOOOAPr~,WN -
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A family owned & operated company established in 1974

i divisions of
gergﬁsqugl\é%&\éb%%anufacturing standard and PLIEEFDU,D =V R
customized replacement exhaust components for all brands of ~— S—————

marine, transport, earth moving and mining equipment.

Constantly develop products for exhaust and emission solution al :
Global repu.tation for ind.ustry proven products. _ PyroGard @
Innovative solution provider to the industry -
Zeros;:
e P
sech @

DPF Alternatives was created as the development and
international business expansion arm of its predecessor; Diesel
Doc.

Diesel Doc was founded as a research and service company
with the sole purpose of developing the most effective DPF and
related component “restorations”.

Upon the perfection of our proprietary process and equipment
design we branded ourselves DPF Alternatives to communicate
that as a brand we offer people and companies an
“Alternative” to deleting their DPFs (breaking the law in
many cases) or costly unnecessary DPF replacements
(provided the DPF is capable of performing its function).
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Why do DPF’s require cleaning?
There is 2 main causes for a DPF to require cleaning:

1. Though the process of continual thermal cycling in the DPF (Regeneration), with each soot burn off
there is a residue of inert ash. When this gets mixed with humidity and heat from the exhaust this
ash gets baked and impacted into the filter. Over a period of time, by performing the simple ‘pin
test’, it will be found that the filter is filling and back pressure is increasing

2. There has not been sufficient regeneration and the filter has become plugged with soot

—
[EXHALST TN EXHALET OUT

126, (L HE A, Uy am, Rk, )
—

T

* Improved vehicle
performance

* Increased fuel
economy

* Less downtime

+ Extended DPF life

» Experience fewer
regenerations

* Lower maintenance
costs

» Control over
scheduled downtime
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History of DPF cleaning/restoration

Timeline of events:

DPF technology began as early as the 1970’s but didn’t really begin to take off until
the mid-2000’s.

For many years the only means to service/clean these filters was to bake at high
temperature to effectively force a regen and then blow out using a pneumatic air knife
3-5 years ago concerns were appearing that filters weren’t getting a full clean with
the bake and blow method and some experimentation done in some regions with
flush station to try and wash the filters.

Recognizing that there was still something missing with getting DPF’s clean. DPF
Alternatives set about experimenting with ultrasonic technology beginning in 2015.
Perfecting this in 2017 there is now multiple locations set up across the USA
servicing many large fleets —

DPF cleaning options available today

hPoON=

On the Vehicle Regen
Pneumatic Air Knife and Kiln Baking (Shake-N-Bake)
Water Flush With and Without Pressure
DPF Alternatives Stage Three “Cleaning”

1. Test

2. Pneumatic Air Knife

3. Water and Air Purge Flush

4. Kiln dry
DPF Alternatives Stage Three “Restoration”
Test
Pneumatic Air Knife
Ultrasonic Treatment AFTER
Water and Air Purge Flush
Kiln Dry or Quick Dry (1 Hour Turnaround Time)

o=
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What is ultrasonic technology?

Traditional cleaning equipment
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DPF restoration equipment incorporating Ultrasonic

~— + Flow station
» Ultrasonic
tank
* Flow station

* Kiln

DPF Cleaning Myth busting

Here Are Some Common Myths We Have Found In The Industry

Regen = Clean

Baking fails a filter

If a filter gets wet it is ruined

Green (Tag) = Clean

You should be able to see through a DPF if it is clean

Deleted filters = Better running engines...

All “cleaning” is the same

Bigger filters = Longer life (but also more impacted ash; fact)

When Check Engine light comes on you must replace the DPF because it has

reached the end of its useful life — False

10. A remanufactured filter is same as a new filter — only a traditional clean. Not really a
true restoration

11. Reman cleaning process = like new filter

12. We cannot service Ford, Dodge, Chevy, Mercedes, BMW, Volkswagen (all unitized
systems)

©CoNoakwN~
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Our Findings — Results of R&D

With proper maintenance a DPF can last indefinitely

Maintenance cycles cannot be determined solely on miles driven due to excessive idle
times

As a DPF begins to collect contaminants it's performance impact on the engine
increases — so the longer you postpone proper maintenance the greater the
inefficiencies of the engine become

To improperly clean a DPF during a scheduled maintenance cycle reduces the DPFs
ability to perform properly until its next scheduled down time, and in many cases
prevents the equipment from operating as long as necessary

A DPF that is not properly “restored” has between 2 and four “cleaning” cycles before it
is fully impacted with ash and only recoverable by using Ultrasonics

Soot-to-ash conversions = a fine powder within the DPF, moisture from the exhaust
turns the ash to a paste that locks itself into the DPF. The operating temperature of the
engine bakes the moisture our leaving an immovable dense plaque/concrete substance
forever in the DPF

Benefits & limitations of the options available

On the Vehicle Regen — No Benefit to Risk of Ruining the DPF
Pneumatic Air Knife and Kiln Baking (Shake-N-Bake) — This just buys the filter more time with very
little time required to perform the service, but much short filter life and performance — leaves filter
around 66-70% clean
Water Flush With and Without Pressure — Get more out of the filter than air, but must be dried to re-
test the filter. And water alone will not break up the plague/concrete.
Stage 3 or ‘Silver’ level cleaning — Leaves filter 85% clean
1. Test
2. Kin
3. Pneumatic Air Knife
4. Water and Air Purge Flush
DPF Alternatives Stage Four/Gold service “Restoration” — Restores filter to 98% clean
Test
Pneumatic Air Knife
Ultrasonic Treatment
Water and Air Purge Flush
Kiln Dry or Quick Dry (1 Hour Turnaround Time)

o PN~
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Common Questions

1. Do | need to clean my DOC’s?

*  Yes — Periodic cleaning of DOC'’s required otherwise these can become soot
loaded and their effectiveness compromised — especially if the DOC has been
exposed to high-sulfur and poisoned.

2. Will cleaning my DOC with ultrasonic have an effect on the stability of the wash coat on
my DOC?

* No - study by Tech Sonic International showed no loss in weight of filter/DOC as a
result of cleaning

3. How do | tell how clean my DPF is after cleaning?

* Combination of flow test and pin test. With the Pin test, a thin wire is inserted into
the clean side of the filter and a measurement taken. The Pin is then inserted into
the ‘dirty’ side of the filter and a 2"¢ measurement taken. If the filter has been
properly cleaned/restored then the 2 measurements should be equal. Cleaning
provider should provide written report showing status of filter/cleanness.

Availability of Services

The truth is: most service shops can use compressed air to perform blow-out of a DPF to
get slightly more life out of the filter as long as the DPF was not damaged due to over
Regeneration

The use of a Kiln does help reduce the density of the soot, however it does not address
impacted ash. There are many options including some dealerships that offer this service.

Some companies are just now experimenting with water, so more of these options will be
seen in the next 12 months.

DPF Alternatives currently offers Ultrasonic restorations, and any other level of cleaning
requested —

30+ locations across the USA — 1 location in Canada (Winnipeg) with locations in Sudbury,
Edmonton, Toronto opening soon....
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Mammﬂth 14 = 'rl ERANATIVES

Equipmant ahd Exhausts

Thank you for your time

256
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Cat Tier 4F / Stage v

Technology and Deployment

Matt Roth
October 2019

Cat Engine Product Line

5.7 - 4920 kW (7.6 - 6600 bhp)
Highly Regulated and Lesser Regulated offering
the most comprehensive range in the industry
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T4F / Stage V engines.—

Next Generation Fuel Systems

Next Generation
Electronics and

Control
Software

Next Generation

C3.4B - C9.3B ACERT Turbochargers
Common Rail
C13 - C32 ACERT o

MEUI-C NOx Reduction

"\-EGR Systems

Building-Block Technologies

Optimize engine performance for OEM
customers through...

Aftertreatment Technologies

« Diesel Oxidation Catalyst (DOC)

« Diesel Particulate Filter (DPF)

and Tank Unit for delivery « Selective Catalytic Reduction (SCR)

of Diesel Exhaust Fluid Aftertreatment Regeneration Systems
(DEF) « CatRegeneration System (CRS)

« Inlet or Exhaust valve + fuel dosing

« Inlet or Exhaust valve (passive system)

PETU — Pump, Electronics,
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EPA T4F / EU Stage V Technology Overview — 9.3 to 18L

& a
i 3 or i b
ﬁd’ o %9 | 2 -
Common Rail Cat
C9.3 DOC + DPF Single Yes (CR) Regeneration Yes
System (CRS)
Common Rail Intake Throttle, Yes
C9.3B DOC + DPF Single No (CR) In-cylinder (high
Dosing efficiency)
Mechanical Yes
C13B DOC+DPF  Single No Electronic —ntake Throttle, .,
Unit Injector 7% inj Dosing efficiency)
(MEUI) Y
ool cu
C15 DOC + DPF Single Yes Ut it Regeneration Yes
C18 <560 kW (MEUI) System (CRS)
Mechanical KEY
; DOC-Diesel Oxidation Catalyst
C18> 560 kW DOC Twin Turbo Yes El.ectr.omc - - DPF= D:::l P:r;xcu‘l:rl‘e Fall?ery )
Unit Injector EGR= Exhaust Gas Recirculation
(MEUI) SCR~ Selective Catalytic Reduction

Clean Emission

Mixing Pipe
Mixes DEF and hot exhaust
gas to form ammonia.

Ammonia Oxidation
Catalyst (AMOX)

Prevents any trace amounts of ammonia not
converted from entering the atmosphere.

Selective Catalytic
Reduction (SCR)

Converts NOx emissions into Nitrogen
and water using DEF.

Module (CEM)

C9.3/C13/C15/C

Diesel Exhaust Fluid
(DEF) Injector

Injects DEF into mixing pipe.

Cat Regeneration System
(CRS)

Operates during active regeneration. Injects a small
amount of fuel into the exhaust then ignites i |
generate heat to regenerate the aftertreatrr 1

Diesel Particulate
Filter (DPF)

Traps particulate matter carried in
the exhaust stream.

Diesel Oxidation
Catalyst (DOC)

Converts hydrocarbons and carbon
monoxide in the exhaust stream
into CO, and water.
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1. DOC reduces Carbon Monoxide (CO) and
Hydrocarbon (HC)

2. Diesel exhaust fluid (DEF) injector / mixing pipe

3. DPF for soot capture

SCR NOXx reduction + Ammonia oxidation
(AMOX) for Ammonia reduction
—High Efficiency SCR formulation

* CRS system replaced with Engine Intake Throttle +
Fuel Dosing regeneration system

C9.3B and C13B Regeneration Technology and Functionality

R ation Air Ma t

« Intake throttle valve (ITV) used for all regeneration management

«  Delivers transparent regeneration, without operator distraction or
impact to machine performance

R

ation Fuel M

+C9.3B: Common rail fuel system / in-cylinder dosing (ICD) used for
high temperature regeneration

+C13B: Hydrocarbon dosing at turbine exit used for high temperature

: C13B Hydrocarbon
regeneration

doser at exhaust outlet,
water cooled
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Pump

Assembly

. Supplies DEF to the
injector and purges line
at shutdown.
Controller
Ensures the correct
amount of DEF is
supplied to the injector.

Drain
Plug

DEF Pump Unit

Heated Lines

Warms up when necessary to
thaw any DEF left in lines and
to prevent freezing.

Fill Adapter &
Cap

Blue cap is the
industry standard for
easy identification.

Tank Heater

Thaws DEF when
needed so there’s
no lost time on
cold jobsites.

EU STAGE V
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Particle Number (PN)

EU Stage V implemented Particle Number (PN)
regulations for first time in non-road applications (Jan = —

- sl
0 "]
— Particle Number (PN): 1x10'2 #/kW-hr v —

— Particle Mass (PM): 0.015 g/kW-hr b- -
Sources for PM and PN include both tailpipe exhaust
and crankcase fumes

PM regulation achievable w/o DPF, but PN regulation ”

drives wall-flow DPF technology -

PN filtration efficiency of DPF impacted by: -] P
— substrate physical characteristics B
— soot loading =

PN managed through DPF selection, engine calibration, =t

and crankcase filtering

EU Stage V Updates

Certified all existing EU Stage IV / U.S. EPA Tier 4 Final ratings to EU Stage V
Hard Rock vehicle product line offers Stage V certified option (by-passed Tier 4 Final)
Updates for EU Stage V (vs Tier 4 Final)

— Upgraded DPF technology on Clean Emissions Module (CEM) for C9.3, C13 and C15 (up to 354kW).
New DPF is reverse compatible and used for Tier 4 Final and equivalent emission standards.

— Open Crankcase Ventilation (OCV) Filter is required for C9.3, C13 to meet EU Stage V emissions
requirements
« optional for U.S. EPA Tier 4 Final and equivalent emission standards
— Emissions system failure indicator (ESFI) lamp included on C18 > 560kW
No impact to:
— Customer connection points
— Lugcurves
— Engine performance
— Heat loads
— Wiring (*exception for C18 > 560kW, see above)
— Service intervals
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Engine Development for Underground — Stage V and Lesser Regulated

Development consideration taken into account for underground

e Peak cylinder pressure
* Emission compliance at negative and positive altitudes
e Vent rate effects
— Limiting factors
—  Target vent rate
*  Component robustness
—  Electrical system
¢ Targeted Emission reduction
— DPM, Gaseous (NO/NO2)
¢ Fluid consumption
—  Fuel and DEF (if required)

R2900G Stage V engine testing ‘

T4F DEPLOYMENT
RISKS
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0 o

CAT" DEO-ULS”

APl CJ4
ACEA ES g

Low Ash Qil

m  Ashis a permanent depositand cannot be
removed by normal A/T regeneration process.

= Low Ash oil = no issues.

= High Ash build up will shorten product life.

Ultra Low Sulphur Diesel (ULSD)

mULSD = No aftertreatment issues.
mHigh Sulphur content in fuel will de-activate A/T

mA/T can be recovered by regeneration provided it
identified early enough and ULSD fuel is used.

Diesel Emissions Fluid (DEF)
m  De-lonized Water (67.5 %) + Urea (32.5%) mix

= Improper storage temperature and/or exposure
to sunlight decreases shelf life.

Lube O1l Specification

0 &

CAT" DED-ILS

i o
ALER Ey

Incorrect oil may lead to:

136



MDEC 2019 Workshop

Fuel Specification

[ S <15 m,
u

Incorrect fuel may lead to:

Low Sulphut
Fuel 50pp
ispon/v
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DEF Storage

Follow recommended storage requirements.
Any commercial DEF meeting I1SO 22241
specifications can be used.

Optimal temperature for storage
is -9°C to 25°C.

Improper storage temperature and/or
exposure to sunlight decreases shelf life.

« Rate of decay significantly accelerates when
stored in temperatures above 32°C
* Freezesat-11°C

DEF Contamination Control

Dirty jobsite conditions a reality; must clean around cap at refill.

Thess “kefone” plolures
highfighd just how dirty
the arsa surrounding the
blue DEF cap can become
during mormal eperatian

That's why it is important
that you clean around tha
cap with every refill b
avold attartraatmant
wyate Loumpanasd
Tallures Mot resisl from

cantamimation
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DEF Contamination Control

Avoid internal contamination; use proper tooling and fittings.

DEF im coerosive io most
matarials. That's why k's
Importand {0 use propss
dispenalng eguipment and
procedures o avald
contamination.

I mvam ona of the fitings
I beveommed, 1 okl
conlominale the enlire
DEF supply, leading fo
omission vysteen faulls
and engine shuidown

Bty wiead Y vueverped b OF Bor em e

DEF Contamination Control

Avoid internal contamination; use proper materials.

Only approved materials such as High Density Polyethylene (HDPE) may be used in
DEF storage and dispensing. The use of non-approved material for DEF storage and
dispensing equipment can result in corrosion that will system failure in machine.

The following is a list of approved and un-approved materials:

Approved DEF Materials
Stainless Steel (304, 304L, and 316)

High Density Polyethylene

Titanium

Polypropylene

Poly-isobutylene

Epoxy Resins

Polytetrafluoroethylene (PTFE) free of additives

Materials to Avoid

Carbon Steels, Zinc coated Carbon Steels, mild
iron

Non-ferrous Metals, copper, brass, zinc, lead
Solder containing lead, silver, zinc, or copper
Aluminum and aluminum alloys

Magnesium and magnesium alloys.
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Incorrect Fluids
* High Sulphur diesel
* High ash Oil
¢ Poor quality DEF
* DEF mis-fill
* Airborne harmful gas

$$$ Replacement Cost

A/T Failure :
e SCR/DOC de-activated
* DEF System plugged
¢ Low NOx Conversion
¢ White smoke during Regen
* Inducement & 100% de-rate
* Machine down

Cra kit DPF el wiwdies psin

Operator Interface
Enhancements help protect the aftertreatment and engine components.
Cetliyed Engire DEF Ll Ot

* DEF Level Gauge indicates the level of DEF in the tank
* Automatic systems to protect your investment
- DEF Purge: Purges DEF from the lines to prevent freezing

- Delayed Engine Shutdown: Engine idles briefly after key off if
cool down needed

- Wait to Disconnect Lamp: llluminates until the product is safe
and ready for complete shutdown

- Regeneration: Warms up aftertreatment if needed

Transparent emissions systems your
operators won’t need to manage.

140



MDEC 2019 Workshop

How Caterpillar Can Help with Customer Education

DIESEL

EXHAUST E
FLUID {DEF)

Stickers
Brochures

E-Learning
Videos
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Experiences
with Enabling
Technologies

Evelynn Stirling

October 2019

Enabling technology

Definition

An enabling technology is an invention or innovation, that can be applied
to drive radical change in the capabilities of a user or culture. Enabling
technologies are characterized by rapid development of subsequent
derivative technologies, often in diverse fields. Equipment and/or
methodology that, alone or in combination with associated technologies,
provides the means to increase performance and capabilities of the user,
product or process.
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Significant Reduction in Emissions Over

Oxides of Nitrogen + Hydrocarbons** (g/kwhr)

Time

Off-Highway Emissions Timeline

10 Tier 1 On NOx PM

, Highway | (g/kWhr) | (g/kWhr)
= EPA 17 0.2 0.01

8 NOx Total { EuroVI 0.4 0.01%

96%

. Tier 2

6

5

4

3 .l

Tier 4F
: 1’316 ";otal
@ °%  StageV

0
1995

* Includes Particle Count of 10°12 and 6°11 for off vs on highway ETC respectively

0.6

e =
b b

Particulate Matter (g/kwhr)

=
o

0.1

()
2000 2005 2010 2015 2020 2025
75(100%)-174HP NoxX =~ e ]75-750HP Nox =~ swmm75(100%)-174HP PM =~ e 175-750HP PM

Technology Levers Available
-Exhaust Gas Recirculation (EGR)
-Selective Catalytic Reduction (SCR)
-Diesel Oxidation Catalyst (DOC)

Technology Levers Available.
-Diesel Particulate Filter (DPF)
-Fuel Injection Pressure

Meeting ‘Near-Zero’ Emissions

Emissions from 25 Tier 4 Final machines
equivalent to just one Tier 1 machine!

Tier 4 Final = 4. tia. e o o
3. v Fo- T .

Tier 1 = e
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Technology Introduction - Recent Tiers

@ﬂl;&g S
w0,

@ “athnasgy ﬁw\m’m

| Tier 4i (Stage 3B) Emissions | | Stage V Emissions (2019/20 CMI Products)
TPEM Effect

Tier 3 (Stage 3A) Emissions Tler 4F (Stage IV) Emissions | TBD Emissions Standards

-NA Tier5 potential remains gray.

-Likely to see an increase in the
availability of new technologies such
as hybrid, start/stop, electrification,
etc.

Public -

Evolution of CMI Off-Hwy
Aftertreatment

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2019 2020 2021 2022

ry leading EPA 2013 on-hwy product to
sh capacity
; Bosch(15L) and UL2 (12L) DE

y derived DPF
dized for ! ! ! Ticr 4 Final
demands of o Ehwy.
DEF not required
sk hours DPF filter cleaning Ml + SCR technology leveraging Tier 4 Final / Stage V

interval f miles of global on- Single Module for MD

hwy experience * Revolutionary design combines DOC-DPF-SCR into single unit for
optimized total installed ct
+ Eliminate 2-4 exhaust joints per installation
eliminates need ft * Reduced installation labor, ht, and bracketry required
control PM « UL2 DEF dosing
* Optimized catalyst allow >5K ash cleaning intervals*

* Cleaning interval is duty cycle dependent, not based on fixed time period —clean only as required.
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Simplified Stage V System
Architecture

*ﬁ i~ WITH
'LESS.

ALL IN A SIMPLER, SMALLER,
LIGHTER, EASIER TO INSTALL
DESIGN. THESE GLOBAL

EGR-FREE PRODUCTS ENABLE

A COMMON INSTALLATION FOR
DOMESTIC AND EXPORT EQUIPMENT
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Operating TCO Comparison:

6.7L
T3 T4F STAGE V

4.6% 43% B8% -

I R R R

*TCO savings realized with newer products is highly duty cycle dependent.
*Regional diesel & DEF pricing have direct affects on the above.

Stage V Operational
onsiderations

F3.8-L9 Representative
Fuel Efficiency 8-10%
+8-12%

Aftertreatment Maintenance None

Minimal

Diesel Exhaust Fluid 3-5% of Fuel

Tier 3 Baseline

Tier 4 Final (vs Tier 3)
Stage V (vs Tier 3)

8-10% of Fuel

Operator Notifications m

Optional

+15%

Peak Torque Capability
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Major Maintenance Interval

Comparison
Oil & Filter Change 500 hours 500 hours 1000 hour options
Fuel Filter Change 500 hours 500 hours 1000 hours
Crankcase Filter Change Service Free 2000 hours Service Free
Overhead Adjust 5000 hours 5000 hours 5000 hours
Drive Belt Check 250 hours 1000 hours 2000 hours
DEF Dosing Pump Filter N/A 4500 hours 4500 hours
DPF Ash Cleaning N/A N/A Variable (5K+)*

*Duty cycle dependent, minimum planned to be 5,000 hours but many customers could see significantly longer.

Cummins Confidential

Lower ownership cost via reduced
maintenance

[y,

N L
1,000 hours

maintenance intervals

Fuel Filters
(both): Up to

1,000 hours achievable *
change
interval
Qil Filter:
. Up to 1,000
Oil: Up to hours change
1,000 hours

drain interval interval

*Application Dependent
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Stage V & DPF Regeneration Capability

H . t . 1 * In production with DPF equipped engines since 2007.
1storica » Automotive learnings continuously leveraged in off-highway.

Experience » Off-Highway DPF experience since 2011.
 Millions of validation hours/miles with aftertreatment systems.

* Non-EGR engines run naturally higher exhaust temps that assist with
Stage V keeping the aftertreatment passively clean.
Th e Ri ht » Combination of VGT+IntakeThrottle enhances thermal management
g capability.
Arehiteeture « Single canister aftertreatment mitigates temperature losses thereby
keeping more heat in the system.

E . » Over 110k Stage V specific field test hours achieved to date.
xtensive » Team of engineers have consistently monitoring field test data to
1 1 make calibration and tuning optimization to support regen

Validation ety

Result: Confidence & Optional Regen Interface

Maintaining Aftertreatment

*  Diesel Particulate Filter Cleaning «  Diesel Exhaust Fluid (DEF)
— Newer Products (Stage V) No Longer —  32.5% urea and 67.5% de-ionized water
Require a DPF Maintenance Interval — Clear, non-toxic, safe to handle
—  Product is Designed to go >5k Hours _ Has a 2 Year Shelf Life
Without Needing Cleaned, diagnostic —  Should be Stored Between 13F and 85F
based _  DEF freezes at-11C (12 F)

— Cummins ReCon Exchange Program
Allows Over the Counter Exchange at a
Cummins Distributor

—  Clean DPFs Could be Stocked for Quick
Change-Out if a Plug Occurs

—  Consumption is Usually 2%-6% of Fuel
Usage =11 5
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Start-Stop delivers value through superior

>

>

idle management

Fuel Savings: improved operating cost by
reducing fuel burned and urea consumed
Less Maintenance: fewer engine run hours
means reduced preventative maintenance
and downtime

Machine Resale: fewer run hours results in |

higher machine residual
value

Integration flexibility:
— OEM choice of Cummins-supplied or 3rd-party
system

Cummins Field Test:
16-25% total fuel saved!

Fuel savings will vary based on application and duty cycle

o s P R

M

Field testing has covered a wide range of applications

B4.5

= Power Screen
= Road Roller
= Excavator
= Hauler
= Travel Lift
= Water Pump
= Telescopic Forklift
= Wood Chipper

F3.8 = Forklift
Irrigation Pump
Wheel Loader
Material Handler
Forklift
‘Water Pump
Excavator
Telehandlers

L9
= Fellerbuncher
= Water Pump
= Wheel Loader
= Mine Truck
= Material Handler

= Excavator

B6.7

Fellerbuncher

= Snowblower

= Snowgroomer
‘Water Pump

‘Wheel Loader
Yardspotter

Air Compressor
Material Handler
Log Skidder
Excavator
Snowblower

Tractor
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Engine Longevity Article Link
SIS =2 Oseful?)

This article was a joint CMI / Hyster teardown on a T4i L9 with 10K hours, installation
was a downsize form a T3 M11 so has a couple angles. The overall message is that when
properly maintained the durability is not compromised on T4+ products compared to
more simple T3 legacy systems.

Customer testimonials
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8,000
7,000
6,000
5,000
4,000
3,000
2,000
1,000

0

Over 50k Tier 4 Final engines

Ql

produced

TA4F Engines

T4F Quarterly Builds

Q2 Q3 Q4 |Q Q2 Q3 Q4 Ql
2015 2016 2017

T4F Regions

(equipment build region)
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Diesel Particulate Filters (DFFs)
in Both New and Retrofit

Bob Deprez
AiorFlow Catalyst Systems
2019 MDEC Workshop
October 10, 2019

303

Key Points

No one type of filter (DPF or other) is always the best answer for all applications
A filter is not a substitute for proper engine maintenance
Take advantage of available resources — ask questions

Don’t turn a DPM problem into a worse problem

304
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DPF
CDPF
DPM

Regeneration

regeneration

T-30
MSHA

Terminology

Diesel Particulate Filter

Catalyzed Diesel Particulate Filter

Diesel Particulate Matter (Official Name for Soot)

Filter burning soot faster than it is coming in. Two types:

Active Something needs to happen to cause the

Passive Regeneration occurs on its own
Temperature exhaust is at or above 30% of the time

Mine Safety & Health Administration — Part of U. S. Department of Labor

305

Cordierite

Substrate Materials

B ~—__Silicon

Porosity of walls generally
15 —25 microns

306
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Other Technologies

Paper Filter

Removes DPM
Simple
Low initial cost

Limited duration between
changes

Ongoing expense

No reduction in gaseous
pollutants

Temperature limited

Need to dispose of spent filters

Water Scrubber

Removes DPM and some gaseous
pollutants

Cools exhaust

Adds humidity to air

Ongoing cleaning & maintenance
Requires source of water

Need to dispose of sludge / dirty water

307

Why Should You Use a DPF?

Two identical diesel generator, one with a DPF, one without

308
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Rules of Thumb

A DPF works much like a burn barrel

g
i » '}f")
'\M ¥

A 10 ° C increase in filter temperature will roughly double the

rate of DPM combustion in a DPF.

A DPF can hold approximately 10 grams per liter of DPM
before it should be regenerated.

Size matters! Goldilocks had the right idea.

309

A DPF Works Much Like a Burn Barrel

Collects & stores combustible waste
materials (DPM)
Burns combustible waste materials

o Could be slow & steady

o Could be rapid & episodic
Accumulates noncombustible material
Needs to be emptied when full of ash &
noncombustible materials

) ¢
<

310
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A 10 ° C Increase in Filter Temperature Will Roughly Double the Rate of DA

Combustion in a DPF.

Normalized Soot Consumption Rate

Soot Consumption versus Temperature

A10°C rise in temperature can
increase soot consumption by 80%.

80%,
//;W

0% s
scm S

310 320 330 340 350 360 370 380 390

Temperature (C)

400

S
G

A DPF Can Hold Approximately 10 Grams per Liter of DPM Before it Should

Be Regenerated

Back Pressure (inches H20)

Back Pressure versus Soot Load

50 100 150 200 250

Soot Load (grams)

300

S
G

312
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Size Matters!

Too Small

P
" - -
e High backpressure - ?/
o Insufficient soot / ash storage capacity ;
o Insufficient surface area for combustion
o |nsufficient catalysis of gaseous materials (if

catalyzed)

Too Large

e Takes up too much space
e Costs too much

e Slower to heat up

e Lower max temperature

Resource: MSHA Home Page

e i B ——— it b e I-N RN
L

f » 8 in 2 =

314
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Resource: MSHA Approved Engine Lis

HP @ RPM . .
Engine g Ventilation  Particulaff er EfL. forFilter EfT. for
Approval Numbet yp, o gioturer  MOde! 10008 p o CFM  Index CF) b grams/hr 2.5 grams/hr
Elevation
7E-B001 DEUTZ MWM 916 94@2300 4000 11500 74 87
7E-B002 DEUTZ BF6M 1015C  402@2100 18500 17500 83 92
7E-B004 CATERPILLAR 3304 PCNA 100@2200 5000 15000 80 90
GENERAL
7E-B00S oS L57,6.5L-1994 160@3400 7500 9500 16.14 019 69 85
QD 100-301
7E-B006 1SUZU TR 75@2400 5000 7500 1274 031 61 80
7E-BO11 DEUTZ BF4M 1012EC  113@2500 6500 4000 68 012 26 63
7E-BO11 DEUTZ BFAM 1012C 99 @2500 6500 4000 68 012 26 63
TE-BO12 CATERPILLAR 3176 ATAAC ~ 310@2100 13500 7500 1.9 0.07 58 79

Date Issued

7/10/1997
7/15/1997
12/19/1997

12/24/1997

1/15/1998
3/13/1998
3/13/1998
4/15/1998

EPA
Complia
per 72.5023
N
Y

N

-

<<= z

Exhaust BP
Max Limit,

= y . B duty Y TDO0. s reirne cpmrmtnrn abesast mud protsll Moy Bt Tabis
= -
2 g = a L
— [y s
o
e
e P L .
i T = [yt -
-
. L F——— e ain
-
=
316
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A Few Words About NO,

Any engine, with or without a catalyzed device (either a DOC or CDPF) can produce NO,

Be careful not to create a worse problem when trying to reduce DPM - check performance
specifications before choosing equipment.

Tier IV Engines — may have lower NO,, but higher NO,

Catalyzed filters can be a problem — see Table Il of MSHA Filter Efficiency List

Exposure Limits Summary From Dieselnet

Exposure Limits for Gases

The exposure limits for selected gaseous pollutants found in diesel exhaust are listed in Table
1. Limits set by OSHA are known as Permissible Exposure Limits (PEL). Both OSHA PELs
and MSHA TLVs are legally enforceable limits. Limits shown in the column OSHA 88 were
adopted as a final rule in 1988, but were later remanded by court and have no legal
significance. The TLVs by ACGIH are industrial hygiene recommendations. All limits are 8
hour time weighted averages (TWA), unless marked as ceiling values.

159



MDEC 2019 Workshop

CO  630-08-
0
CO:  124-38-
9
NO  10102-

439
NO2  10102-
440
HCHO  50-00-0
S0z 7446-
09-5

OSHA |OSHA |MSHA

m.

PEL
50

5000

5

Table 1. Exposure Limits for Gaseous Pollutants (ppmv, TWA, 8 hr)

ACGIH
TLV

35 25

5000 5000 5000

25 25 25

1 G |3
(©03
A2

2 52" 2

* - not legal limits (PELs adopted in 1988 were later
remanded by court)

a - for metal/nonmetal mines

b - for coal mines

d - 15-minute short term exposure limit (STEL)

(C) - Ceiling value

A2 - Suspected human carcinogen

Passive VS Active Regeneration

Passive — Regeneration occurs on its own

Usually catalyzed filter, so may also address CO & gaseous hydrocarbons
No fuel penalty
No downtime for regeneration

* Requires sufficient exhaust temperature / duty cycle

Active — Something needs to happen to cause the regeneration

May use electrical heating, engine management, fuel injection, or be off-line
May require work stoppage
Usually also requires DOC to address CO & gaseous hydrocarbons

Often larger / more expensive / more complicated than passive system
Less dependent on exhaust temperature / duty cycle / engine DPM rate
Additional operating cost / fuel penalty

Both types require periodic ash removal & proper engine maintenance

320
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Engine Operating Points Impact DPF Performance
Low DPM @ Full Power

John Deere A024TF2Z70

——

Very Different DPM Rates

Isuru JGIT

s Similar HP

High DPM @ Full Power

DPM Rate, Temperature, Backpressure, & Regeneration

0 Duty Cycle Required versus Temperature

20

80

70

60

T-30 Often Used to §
Filters

4
50 e

40

Fraction of Duty Cycle at or Above Temperature (%)

300 310 320 330 340 350 360 370 380 390 400

Temperature (C)
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DPM Rate, Temperature, Backpressure, & Regeneration

Tt o Ty iyt o s Tt 1]

Exhawst Temperature Histogram Daily Exhaust Temperature Mistogram
e as
& wrm . s
a= - - el T
Lig gy = filre, allm
ClAa R REL Tl M
o -
5 o= 5
' :
| - H %
IIM
-
=
s e rsamnunut s sy s
[ —] L

DPM Rate, Temperature, Backpressure, & Regeneration
Daily Soot Production
£ - Diaily Soot Accurmudation
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DPM Rate, Temperature, Backpressure, & Regeneration

Duaily Soot Accumulation and Back Pressure

TIFA SR TR EAMWITHRIT WD
(2T

Fuel & Oil Additives and Contaminants

Ferrocene (organometallic iron compound) usually not too bad

* Reduces capacity to hold DPM & ash

* May negatively impact active systems that use radio waves to measure ash / dpm load
* Generally not harmful to the filter

Zinc can be a problem
* Melts at 420° C
* Often in form of zinc dialkyldithiophosphate (ZDDP) which can poison catalyzed filters

Sodium is a flux for silicon carbide, and will cause a silicon carbide (melting point 2730° C)

substrate to melt at standard exhaust temperatures.
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In Summary

* No one type of filter (DPF or other) is always the best answer for all applications
* Afilter is not a substitute for proper engine maintenance
* Take advantage of available resources — ask questions

* Don’t turn a DPM problem into a worse problem

Useful Links

MSHA Homepage:

MSHA Engine List:

MSHA Diesel Particulate Matter Control Technologies:

U. S. Diesel Emission Standards:

U. S. Occupational Exposure Standards

Generator video:
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MDEC Toronto — VERT Workshop on DPF Technologies — 10.0ct.2019

Contents

*How does the Filter effect the Engine
*How does the Engine effect the Filter

=Effect of Backpressure on
*Engine Performance
*Fuel Consumption

sEffect on Noise

=Operation Conditions

»Typical Failures

*Trouble Shooting

*Not all Filters are good Filters
*Why only use VERT-certified filtes
*Why local approval is required
=Conclusions
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Aftertreatment masks the Engine
- tailpipe control alone might be misleading
Old engine: raw emission permits engine-

diagnosis by noise, smoke, smell, colour
st Free acceleration revealed all problems

. change noise and colour ->engine
=% diagnosis impossible

. Hanhrurloriacha Kratistodl
“E (R Pt _ DPF and DOC mask smell and smoke,

= Engine-Out emission control is important for Engine protection
and preventive maintenance

How does the Engine
influence the Filter ?
and
how does the Filter
influence the Engine ?
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Mutual Effects Engine <> Filter

> =

Exhaust Flow

. II~ - Filter Loading = f (Time); max 10g/l
» Soot Emission =

l max 200 mbar
* O,- & NOy- Content ||~ « Filter Regeneration
* Exhaust Temperature

L | - FILTER-BACKPRESSURE

Effect of Backpressure on Fuel
Consumption

Abe  Ap
be pe+pr

Where be is the specific Fuel Consumption [g/kWh] Abe
the Increment due to the Backpressure Increment Ap in
relation to the overall Engine Work, expressed by
effective pressure + friction pressure

This linear Relationship is valid for natural aspirated
engines without EGR up to about 300 mbar, above we
find a nonlinear increase.

167



MDEC 2019 Workshop

Fuel Consumption be = f ( Backpressure Ap )

Bus Truck | Construction | Passenger
Machine Car
Ap mbar 100 100 100 100
pe + pi bar 6 8 10 3
Abe/be % 1.6 1.2 1.0 3.3

acc. to VERT-Rules
* backpressure of the new filter shall be < 50 mbar
* max backpressure must be <200 mbar
* average backpressre will be in the range of 100 mbar

Turbocharged Engines are more sensitive

If Backpressure t

increases

Charging
Pressure 1
Air Excess and

Performance
Decrease

Soot Generation
Increases

1
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EGR (AGR) — makes Engines also more
sensitive to Backpressure

AGR-Ventil AGR-Leitung

aulere AGR

\ﬁﬁ\ ~_~—
Frischgas- X
ER/ ™ A

i I

Engines with uncontrolled EGR

- -—
Temperatur vor Filles
- 1 . - =
i 100 200 300 400 o 1} 200 300 A0y
Druckoveriust [mbar] Druciovairiust [miner

Fig. 3; Auswirkung der Gegendrucksteigerung bel sinem MAN Euro 3 - Motor mit ungeregalier
Abgasrickiihnung

Reaction is Non-Linear from beginning -
Backpressure should remain below 120 mbar
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Backpressure must be under Control

Electronic Datalogging

Anzebge von Messweren der ECU, 7. 8

- DCagemirus

—  Terjmratsm

]

= Crwegwre

- FosfteSerkicad

- AAFliS e
Auniesembglichislt aklive Fahlsriits
Wamung des Fahrers bel

= o e ek (YERT

= AT

Sensors for Backpressure
and Temperatures

Alarm Indicator
at the Drivers
Seat

or remotely
controlled

Backpressure Exceedence must be detected
and the trained Driver must be alarmed

< O

[T

| Hagee Liskterr A1% (Rix AL Hawy Maatimal Thost 670 7 mibe Tl Ll
GG Pashaifiie Manimnal Terg AR L
I "E‘L"" e Rermpmod-Add i Cermid (000 | sntes &.1% O Dhnisket W00 g atal am: 2006 1755
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Because of limited
installation space, the filter
must replace the muffler
> What about Noise

Noise

Filter is replacing Silencer
Noise must be controlled for each Retrofit Case
Noise usually 1-2 dB(A) lower — see VERT-database

Ohne Filter Mit Filter
Drehzahl | links | rechts | links | rechts
[rom] | [dB] | [dB] |[dB] | [dB]

600 63 65 62 62
1000 66 70 66 65
1500 74 78 69 69
1700 77 81 71 71

Mitelwert 7,7 66,8
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Typical Failures
Origins and Solutions

gl e A I ol o

e )
_— O

ke
=N

Categories of Failures

Thermal and thermomechanical stress
Canning Failures

Vibration Failures

Result of engine and turbo failures

Failures due to ash deposits and ash sintering
FBC-dosing mistakes

Overheating during cleaning

Maintenance mistakes

Quality of fuels and lubricaion oils

. Short term and long term failures
. Risks for the environment and people

Failure statistics

. Trouble-Shooting
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VERT

< Brief history of scientific findings

= 1988: WHO declares diesel soot conditional carcinogenic
SUVA introduces MAK limits for black carbon (BC) — <100pm since 1995)
Johnson Matthey patent ,,CRT“-Filter systems (continuous regeneration traps)
= Corning, NGK, 3M, MANN+HUMMEL

= 1988/1989 Industrial disaster — due to ceramic destroying coatings
thousands of destroyed engines -> Industry distances itself from DPF

—

f'" International Symposium Ultrafine Particles — Air Quality and Climate
1i June 11th 2017 |Brussels

Porous Brittle Ceramics
in a Hostile Environment
at High Temperatures and Vibrations
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Material Data
of ceramic filter substrates

Si-SiC Recrist. SiC Cordierit
Porosity [%] 46 (40-62) 36-45 60 (53-70)
Pore Size [um] 20 (8-33) 8-10 25 (15-35)
Youngs modulus E [Mpa] 18 49 11
Bending Strength [Mpal] 21 53 1-8
Heat Expansion CTE 4.1 4.3 0.3
X108 (40-800°C)
Thermoshock resistance [°C] 1200 800 > 1200
(cold water test)
Heat conductivity [W/mK] 31 53 0.8

Ceramic Particle Filter Systems
require careful shock absorbing
canning and insulation
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Typical Failures
Thermal Stress during
Regneration

Origin of Failures: Local Temperature Peaks
during Regenerations ource IBIDEN)

1200

Soot load : 123.1 g(30.0 glL))
Max.temp. :951 °C

1000 Max.temp.grad. :84.5 ‘C/cm
Regeneration rate : 94.5 %

800

600

Temperature (C)

400

200 ”77 -._‘,'._.‘ oy

0 2 4 6 8 10 12
Time(min)
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Regeneration chart Cross section photo Outlet surface photo

Temperature (C)

10 g/L

1200

Soot oad 86,6 21,1 g1)

Maxtemp. 10413 C

1000 (M emp.grad. 98.9 C/em
Regeneration rate :94.1 %

5 s

B

+20 g/L

Cracking and Melting

a very rear cas
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But this shows, how it starts and
filtration efficiency is lost even
with small cracks

Can we detect Small Failures?

Yes, we can ;s
with particle number § o
measurement R
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Repair Small Failures by
ceramic cement

W.Haldenwanger
Technische Keramik GmbH
Teplitzer Strasse 27

D-84478 Waldkraiburg

WH Feuerfestkitt Teil Aund B

www. haldenwanger.de

355

Typical Failures
Canning problems due to wrong
materials, excessive thermal
expansion or humidity
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Canning-Gap leaking due to low cycle
fatigue (thermomechanic, vibrations, design
mistake , manufacturing defect)

Double-Wall-Insulation without
Pressure Release
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Typical Failures
due to Vibrations

Vibration up to 50 g

Very high Vibrations
Shock Load measured
at the Chassis

can beupto 50 g
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Mechanical Problems to be Expected ?

No Insulation !

- Heat Radiation to
Engine, Aggregates,
Cables, Rubber Hoses,
Plastic elements,
Coloured Surfaces

No Vibration-Decoupling
angainst an Engine Aerea
where 30- 50 g is a normal
Vibration Level

No Decoupling against Vibration
and Thermal Expansion

Lose Catalysts and Filter Substrates
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Segment Cement Breakdown and Loss
due to Vibrations and/or Overheating?

Vibration finds every weak Point
of a Design
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Typical Failures
due to Deposits

Deposits lead to fast Plugging and rapid
Increase of Back Pressure
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High Lube Oil Consumption
(due to Turbo Failure ?)

Nozzle — Deposits
A Risk with FBC Overdosing

light strong

middle very strong
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DOC might be covered by soot
or poisoned or destroyed or aged
or just not adequately coated

-

o
! e
v -
3
| ’
II l!l _|
v

o —

Ash Deposits in a Particulate Filter Cell

emica ‘cordierite

e °Fe(Cr,Ni)
7 -fragments

*channel wa
£l 4 ol

i

SETE S M
£ '
: — I"_'T ‘ ) ir
i1 M 'r | -
¥ 7 £ 4 =
B ot A
= g e "
i

370
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Regeneration interrupted
-> Pyrolysis, Soot Densification, Gaphitisation
Soot Combustion Temperature climbs up

_),

Eisen — Additiv (FBC) — normales Bild

372
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Typical Failures
due to unprofessionel
Installations

DPF-Installation ,,Check-List*

DPF-Installation:

v'Location:
-Visibility ?
-Safety ?
-Noise ?
-Cooling ?

v'Close to Engine and insulate Ducts

vInsulate Filter (Safety & Heat Loss)

v'Decouple Filter against Vibrations (Engine and Chassis !)

vInstall On-bord Control and Alarms
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Installation too tight (close to plastic wall)

Mechanical Elements: avoid Notches
and provide sufficient
Elastic Pretension
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Engine-Failures
due to Filter-Regeneration Failures

Influence factors

- Backpressure extremely high

- Alarms neglected
- Engine maintenance neglected (filter masking)
- EGR too high

N2\ 4

Solution: backpressure monitoring < 200 mbar
With EGR below 120 mbar
Diagnose access upstream filter

Trouble Shooting - see VERT materials TA

Disorder

Cause

Remedy |

Pressure indicated
persistently and
unexpectedly low

Connection or pipe is
clogged, iced or leaky;
Pipe diameter too small.

Clean pipe an

erify leak tig'
Fit larger pipe
Condensate t
Condensate f

Defective pressure sensor.

Compressed
reduction valy

Pressure indicated high.
Does not revert to zero at
standstill.

Connection or pipe is

Clean pipe an

clogged. erify leak tig!

Defective pressure sensor. |Pipe sloping d
Condensate t
Compressed

reduction valy

Black smoke emission
visible and high back-
pressure.

Filter extremely
overburdened.

Regenerate fi
|cad operatior

Regeneration ineffective.

|Adapt regene
procedure to
Clean filter (b

residues exte

OFF TROUBLESHOOTING
DIAGNOSIS AND REMEDY
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Not all DPF offered
on the market
are good filter

Many don’t fuifil
the BAT requirements

2 partial flow systems and
large pore systems
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Schematic of full-flow filters FFF (left)
and partial flow filters PFF (right)

Ceramic Substrate Ceramic Substrate

Exhaust Exhaust

Ceramic Plug Ceramic Plug

Typical blow-off during full load acceleration after
city driving
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Exclusive use of
VERT certified Filters

Durability Test (Field test) 2000 hrs

VERT approved DPF systems must undergo a
field test of at least 2000 operating hours

Do be done in a typical application of the
specific DPF system (i.e. stationary or
mobile application resp.)

With periodic tests of filter performance, back
pressure, regeneration, control and alert
systems, mechanical construction etc.

Followed by a full filter test on bench VFT3 no
aging or deterioration permitted
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Swiss Standard
(Techn.Norm)

How to measure

and characterize
Nanoparticle
Filtration systems for
Combustion Engines

i SN
Tt byrmm g hamar Sril
Ty e e il
FrarTE =
_‘#._H T~ Sy g Soren 1
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Automatic Cleaning

Machines available
*hermetically closed
«2-stage process
*success control

Comparison of Cleaning Technologies
Source: H.P:Mayer, Puritech

How Advantages Disadvantages
1) Air ~ process capability
el * Stomued # high air impuise raquired
- air shol » 50i1 clzaning » efficiency > 90 %
- cOmpressed ar ” "N'jﬂﬂtﬂi_’"
= cosl

» dry cleaning

2} Water » metailic subsirates = wet maflt {interam)
- sleam jol = no dusi = drying of ceramic substrales
- steam impact = min. media speed = waler filiration needed

~ no tharmal cleaning

3} Dry loe Cleaning = dry cleaning = abrasive effect on catalytic
» high Impulse coating
4} Thermal = 800! oxidation = faster aging of catalytic
= Oven coating
= COMPresson
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Automatic Cleaning

Machines available s_Z;J'._?;,;:_;.;_.'[._';g__;;"'_' —
Source: H.P:Mayer, Puritech v.m........_...__ ——

Automatic Cleaning
Machines available

DIESEL PARTICULATE FILTER
CLEANING EQUIPMENT

195



MDEC 2019 Workshop

Examples of cleaning equipment

Maintenance and periodic emission
check for all vehicles

Maintenance Sticker for
Engines <18 kW

Fﬁ;;““x\

/%

‘b'- .". -.-'Crl.ln. @
rm F'L?llkirr: Iﬁl'-.t-':'.lntlul \
== "_ Potenza Motore
\*’-"‘ TR S

q®
505 ol

Emission Sticker for Engines
>18 kW

)

196



MDEC 2019 Workshop

Reliability of DPF in Switzerland

1990: 230 Filters installed in Buses (DB/M&H-System)
1998: still 200 in Operation

2000: 2400 PFS in Operation, > 6% Failures per year
— too many Failures - VERT-Test 2 introduced

2003: > 6500 PFS in Operation

Failures 2-3 % per year

- PFS >800°000 km Trucks and Buses
- PFS > 10°000 op.hrs Construction Machines

- PFS >45°000 op.hrs Ferry Boat
- PFS > 60’000 op.hrs Genset

2010> 25000 PFES in Operation
Failures 2-3 % per year; some companies < 1 %

2012 <1 % - some large fleets < 0.3
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CARB investigated 587 trucks (OE and Retrofit)
for engine and DPF problems (report May 2015)

As discussed in Section 3, staff conducted 621 roadside fruck inspections, 587 of which
were trucks equipped with PM filters. The resulting sample of paired truck inspections

and operalor surveys was representative of the California fieet. Appendix V provides a
table showing the number of trucks inspecied by body type relative to statistical sample
targets

e ]

How to avoid Failures

*  Use only VERT-certified filters —VERT-Filterlist

»  Evaluate vehicle operation - VERT Guide

*  Select filter acc. VERT and prefer active regeneration

*  Design installation carefully > VERT-Guide

« Install datalogger and alarms — remote download

. Set alarms to max 200 mbar; for EGR lower

*  Training for mechanics, drivers and management

*  Acceptance test of each retrofit > VERT-Guide+Label
*  Control emission once a Year > VERT-Guide

*  Be proud cleaning the air of your environment

Bus Fleet of Berlin (1200 vehicles) respecting these rules
has 1-2 failures per year — 0.1 %

198



MDEC 2019 Workshop

*Santiago Studie zu Filt

0.0%
7.1%
18,8%
71.4%
100,0%
23,1%
17,5%

wadc

215
1466

0
104

gl Allin Bt T ahy ol Aewrage
Shaga af Ebnormal Tozind At ma TFF MEdage
Emimm E=ipsa [l
20815 JO0E) 21 2% % L FLN
holp-Foi3 in i b 157 04
Teetal L} i) bR ] 125,00

VERT
Type Approval

VERT
Suitability Test

VFT 1
Filter Test 1
Stationary 1ISO 8178
+Transient +Regeneration
Limit value >97% (20-300 nm)
I
VSET
Secondary Emissions Test
1SO 8178
no toxic
reaction products
I

VFT 2
Field Test
>2000 op. hr.
Ap <200 mbar

VFT 3
Verification Test
Similar to VFT 1

no aging permitted

v

BAFU/SUVA
Filterlist Approved Traps
www.bafu.admin.ch
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_|_

VERT
Field Control

Stationary ISO 8178
+Transient +Regeneration
Limit value >97% (20-300 nm)

VERT N . .
Suitability Test Field inspection

VFT 1 o .
Filter Test 1 Field inspection

Smoke, noise, backpressure
AKPF-Data base
www.akpf.org

VSET
Secondary Emissions Test
1SO 8178
no toxic
reaction products

COoP
Conformity of Production

VFT 2
Field Test
>2000 op. hr.
Ap <200 mbar

Iuc
In Use Compliance

VFT 3
Verification Test
Similar to VFT 1

no aging permitted

v

BAFU/SUVA
Filterlist Approved Traps
www.bafu.admin.ch

<3%
Confirmation

>5%
Rejected

3-5%
Improvement needed

100

Filtration - 6S DPF VERT tested
25 % > 99.8 % within size range 20-300 nm

99+
a4-
a7 -

gﬁ_
94+
93+

Airmeex FEC |

Airmeex Coal

BEEg 5L
gggﬁgﬂf
b~ -
?Dﬁxg'g
gp—EIUF
E:"-’ﬂr:}%ﬂm
ieg
L -]
Uo

DL EL Heal

DCL Replace
Deutz FF Bumer

Doutz Replac

DINEX Coal

EC5-Undat EL Stand

ECS-Unikal P
ECS-Unikat Replaca

EMINGX CRT

EMINCX FEC pass

ETE El, Haal
ETB FEC

GAT Coal
Greantop Cosl
Greentop FEC
HJSCRT

Hu=s EL Staad

Engalherd DP X1 |

Enpelhand DFX2

EMINGX FBC acl
Engelhard El. Stand

LTI

B SMPS New
B SMPS Afer 2000 b

-y

.

THEE
ERcEiieE
Brm R W= *
& E_STW

m(ﬁ So =@
wEUE = o
= | =
a8 o E

EI

=
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Regeneration Test

Find Balance Point and Regeneration Gradient

Torque M

Backpressure
of the trap Ap

Loading phase
- constant load

- exhaust temp. Teyn < TRegeneration

— Torque M

= Exhaust backpressure Ap

Ap

A

V]
VI

AM

AM

AM = 5% of IVlmax by Nnenn

| |
At=10' A =10 Ag= 10"

time t

Exhaust End Pipe stays clean !
onroad > 85000 km

offroad > 1000 h
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Effect of Backpressure
on Performance and Fuel Consumtion

3
P p *
N\ ? 45
\ E.S &
EO A
PT2s o 5
V— P, !
Ve | ¥h - An
______ ur v
E a : leselmotor /
1
E 0\
A= ..
/

If the Flow Resistance of the Filter ig#higher than the Flow Resistance of the

replaced Silencer the actual Engine Pumping Work will increase.
Performance and Fuel Economy will be influenced proportional to the

Pumping Work Increment — which will be in the Range of 2-3 %.

Very Special Case « 2-Stroke Diesel »:
very sensitive to Backpressure but VERT has
developed Solutions for CARB and Detroit Diesel

BLOWER ROTORS, CAM FOLLOWER
(@S

STROKE 1 STROKE 2

EXHAUST AND INTAKE COMPRESSION POWER
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DPF : Wall-Flow Particle Filters

available since 1982

» - Filtration Effectiveness > 99.9 % if pore size < 15 ym
- can be used for all Diesel Engines — new and in-use

Filter-materials need to be porous
-> necessarely weak and brittle
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Also Sinter metal substrate undergo
high vibrational stress

HJS SMF* — System mit autarker Regeneration

Bl i e —
HEAr e Fs § EEEE FIs
Vi Ty Sy 3 o T K.

5 Product forms and characteristics (cont.)

» Bekipor® ST under the microscope

A non-woven
sintered labyrinth

L~ A ]
Three-layer

ATICA163-P/SEL-dr 518 @ BEKAERT
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GmiiH & Co K

HUIS Fahrzeuglechnik

Filter-Material

& vurrapey
Haa

REM-Bild, Ansrémseite

Lt A )

it S, MAORSRN 11 S I

Filtration Risk in the Middle Size

Ranoe

100
=
&
§ 80—
=
L n s
= =
2
8 80— Ug =10 cm/s
38 Interception
l«— Diffusion —» /~ Impaction —»|
70 T T
0.01 0.1 1.0

Particle Diameter [um]

100

=
|

Collection Efficiency [%]
3 P
] |

)
S
|

™ ——T
1.0 10

Face velocity [cm/s]

Large pores and high flow velocity lower efficiency

—TT
100
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Strange
Coincidence

The most sensitive size range
of the lungs
is the most intensive emission
range of the engines
and the weakest size range of
filtration

The lung is an open door for
engine emitted ultrafine particles
in this size range

Regional Deposition [%]
»
=3

@
S

Metals

@
=]

N
/

N
o

./

f T
0.0001 0.001 0.01
Diary

1 " 00
Electrical Mobilty Equivalerk Diameter [nn

Y

10 =] Ly o A v -

LT

PAH are very effectively reduced in most
filter systems

10

08

06

04

02

00
Womow ow o m a4 s
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Formation of Dioxins in a Filter
System using Cu-FBC

Chlorine: 11 ppm 100 ppm
1000000
[] with DPF
100000 = 77600 |
O wioppPE —
10000 — —
fa— — -
B’ 160 — ]
1000 _— — —
Q — — ;
e I — ]
I‘IU - I |
100 s = — —
L e o’ 4 owmoowm
- ﬂ:i B — — N — N — N J—
LBR= == == == = = ==
1 + + +
L re—- L ce— | Cu '

Partial Flow System A : EMITEC

\ Prinar- Sehaulalbsrsich
wallung

Falienrand-
strailen

Wliesmathe

Strédmung

PM-Glatliage
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Partial-flow filter (EEV) vs 415
Full-flow filter (Euro IV + DPF)

Correlation PM hjvs PN Wh

Lo

nms

L= BEE=1 aApE1 ANAEE

Soot-free Tehran - September 7th, 2016

System A and C during a city driving test of 2 x

2000 km < 70km/h, < 300°C (homologation test App. 26)
,,C“ = conditioning= 3x NEDC, ,,T“= NEDC-test; ,,WC"“= worst case;

2000 km, City ) | 2000 km. City =
30 kmih 30 km'h o
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Too late - No Cleaning possible anymore !

VERT-Certificate | 2 |
\’4 ) |
- |

1.VERT-testing .
successfully completed VERT®-Certificate
2.Application per System P
duly signed - directed to M il | B S
VERT coordination office ey e e
3.Examination by VERT | . |
Scientific Committee - bt b e 1 e e
ananimity required St - N .
4. Stamp “Valid” VERT-CEO Fic: Tedod TG & 7 rmis |
5. Filter listed
6. Certificate to manufacturer et 99 1 St e
| .} §-Coe | ﬁs" »
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VERT

Filter List Ve DY

65 Certifications VERT certified *
First Publication 1998 Particle Filter Systems
Published on VERT-homepage \
Tssued March 210
Updated whenever modified
Responsible:
VERT-Scientific Committee
Language: English only

Automatic Cleaning 7 PuRiech- cleaning process
Machines available Il'mwm v

ﬁ-ﬂhmrm
‘ m |-'| &’\ -

(

'Illﬂmnmm T ——

v - Pt e g+l arving

¥t g

v ‘-""ﬂ'llﬂl'rhm-rwmm
s L

g B

+ Afws Clarmg Rerves

.- Pk
o : -
I OPF
= | i M SRaEg

-

BoDel | Gileed
CPF thermal
SHETET TR

N s ” . -
Swgeee of cmerwy 3 dopandng o cmseng e

# wt mariwe e
-y
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> Partikeifiser bs
Boumarchines

Training IR

e Much educational material available
translation needed

-
BT Syvivms b High Saffur Baids
A | M

A ok

[
I

> Eninald wiii
PartibaliTigiapiianes is Banaaii

Safety is possible.

Checklist

Particulate filters for diesel
engines used underground

422
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MDEC Toronto — VERT-Workshop on DPF Technologies — 10. Oct 2019

Summary of Worldwide Underground
Mine Diesel Regulations

Mahe Gangal

NRCan, CanmetMINING

18t MDEC Conference
Report #12-037 (OP)
Toronto, Ontario, Canada 42 4
October 2-4, 2012
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CONTENTS

as requested by MDEC Conference Organizers

* The Worldwide Guidelines

» Legislation and Implementation in Switzerland

* Legislation and Implementation in Europe

» China, India, other Asians and Latin America following EU
« USA

» Combination of DPF and NOX strategies

* Engine Strategies for decoupling and EAS optimization

» Type Approval, Quality Control and PTI

» Assessing best available filtration technology BAT

» Benefit / Cost for Health, Global Warming and Economy425
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guided by
worker protection

starting aerosol science in
mines had defined Particles
Sizes deposited in Lung
Compartments in 1959
VERT:

SUVA, AUVA, TBG

required elimination of solid
insoluble particles
<500 nm

and to limit each substance
inividually

Pneumoconiosis Conference

FROCEEDINGS OOF THE

held wn the
Uniperaity of Wittnaterirand, Fobannesbure

gth —2q9th February, 13540

Eallted by
L ORENSTEIN

=3 ~ak
5
Y ".I
k3 y | 1e68
= | v
LONDON
J. & A. Churchill L. A m 7

o GLOUCESTER PLACE, W.i

e i)

guided by Epidemiology

Commlaton coatlicant 0 979
13l
£
. 78
2 ;
s 4
: :
$ 1= #
ax
/
01~ '@
| i | l | l
0 1% 200 2% 0 8

Fina Particios [ugamd|

= 1976: TSI develops
measurement devices for
nanoparticle counting
Application in sciences —
Kittelson and Siegmann
(ETH) start to measure
engines

= 1980: Mortality due to PM2.5

quantified in SEELESRSIE[)
USA 1978-1993

= 1980: CARB announce first
PM limits for light duty
vehicles
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guided by Health Research

The Lancet-Commission on pollution & health published a very large meta
study Oct 2017

N

der sy wHaHs i st
il ok 104 - R
‘@ dipan  BHIBN 5
| =] RRLIER-E | i a5 u
W (il (ETI Nk CITINEY
[F - [T =T T T -
[Er - (TR et I a5
| eiarann Lol T ] "
@ :mu: ::m- 13 @
o T T ,_E_E_._ u]l‘l,ii, =
| i TR S LSS R
i Ba [T of o of
I = TN . ——
e :
[ e — The study does not even
T ) bl ot sty oo | w45 it inm 1l Py .
o i e i 0 U1 e W mention health effects by NO2

3 x more death by pollution than from AIDS, tuberculosis and malaria combined

15 x more than from all wars -in Iran 1 death in four

429
Financial Losses due to pollution are estimated 6 trillion US$

Guided by
a scientific network
worldwide

» 1997 first international ETH-NP-
workshop - 40 participants

» Today ETH-NPC is the annual
event of UFP experts from
science to technology > 400

+ 20t conference June 2016
13th to 161 — no participation fee
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guided by Metrology

Develop Nano-Metrologie > The Golden Instrument

Tabibe 1 Air podlution cost factor in EURAon of pollutant (€ values)
| Pollutant | Py s {wehasist) | P (nan-ashaust) | wo lwwvoc | sy

Region type  Metropolitan  Urban Hon- Matrapalitan Urban
ik
Source HEATCO *UBAS  HEATCO "UBA/ L HEEDS MWEEDS HEEDS
HEATEG HEATCO

Cowmntry
| Austria 1 200 155,900
Balglum AR, 400 5k DO
| Bulgara 800 33,700

Ligi ] 1100 T500

0,500 300 1200 5700
i) 17,700 2800 L] A0

5. 500 14400 3500 i I'%00
500 56, 500 15,008 100G 1400 R0
i miany 5 172,100 55,500 13600 T 17400 100
[ 338600 . 135, 400 A3, 600 1%, 100 Al 00 580G
Hangary 288,900 74,100 115, 600 AT.200 15,600 170 1000 ¥100
_irolsnd 537,200 A0 54100 114,500 49,300 1500  4e00 U100 5400
maly | o0 ET00
—— Switzerland 498,700 160,500 82,400 —-
Latvia | L ¥ fe S000
Lithuaniz FLS i) B4, 500 53,300 104, 500 B, H00 11,300 5%00 B0 500
Lu.mnbﬂ.lr; ETT. 100 JEZ 400 1295, 000 350800 112,900 50 0 13700 400 [Erp irs]
Swelizariand 458, 700 a0, 500 B2, 400
|_ Poland 248 %00 T9.900 T4, 700 432
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CONTENTS

as requested by MDEC Conference Organizers

The Worldwide Guidelines

Legislation and Implementation in Switzerland
Legislation and Implementation in Europe

China, India, other Asians and Latin America following EU
USA

Combination of DPF and NOX strategies

Engine Strategies for decoupling and EAS optimization
Type Approval, Quality Control and PTI

Assessing best available filtration technology BAT
Benefit / Cost for Health, Global Warming and Economy‘w3

Switzerland startet with Tunneling 1993
,, VERT-Filter for each Diesel*
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Public Transport in Switzerland
> 90 % BAT-DPF

Construction Machines in Switzerland
> 90 % BAT-DPF
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Locomotives and Ships in Switzerland
> 60 % BAT-DPF

Learning Curve in Switzerland

Success need a Vision and Persistance
Inspiration & Transpiration

Year Fuel Sulfur Retrofit Retro- Failures VERT
- L total Fitters % p.a. Certified

1988 2'000 100 | 2 >10 =
1992 2'000 350 2 >10 -
1995 500 500 3 >10

1998 500 900 8 10 16
2000 350 2'500 12 8 23
2002 50 4'900 7 3 #
2003 50 6500 | ~r 2 2z
2005 10 11'500 21 2 30
2007 10 17'500 26 2 50
2010 10 25000 30 <2 71
2012 10 35000 30 <2 75
2015 10 46'000 a2 <2 80
2020 10 35 <1

Y 2000: failure rate too high, 15 manufacturer deverified,
2000 hrs endurance introduced

219



MDEC 2019 Workshop

Importance of number counting metrology
walk through the city and monitor PN pollution

L [, 1 B T Y TR

Ha - tn dae

Varfigbare Partikelfilior-Syalnme
fiir Dieselmotonn

-
L
- i T\ L

1. Eiamymisms
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and the Result:
Cleaning the Air by DPF in Switzerland

Monitoring BC at the motorway crossing Harkingen

A EBC (ng-m3)
1.0 15 2.0 25 3.0 3.5 4.0

-0.24 [-0.29, -0.22] pg-m-3-year-

Limit today
based on PM10

2010 2012 2014 2016

Year

Limit <0.1 pm/m3

For 4/100°000
cancer cases

Followers worldwide

+ EUROPE: 540’000 (2001-2015)

+ USA
+ ASIA

Gwitzosiand
Carmany
Iaty
Fravcs
G Brean
EL-Fysi
ELI Indoor
uSA
Ly Aree
liwn
Il
LA
Anpan
Cheag

o r.
Bum
Testul
T'otal

120°000
545’000 mainly Korea and Japan

YIOUI-Y200s | Ya0oo-yaoil | vaOi1-vanis

Bus | Tk | MR Busk | Trock | WR | Bus | Trek | MR
0 0 7 0 o
0 | [ &= & I
Ll l | 2 | 1 13-
T 3 Fi
I I | g 1 e R
1ot I it ] T | !
| g | e i
20| 10| (B =] T 0| W 7
| | =] 1 1 1] ]
| 30 | M0 | 130 | | B89
30 | 30| "3 [ | 3o 30
a l A T N
i - 15. ] ] - .
138 | T2 | 57, | W@ | 240 | B8 | 141 | 210 | 100
FLT 4BE | 451

1205 [Eunpa. 5217

Table 2 Rotrofits worldwide (x 1000)
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CONTENTS

as requested by MDEC Conference Organizers

* The Worldwide Guidelines

» Legislation and Implementation in Switzerland

* Legislation and Implementation in Europe

» China, India, other Asians and Latin America following EU
« USA

» Combination of DPF and NOX strategies

* Engine Strategies for decoupling and EAS optimization

» Type Approval, Quality Control and PTI

» Assessing best available filtration technology BAT

» Benefit / Cost for Health, Global Warming and Economy443

Response of International Legislation ?
- Impressive reduction of PM Mass
but is this the solution ?

Ubersicht der HD-Abgasgesetzgebung (USA & EU)
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No Change of PN Concentration < 500

Eurn I, MAN  Euro I, Euro 1, Eurn v,  EuroV (2], EuroV, MAN
Mertedes MAN MAN MAN

Blowidle BHighldle ®Freepcc. B Partal boad

Change from unspecified PM to solid

Particle number PN and size
In Switzerland 10 years before EU-PMP

| |
Evapo- Dilution only Size Number
ration Ratio  solids
> 100
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"EU-PVIP
PMP-Set-up for solid particle counting

PNC 23-2500 nm; ECE/324/ Add.48, R49 — July 2011

".'.."......".."."'..‘

= PHNC -

Flow girection
=

g | -
act HEPA
carton

T from engine exhaust

EU adopts VERT Criteria in 2006
EU Co-Decision (Art.12, Rec.15)

appropriate to indicate that(particle number Ilmlts are

like eflect the highest levelo ree with
partlcle filters using best available technology

» .. the commission shall introduce particle number based

limit values at a level appropriate to the technologies
actually being used.

but introduces DPF only with Euro 6/VI 2011
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" Diesel Production (millions annually)
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Particle Emission _
by all combustion!

engines

Diesel
Sootpeak: 80 nm; 108
Ashpeak: 10 nm; 107

Petrol
Sootpeak: 40 nm; 10°%
Ashpeak: 10 nm; 107

oM/ disgDy

di ! dlogDl [om]

E
=
a

101 102
D [nm]

No Degradation of fuel consumption or

CO, by use of Filters

Source: Integer Summit Dresden 2017
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and ambient Air Criteria?

Measurements in China:

Apparent disconnect between PN number concentrations
and PM concentrations in highly polluted atmospheres
which metric characterizes pollution best ?
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China

Cooperation Project Switzerland-China 2009-2015

VERT coordinated DPF Certification

Technical Guide for Diesel Vehicle
Particulate Emissions Treatments in
Beijing

P rermguiend Iny Bapng Ammry Hessmck b © s Ll

[T

AU AL

mo ©

Technnesd Hegulaiwm wf
Reeniimmy Im-use Diese| Volacle and
Wil Mokdle Machinery with
Iarvicubaie |'ier in Uhing

CAEPI

e L R AR Rl A 0 e

KOREA

Cooperation VERT since 2004
VERT coordinated DPF Certification

NOx Reduction Construction
Program Equipment Retrofit

* Retrofiting with DPF & pr—NOx Atter treatmant

& LPG Cormarsion

® Early Scrapping

100,000
@ Units (DPF) 151,000

& Retrofit with SCR
¥ Unils (Applied Vehicles)

:anmt.Exme
Terl | p Tier3d, 4
» Retrofit with off—road DPF

& Linas {off-rosd DPF) 10,000
[{Replacemant Engine) 15,000

o s B Tace ok Bl
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Latin America

VERT coordinated DPF Certification

The Santiago de Chile
Diesel Particle Filter Program
for Buses of Public Urban

Transport

°

LEY N°_1872 S-Jul.zmg

“POR MEDIO DE LA CUAL SE ESTABLECE LA PROTECCION DE
LOS DERECHOS A LA SALUD Y AL MEDIO AMBIENTE SANO
ESTABLECIENDO MEDIDAS TENDIENTES A LA REDUCCION DE
EMISIONES CONTAMINANTES DE FUENTES Movl\.ES ¥ SE

DICTAN OTRAS DISPOSI

EL CONGRESO DE COLOMBIA
DECRETA:

ARTICULD 1%, bjeto. La presente ley tiene por tbjetn establecer mecdidas
e e
fuertes mévies gue Grauen por  SeTEONO 1ACONY, NKACO énfasis en @
matenal particuiaco, con of fin de resguardar @ vida,  Rhud v goce de
amdente

ARTICULO 2°. Definiciones.

Euro VI: La norma Eum 6 estd recogica en e regiamento Mﬁmr acoptado
por 1 UE (Cuy0 0360 ESIA0IECE requisRos HCNKos para W« e-
6o de los vehiculos ¢ Motor). Se estadiecen las
emisiones de los vehiculos. de s categorias M1, M2, M3, b 0 Bewas
e v romative Ge protectidn medoambiental Gue entrd en vigor en
segtiemtre de 2015. Su propdsto €5 BMEMr las emisones de CENDs gases
Contaminantes gue emiten 105 vehicuos.

Sutumn do Astetiognistics & Bowds (OBO): Oipcetives o setumss
ARA05 3 DTG0 0ol VENCUD Y CONECTAcs 3l MOTUAD irico de

Que tiene COmO ODJEtIV KCENtIRCar & Ceterion 0 ¢ mal funconamento o o8
componentes del sistema de CoNtrol Ge EME0NEs, alertar 8l usulro Ol vehiculd
para proceder ai mantenimiento 0 3 & reparacién del sistema de control Ge
emisiones, Smacenar y proveer aCeso 3 s ocurrencias de defectos yjo falas
e los sstemas O¢ COMrOl y Contar Con informacidn sobre ¢l estado Ok
mantenimiento v reparaciin de los Sstemas el control de emsionss

WVehiculo Ciclo Didsel: Veniuo gue woers cn_ un muor de caminst
interna cuya funcién se basa en un oc imico, en el cual se nyecta en
Io chors Ga Cominatin & CmR s CeRpUle 06 naDNDS MBATR: L%
Comprestn de e por € patin. La relacdn e compresidn de I Carg del aee
5 lo suficentemente ata coxmo para encender ef M iyaciade; o9
Gecr, @ cakr e aporta 3 presion constante. Para efectos Oe esta Ley, se
inchuyen 105 venicuios Cclo Diésel que Cperen con Combustible Cubsel y Sus|
mecias con biogksel, Gas NaUral 0 Gas KLadO Ok DetrGieo.

MEXICO

VERT Particle Number measurement

I n a I I 60 ﬂllegracifm de la medicion de las nanoparticulas al procedimiento \

existente de la medicion de los gases.

test centers
each vehicle
once per year

o o

L

contar
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Iran, Israel and India
VERT coordinated DPF Certification

SRR e A R R A S S e SRR e

ﬁ"‘"‘l [ T p—

e Flan gkl Lvi! Bl Fessy Puliating [Hess Ushioes

| - = e —— e - r l
Iran legislation to protect the environment

ey Ayl 2004

— A e ap—— | e
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US-EPA stays far behind

Standard PM requ. | PN eff. |PNrequ | PM eff | Comment

Euro-I 700 3x1014 No real progress
Euro-Il 150 2x1014 No real progress
Euro-lI 100 1x1014 No real progress

Euov | 20 | 6x10 || |Norealprogress |

EPA 2010 10 3x1013 DPF not required

Euro VI (2013) 10 50x below EPA
6x10™ 0.2 DPF required

PM [mg/kWh] CVS Particles < 2.5 pym
PN [PNC/kWh] CVS-PMP 23-2500 nm
PN converted to PM with particle diameter 70 nm
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» China, India, other Asians and Latin America following EU
+ USA
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HUG stationar PFS + SCR-DeNOx 1988

Reaktions-
mittelaindisung

Desiar- und
Mezssystem

DINEX 2010 VERT certified

available + effective > 250 °C but complex and bulky

Diesel Particulate Filter

Urea nozzle (injection)

Level Sensor
/Suction lance

s Temperature Sensor 1

i (pre-catalyst) DinLog Display

NOx Sensor
(Upstream)

B | : Alé‘rm box
Back pressure I= !I 1

d_.*mmmln.:

NOx Sensor2 W™

-optionat-—"""
(Downstream) Grundfos

‘ECR Catalysts Dosing unit

! Urea ‘tank
Temperature Sensor 2
(post-catalyst)
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VERT-Research - SDPF 2012
(Dinges, NGK VERT-Forum 2012)

on-road: reduction of
space and costs

off-road: introduction of
PN regulations

VERT-Research: SCR-efficiency of SDPF
at stationary OP 2200 rom / 175 Nm &

100
90

—a&— KNOx with CLD
---o--- KNOx with NOx sensors
—— NH3 slip

80
70
60
50
40
30
20
10
0
100
90 legend

80 - black SDPF KNOx .
70 dashed 2xSCR CcLD ,,”’

60

50 - 7

40 4733

30 - ~

20 -~ NH3 slip

10 2/ .-

0 » T : L
0.0 02 04 06 0.8 1.0 1.2
o feed factor [-]

NOx conversion [%]
NH3 [ppm]

“g4

NOx conversion [%]
NH3 [ppm]

.4
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SCR on DPF

Liebherr
Red > SCRoF (1040mm)
Purple - SCR-only (868mm)
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The Problem

) Exhaust temp.in different test cycles
Under normal operating

conditions, the exhaust
temperatur is usually too

low for regeneration. = WMW\
~ 300 ] Xz

400 wio DPF, wio SCR

Lifting the temperature
by late fuel injection,

250

Tailpipe Temp. [°C]

HC'dOSlng, 200 1 WHTC
burners or 150 ]

heaters 100 1 YETINAN TN T S AR
consumes energy! 0 200 400 600 800 1000 1200 1400 1600 1800

Time [s]

Increase the temperature without adding energy ?

VERT-Research: Toolbox for Retrofit

EGR clean gas, Lambda controlled combined
with Intake Thottle, Waste Gate, HC injection

throttle ,,2"
Intake compressor
Throttle | yARRN -~ -
ntercooler Po. comp. £ GR.valve
with
rpm * throttle ,,1

L 3
Injection °
dela g
y -
pos. gas 8
dal
peda ty. oPF ta. opF *

\ Pb. opF Pa. orF

- _.”‘_

turbil)e/—

DOC + Waste Gate rarticulate trap
iensor
HC injection
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Hardware is available

Computer Simulation

if Lambda is kept constant over load
exhaust temperature will stay nearly constant

Berechnete Abgastemperatur nach Turbine

n=1400 U/min, mit/ Vordr Dr nach Verdichter

850 7

800 16

750 \ = =
- Eﬁ\ / 15
3
5 700 A
g +4
o -
2 650 a =
£ <
2 o 1a
7] o
E, 600 —6
2 \0\

550 Vel — o |2

/ —a— Abgastemperatur ohne VD
500 ./ —H=— Abgastemperatur mit VD +1
—8—Lambda ohne VD
——Lambda mit VD
450 - T T T T I 0
0 1 2 3 4 5 6 7 8 9 10 1
pme [bar] Blue: standard

Red: throttled

236



MDEC 2019 Workshop

Regeneration at Vehicle Operation

Regenerfation 1 Regeneration 2 =T Re'ganeralion 3
T T T T T ! @ | | T T

S 400H| - |‘ |V ST | | T . ST Y e | [ ECH PRSI | R Y o ST x

12 14
time [h]
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Biggest Mistake of EU-Policy
Independent Control ,,delegated” to OBD

invited car makers to fraudulent hard-and software

-

Quality Control (USA) EU Qualitv Control 2014/45
- Type Approval * Type Approval

e COP Conformity of Production : COP

* IUC nuUse Compliance * 1UC not implemented

KPT' Periodic Techn. Inspection .\PTI abandoned (CH2013)

Control for Public Health must be independent
Montesquieu: De 'esprit des lois 1748 => la séparation des pouvoirs

and this is what we are finding — why?

because they want to avoid cost
for proper repair or cleaning
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DPF Failure Statistics in
Switzerland

Each damaged or manipulated
DPF/GPF emits 100-1000 times more

particles than he properly maintained
DPF/GPF

B.Gloor
NPTI meeting Dec. 2017

@ letdrrarimaik

Euro 5/6 DPF
11 % vehicles

emit
> 100’000 P/cc

Iestkelasizmg i
i 18

Cumulative contribution of
High Emittors to fleet emission

_ 100
£
@
s
3 80
=
g
E 80
g 1.
:
£
= 20
g
0

D 20 A ] B0 100
rel, numbar of cars []

H.Burtscher / FHNW
VERT-Forum March 2019
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VERT at Expert Hearing Bundestag 5 PUA
Berlin 22. Sept. 2016 on Dieselgate

- This must be reversed and Emission PTI must become EU-Regulation
and here is my recommendation to the German government 9/2016

[eepierpra—

Beitrag rur Sachverstindigenanhdrung des 5.PUA (188273, BEIZ] | seciobmimi

i
zur Frage erhohisd SchadsioNemissionan und Yerbrauche von Fanrzeugmolaren dunrch Manipdiaton des
gleiironischen Molorsteuenang durch Hersteller uﬁr.ﬂﬂl.l.ﬁﬁ unpeegnetsr Emssionsmessung uresshender

Gesalzgebung und mangelhaften Vollzugs am{22 8 2016 |n Bardn. Faul-Lobe-Haus. Sitzungssaal E 100

Emissionsstabilitit von Fahrzeugmotoren
Dt eanre sichsre Weg zur Emisaionasiabilial beslverLigharer Abgasischnologs sl des lichendeckants
unabhangige perodische Kontrolle nach eitam neven Tesiprotokod

> Germany Road Authority reacted immedigfely by — re-
activation of AU January 2017

Concept of the VERT-NPTI-Group

for a very efficient and cost effective 100% in-use
periodic emission control for DPF equipped vehicles

PN-Test at low idle

PN with DPF <103

PN with failure > 106
Pass/Fail: 100’000 1/cc

This Test is more than Pass/Fail

It supplies quantiative diagnostic information for the functionality
of each emission control component and the engine as well and
permits preventive repair and maintenance.
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New Periodic Technical Inspection PTI
is a package with 3 elements
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Availabe Technology
Diesel DPF compared to Gasoline

Source: EU Commission Joint Research Center

Diesel
Limit Value

] ! Euro 6

G-

i

g | -
T (e en dn s

Limit Value z b L1 ‘ - =
Euro 6 = |
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Tabde 1 Ajr poliution cont factors in EURton of poblutant (e values)
[oolwam | Py (bt ] P [non-sxhaust) | o [wwoe | s
Ragion type  Métropolitan Urhan M-
1 urban
— | EMission monetized
} HEATLQ HEATLO ~ HEATLO ~ HEATCO
Country
[ auntria 4200 155900 B0, W00 6400 32,000 1060 TR0 10000
[ Beigum 400400 156000 104,400 191,400 62,400 2 40700 @700 T80 (WG
[ mutgarta M0 22700 1100 28,00 ¥,100 730 TG 400 &I00
C2ech Y5 400 114,500 88,200 41200 45800 15,300 1000 1100 4500
| Regubiic
[ Denmark_ OLE00 10700 51,00 TA50 S0 S0 SN0 (M0 5T
Estonia e ] B, G0 44, 3500 PO, PO 14, D00 \F, ro0 4 B0 &00 SO0
[Fintang 3,600 1M400 36,10 17000 %%a00 14,500 #00_ T%00
| _F_r_!nu:ﬂ dil_:ﬁ_nﬂ' 141,200 li_ﬂ_l =
s wm e s OWitzerland
[ Greece 338400 109000 47,74
| Hungary 188,500 3,000 4,01 498 € / kg PM25
Hekand SI7,000 171,400 Sk
| taty WA a0 7L >1 200 € / kg SOOt
[ Lapvia 245300 78,900  45.44]
| Lithuania 166300 0650 %100 o Lz L
| Lursebourg 77000 13400 125,000 BOM0 12M0 50000 1IN0 Z400 10300
Switmriand ‘ A58 TOOD ' T, S0 B2, S0 S .

N~~— ource: 485
RS M msw i EU research study NEEDS 2008

Health Benefit in case of a typical
Retrofit DPF-Application

Mileage

Filter type
Filter efficiency [%]

Health Benefit [€]

PM Emission [kg/year]

Health Cost [€/kg Soot]
Total prevented soot [kg/life]

PM-Emission (Euro lll/ 3)

Average Performance [kW]

Overall vehicle life [year]
Emission [kg/vehicle life]

HDV+FFF
0.1 g/kWh

1000 hrs/yr
100
10
15
150
wall flow

99.9
1°200
150

180’000

Health Benefit of DPF is about the investment for a vehitle
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and we have a co-benefit
FOR GLOBAL SURVIVAL

since DPF can contribute to lower global warming by
eliminating Black Carbon Particles, which are Number 2
GW-substance after CO,

New Findings: Paak Black Carbon al 2Km Traditional Viaw: Peak Black Carbon Close fo Surece

Benefit /Cost by EAS Truck Application

Combustion soot is carcinogen, triggers heart attacks and strokes

Health benefit is 498 € /kg PM 2.5 but 1 kg of PM2.5 only contains only <
20% of soot particles, so the monetary value of 1 kg of engine emitted
soot particles might be as high as 1°200.- Euro. - 180’000 €

Combustion soot is also a very strong global warming substance
and the CO,-equivalent of 1 kg combustion soot is 4400 kg CO,
Assuming a “price” for CO, of 50 Euro per ton CO2, the GW damage of 1
kg soot comes to 220 Euro - 33’000 €

EAS permits efficiency increase (CO2 reduction) by decoupling
with 10% efficiency gain which is state of the art > 40’000 €

Overall Benefit: 253’000 €
Overall Cost: 10’000 €
Benefit / Cost 25
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Monetarer Nutzen:
Kanton Zurich spart

550 Mio CHF

extern. Gesundheitskosten
durch Partikelfiter — 4/2018

Jiahrliche Gesundheitskosten durch Feinstaub
PM10

2000

1500

i Mig. Fr
]
(=]

- Luft
ZUP Nr. 90 April 2018

2005 2010 2018

Keep in mind
«What gets us into trouble
is not what we don’t know
It’s what we know for sure

that just ain’t so»

Mark Twain
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Test Cycle on a Floor Chassis Dyno

(Quelle: MAHA)

20 years old result from Peugeot
using multiple injection and catalytic combustion

Torque MN.m
140 2000 rpm - 20 N.m
50 kph - 2| HDi - 406
120
100
80
60 |
40
20 |- |
0
1=Base 2=1+ 3=2% 3+
SAE 2000-01-0473 Third inj  Turbocharger Secong inj
Belot et al tuning tuning
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SUVA:Tunnel-Luftqualitat 1998-2004

Diesel soot [ug/m?]

bafore 1998  1998-2000

Improvement of Air Quality in Swiss Tunneling
“no Diesel without filter” since 1997

Background

MAK-Limit

2001 2002

2003

2004

Aerosol Society is preparing the Standards

TECHRMAL SPELIFILATION FINAL DRAFT
SPRCIFICATION TENIGHE FpriEN/TS 16976

TECHSESCHE SPIEIFIEATION

WIH-HICHTLNIEN
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v Farmbn i e Asfiasieh
Hambrnmung dior Pl ussieos saninmios ing
Angsiayrtiianeni g son Mismsion

Aeranfiago - P
w6 (S Al TR W ST
Clesmrersirain of B pariachn SUTMRET ConCImmmim
wrwt b sire dwbueon of seroscis
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D e el
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/--Metrology
e
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Heat Recuperation

Temperature Managment for
Regeneration by Throttling

-
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VERT-Team power on demand

Schweizerische Eidgenossenschaft

Bundesamt fiir Umwelt BAFU

M. Wyser A. Stettler A. Mayer F. Legerer J. Mooney

A. Mayer s | 7
E b3 ]
= | " ! ] ;tUInqh -

olleginpShel Ko Ve

\)
ETH H.C. Slegmann W

G. Leutert F. Jaussi H.‘ Egli ”\N. Schoidoagor

b gT9 100 Umversﬁyoprp ed

<
guided by e T
g”‘”’ r% \
Aerosol Research . A
"
strange coincidence —
. . 2_40 \ Diesel soot
The most sensitive size range g VARN
of the Lungs ; /
is the most intensive emission range L W T
of the Engines
and the weakest size range of z
Filtration i
The Lung is an open door for T
annina amittad narticlac
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VERT-Research SDPF — Dynamics
E ::I i - W Lr 0 i gy I I g 1 W]
-

E . ;._.:'.r._ —
e price ol grim

| B

- il
I

§

g

£ . i:— -

i ’_' ! .’K—;’:

L ]

LU PN-Test results \%

Sams PN-Limit ._'|!II i)
| DOE+13 =¥ 2. T - -
g s = W e W e e - N i N
f‘ o 99 % folCI%nGy L « EURO '~r|I|-||_'| PR Lient [fx10'7)
ve % . C
100Es 1T + - = 2 = . ¥ =
'?9.9.'% efficiency . *
M L e -
Ll L]
R, 99.99'% effigiency
' DPF for Construction in CH
. . phased-in since 1998
e 99.999 % efficiency o, \

] P L] ™ OHR 135 150 T XN XS M) IR MDD NS MIOYS 4N 4%
Type approval of imported construction machines

in stationary and transient cycle In function of engine power [kW]
DPF Technologies permit limit strengthening by one order of magnitude
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And now: Thermomanagment Tools are

available in all modern vehicles
for DPF-Regeneration, SCR-Support, Deposit Cleaning

i s e Intake Throttle
m\ * HC-injection
* Catalyt Combustion

* Retarded injection

*  Multiple Injection
1 * TC-Management
-| |-] | i1-| . ; |"|:.| conirod l’Iu'_-.'.:u!‘.-:I ° EGR Managment
integraled in ECM

. BOSCH ° Cooler Managment

¢ Electric Load

Combination of SCR and Particle Filter

| Ad Blue
CRT SCR
— : = B =
Ad Blue SCR aktiver Filter

ETeE-
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VERT-Conformity Criteria 1998

VERT-Pilichtenheft fiir Pactikelfiltersysteme bei Baumaschinen Stand 15.4 58

Abscheidegrad (am Raferenrmolor Lisbher 814 T)

Gesamipartikel, gravimainsch (150 B17T8 C1, 4 Testpunkia) > B0
Elementarer Kohlenstafl, coulometrisch > B5%
Ruessioss bei freer Beschleunigung: O pazitad =< 10

Penetration von Festsiof-Feinpartiveln im Grossenberasch10-500 nm < 5% [Anzahlkonzentrabon)

Zusatzanforderungen Emissionen

Es int keine messtachnisch aindouty nachweisbans und relavanie Erhdhung folgender Emissionan
pegenubar dem Ausgangsrusiand des Motors zulissig, iInsbesonders:

Sulfaibddung. Schwefeladure-Asiosole

Selomdaremissionan durch Brannstof-Additive

Sakundaramissionan durch Dicxmbildung

Erhthung der Grundemission OO, HC, NO| NO; (Summe Zykius)

Minerafasar-Emizsion

Partikelanzahl Erdgas/Diesel
<60 nm und > 60 nm

<60 nm and > 60 nm PM number emissions (Br, ELPI)

D #/km < 60 nm
W #/km > 60 nm

1.E+14 -+ IR - - - - - - —— - - oo

1.E+15

1.E+13+- [t--- - ----——- - - mmmm oo -

N, #/km

1.E+12 - [ --1 B---1 [--—--4 |--——--f f-----1 t-----

1.E+11 ¢

1.E+10 4

Eure 3 Euro 3 Euro 3 Euro3LB EEV LBCNG EEV LM CNG EEV SM CNG
Diesel Diesel+OC Diesel+CRT CNG+OC +0C +Twioc +TW

Quelle: VI'T-Studie, 2004
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Feasibility study of diesel particulate filter (DPF) retrofit solutions

Vahid Hosseini'-2, Mahdi Doozandegan?

25th MDEC annual conference
October 8-10 , Toronto, Canada

Table of content

* The case of a mega-city air pollution: Tehran

¢ Feasibility study of DPF retrofit solution for
diesel buses

— Technology evaluation on the engine
dynamometer

— Durability and practical considerations
e Results and cost-benefit ratio calculations
e Conclusions
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Pictures from Tehran

* Population: 8.5 million

* 4 million LDVs and motorcycles all gasoline and CNG

* 130,000 HDVs, all diesel

Air quality index (During March 2018 to February 2019)
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AQI during March 2018 to February 2019- Iranian 1397
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Annual Concentration of PM2.5 in AQCC Station in the City of Tehran
During March 2018 to February 2019

The red lines are national standard level (the same as WHO recommendation)
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PM2.5 source apportionment study
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Shahbazi H, Reyhanian M, Hosseini V., et al., The Relative Contributions of Mobile Sources to Air Pollutant Emissions in Tehran, Iran: an Emission

Inventory Approach, Emission Control Science Technology, vol 2, No. 44
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Tehran fleet age and emission
standards
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The World Bank discussion paper regarding air pollution on

Tehran
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The World Bank discussion paper regarding air pollution on
Tehran
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Legislation

» DPF was first introduced to nation in 2014 by VERT activities, establishing
an office in Iran in 2014
— Feasibility study project
— 50 buses retrofitted with DPF in Tehran during 2016-2017 (first retrofit project)
— 60 DPFs were purchased for second retrofit project (for Tehran)

» Since then, there is a national legislation for Euro IV+DPF for new diesel
vehicles starting Sep 2016

— Approx. 5000 VERT-approved DPFs and more than 6000 other DPFs have been already
installed in the market (newfit, option-fit and retrofit)

» European OEMs lobbied for Euro V EEV to be added to legislation.

— This is planned to scrapped one old diesel vehicle for every new EEV vehicle by manufacturers.
This encourage manufacturer to produce EU IV+DPF instead of EEV.
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DPF retrofit of public transit city buses in Tehran: Main concerns

Low exhaust temperature

High fuel sulfur content or unstable
distribution

High sulfate ash lube oil

High smoke number and low NOx
—, e

DPF Retrofit feasibility study program

Selection of candid engine and vehicles, exhaust data gathering
— MAN articulated buses with Euro Il and Euro Il engine
Engine dynamometer tests
—  Daimler OM 457 Euro |l engine
—  Fuel sulfur content: 50 ppm, 229 ppm and 7000 ppm
Year-long durability tests on buses
— Hot and cold exhaust gas’s line
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Ay

Baseline data collection campaign
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Engine dynamometer tests

Test procedure: vrr 1

Tested engine: paimier om 457

Tested fuel: LsD (50 ppm), MSD (229 ppm), HSD (7000 ppm)
Number of tests: more than 7 DPFs with different fuel
Evaluation criteria:

— DPF performance (PM & PN efficiency, gaseous emission)
— Safety issues

— Regeneration quality and soot capacity

—  Sulfur tolerances
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Test cell preparation

[

Engine test layout and test procedures
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Engine test cell results
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Mass and number filtration efficiency of CRTs with 50 ppm and 229 ppm sulfur diesel
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Regeneration quality of CRTs
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Mass filtration efficiency of non-catalyzed DPF with 229 ppm and 7000 ppm sulfur diesel

Mass efficiency, non-catalyzed DPFs- medium
sulfur fuel

DPF 1 DPF 3 DPF4 DPF9

Mass efficiency, non-catalyzed DPFs- high sulfur
fuel
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Number filtration efficiency of non-catalyzed DPF with 229 ppm and 7000 ppm sulfur diesel
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Exhaust gases’ back-pressure and temperature during regeneration of non-catalyzed quasi-
active DPF with 229 ppm and 7000 ppm sulfur diesel
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Particle count and diameter during regeneration of non-catalyzed quasi-active DPF with 229
ppm and 7000 ppm sulfur diesel

Start of =
Regmnaration

|4

e

Active Heating Petiod |

Outcome of engine
. raeio@yRAMOMeter tests

» Determination of candidate DPFs for field tests
» Several scientific papers and presentation
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DPF durability tests in the field

Veh|C|eS Tehran BRTs
Engine: MAN Euro Il diesel

Fuel mostly LSD (50 ppm) and occasionally MSD (229 ppm)

P rOCGd ure. 50,000 km at low- and high-exhaust temperature lines

Evaluation criteria:

— Durability
— Appropriate regeneration regime
— Reasonable cleaning interval

Online monitoring
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Online monitoring

PEMS/RDE for selected buses

PEMS for CO, CO2, NOx, HC, 02

Particle counter
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PEMS/RDE sample test results
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DPF durability test results

Total installed DPFs: 14

Acceptable operation at high and low temperature lines: 6
Acceptable operation only at high temperature lines: 3
Rejected filters: 3

Ongoing : 2

Total vehicle kilometers travelled > 1,000,000 km.
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DPF durability test 1~

Target vehicles: Tehran city buses
Installed DPFs: 50 pieces
VKT: 4,008,789 km
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DPF retrofit projects, costs and benefits
« Total investments: 300,000 usD
* Approx. soot collection: 1,202 Kg

» Health costs of 1 Kg soot in Iran: 1,000
usD

Approx. Benefits within 3 years: 1.2 Million
usb

60 DPFs is being installed in 2019
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World Bank cost-benefit analysis for DPF retrofit solutions

Retrofit effects for 4577 diesel buses in the City of Tehran will reduce annual PM2.5 mean
by 14%.

The project estimated for 7 years period of 2019 to 2025.

The cost depends on technology, USD 22.32 million for buses retrofitted with CDPF or
CCRT, USD29.47 million for metal CRT, and USD 44.05 million for active DPF+FBC.
Estimated annual benefits outweigh costs by a factor of around 8:1 to 16:1.

World bank report
Cleaning the Air of Tehran, One Bus at a Time: retrofit solutions for the ageing diesel bus fleet in Tehran

Technological Assessment, Economic Analysis, and International Best Practices
Available at. / worldbank. 267071563886365000/Te A. E c-Al s i st-Practices

Conclusions

« Despite of advances in diesel engine technologies and recent emission
certification levels for PM/PN, DPF retrofit solution still is much needed
for many places around the world.

* Low exhaust temperature, high idling time, variable sulfur content, and
high ash lub oil are challenges to overcome for most cases, but there
are technologies available.

* For the case of Tehran, it was shown that DPF retrofit solution is
available, technically possible, and economically feasible to protect
people’ health and exposure.
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Thanks for your
attention
Questions?

vhosseini@ualberta.ca
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