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Motivation and objectives N b |
In 2012
DIESEL ENGINE EX_HAUST...

—

§

Y, World Health
4 Qrganization

—

... Is classified as
Carcinogenic to humans
(Group 1)

Miners study, Silverman et al. JNCI, 104(11), 2011

Gasoline Direct Injection

30% of EU fleet will be

GDI in 2020
GDI vehicle exhaust

7 > vs diesel exhaust

: Most genotoxic?
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What we blow out when we floor the throttle

Empa researchers studied exhaust emissions from seven gasoline cars and one
diesel, six of which were huilt between 2012 and 2016, Alarming substances
came to light in the gas chromatograph, a fine, analytical instrument.
As the dynamometer revealed, most of these substances : pl:udtﬁd
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GDI exhaust in comparison with diesel.... @Empa

Soot particles

Up to 3 orders of
magnitude more particles

Exceeding Euro-6 limit:
6.0x101 #/km
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Focus on PAHS

1) naphthalene

5) phenanthrene

2) acenaphthylene

6) anthracene

AGENTS CLASSIFIED BY THE IARC MONOGRAPHS, VOLUMES 1-111

Group 1 Carcinegenic to humans 116 agents
Group 2A
Group 28

Group 3

Probably carcinogenic to humans 70
Possibly carcinogenic te humans 285
Not classifiable as to its carcinogenicity to humans 506

Group 4 Probably not carcinogenic to humans 1

RO

4) fluorene

International Agency for Research on Cancer

¢ %a World Health
Y¥®.¥ Organization

Q0

3) acenaphthene

QI

Ko
©©

©

16) indeno(1,2,cd)pyrene

9) benzo(a)anthracene ) chrysene 11) benzo[b]fluoranthene
v
O O
1 vapor pres. ©© OOO OOO
andsolubility OOO O OO
3) benzo[a]pyrene 14) dibenz[ah]anthracene | 15) benz[ghi]perylene
Group 1 Group 2A

Group 2B
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Genotoxicity ®Empa

In genetics, genotoxicity describes the property of some chemical
agents that damages the genetic information within cells causing
mutations which may lead to cancer.

( @ —L. %Hb\Q(AARNT\\

/
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U | &
S

+E}:ox|cle

Hydrolase I’ Seal
B[a]P Diol-epoxide Mucleus /

Most commonly accepted mechanism for PAHs metabolism and genotoxicity in a typical
vertebrate cell (Mesquita, L. van Drooge et al. 2014)
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@ Empa

Materials Science and Technology

Apart from their genotoxicity.....

PAHSs are also considered as intermediates for soot formation

Nuclear particle
Core Shell
‘ A Coagulation

Soot % i
Inception = I~Af=
1-2nm R 5
-
C/H Soot Surface
PAHs coalescent growth and oxidation .
ratio Fa
’ PAHs
&7 3 condensation
PAHs growth
by C2ZH2 and aromatic ;
L h ¥
.......... e :
{  PAN 3, " _
! mechanism i ;.ﬁ: O ' _/?:7
e P <= 5
- 'f"-__" & ) J-4nm |
LS Fa W i . - ——i
| TRF il R |
| (N-C7H1G#" / i 1-2n0m;
i f1-CBH1B -
JCEHSCH3)

i i
A R .

molecular weight / time

Yan-zhao An, Xiang Li, Sheng-ping Teng, Kun Wang, Yi-giang Pei, Jing Qin, Hua Zhao,
Development of a soot particle model with PAHSs as precursors through simulations and experiments, Fuel, VVolume 179,2016
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TESTS
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GASOLINE VEHICLES

Materials Science an

d Technology

Euro-3 Euro-4 Euro-5 Euro-6

GASOLINE PARTICLE FILTERS J

4

4 particle filters tested
2 coated and 2 non-coated

REFERENCE VEHICLE
Euro 5

2 particle filters tested

1 coated and 1 non-coated

DIESEL BENCH MARK WITH DPF

BIOFUELS B &%

Euro-5

—

4 Ethanol and butanol blends_

REFERENCE VEHICLE
Euro 5
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Sampling Laboratory analysis

Cleanup and
fractionation

ASE/Soxhlet

HRGC/HRMS
extraction i

analysis

Chassis dynamometer of the UASB in Nidau '_J (il RE
2 transient driving cycles: > =9 -
- CWLTC and hWLTC)

and SSC

Diluted exhaust --- CVS tunnel: { 1=

solid + condensed + gaseous phases
—> PAH particulate+gaseous phases

R=120000
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RESULTS

@ Empa
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Gasoline (GDI + MPF|
vs Diesel with DPF
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Data reported in ng TEQ/m?®
TEF X C(ng/Nm?3) @ Empa

Materials Science and Technology

Toxic equivalency concentration (ng TEQ/m3)
TEF: Toxic Equivalent Factor

A0
0@ 00

O Naphthalene ] Chrysene Bl Benzo(a)anthracene B Benzo(a)pyrene
(2B, 0.001) (2B, 0.01) (2B, 0.1) (1, 1)

1

) @ =0
OO0 Q o O &

Benzo(b)fluoranthene [ Benzo(k)fluoranthene DDibenzo(a,h)anthracene O Indeno(1,2,cd)pyrene
(2B, 0.1) (2B, 0.1) (2A, 1) (2B, 0.1)

Chemical structures and names of the 8 genotoxic PAHs. IARC carcinogenic group and TEFs are
indicated in brackets according to I.C. Nisbeth, P.K.L. Regul Toxic Pharmacol. 16:290-300; 1992.
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Gasoline vs Diesel-DPF emissions Sum of 8 genotoxic PAHs
(ng TEQ/mg) 0 800 1600 2400 3200
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PN [particles km]

8

0° 10" 10”

d Technology

GDI fleet emits 64-, 700- and 39000-fold higher
PN emissions than the Euro-5 diesel vehicle
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PN [particles km]
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EU - air limit value:
1 ng/m3 benzo(a)pyrene (2014/107/EC Directive)

GDI fleet emits 64-, 700- and 39000-fold higher
PN emissions than the Euro-5 diesel vehicle
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Solutions are needed to lower emissions...
at least to diesel with DPF levels

Aftertreatment;
Filters

Alternative fuels
Oxygenated fuels

Materials Science and Technolo:
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Solutions are needed to lower emissions...
at least to diesel with DPF levels

Aftertreatment
Filters

Materials Science and Technolo:
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GDI with GPF

ng TEQ/m?3
1000
800

<

Euro-5 REF Vehicle

&

@ Empa

Materials Science an

2 coated + 2 non-coated filters

Tx2

600 et
200
0 | o
Q

& 3 Lo o O & T2 - S &) 8

QLo B o O GO &

=l il = - l _I

s = S s =

GDI Mean Diesel DPF | REF. Vehicle
(Euro-5)

To be published (Munoz et al)

6.

86% reduction

-@-l

T

2 o NG
82% reduction 65% reducti

4 x3

d Technology

[EXC)
e - S} O
Q10 3 o o o O 08
= = P = -
Bl i | el | | e | el | sl fui |
iy~ s = = = s =
non-coated | coated coated non-coated

FILTERED EMISSIONS

Storage / Release ?
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GDI with GPF vs Diesel with DPF @Empa

Although most GPFs
lower emissions.......

filtered genotoxic

emissions still higher
than those of the diesel
with DPF
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: Genotoxic compounds reduced
GPF need to improve..... conoped ®Empa
82% GPF-2 (coated)

65% GPF-3 (coated)
0% GPF-4

For individual PAHS
20-99% with most around 60-75%j

Likewise a DPF does:

Conversion of carcinogenic PAHs
10 1

*8- — — — —

1a b 1c Za 3 B 5 B 7 3 9 10 11 12 13 14 15 16 17 18 1% 20 pal = 23 2 25 % @ % 28 30 31 33 35 38

Most > 80%

o
»

Efficiency [ ]
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The benzo(a)pyrene example (less volatile, carcinogenic) ®Empa

Materials Science and Technology

Euro-5 GDI vehicle

- na/Nm?3 Benzo(a)pyrene
E Y ~ 1000x higher
1000
Diesel emissions
BaP :
78-92 ng/Nm’ 100 o{be published (Munoz etal)
<10 ng/Nm? with X
DPF 10 == e i e e
(Mean values) |
Directive 2004/107/EC ' '
BaP target value in _ . :
ambient air: 1 ng/m3 1 S 1 e e e .
giizfotel s olledzielio e iofieli o et i ol =i
B e 2T RS E e BERd T L e R yea Tl B LR i S R whem T2 EER e
il il Sl — e | il i | =t | | ] | rld | o | ald o |
= = = = = = = = = = = = = =
GDI Mean. | Diesel DPF: Riz'uggrgfle non-coated | coated coated non-coated
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MPFI with GPF o TEO

0 200 400 600 800 1000
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& MPFI (Euro-5) Genotoxic emissions
F | |
g MPFI = GDI mean
iIn cWLTC
O al)
MPFI # DIESEL
. 17x higher (cWLTC)
MPFI (Euro-5) ‘
@) cGPF I /
ot GPE | .4x higher (hWLTC)
it
P DIESEL with DPF |
ik GDI Mean
@ Naphthalene @ Benzo(a)nthracene OChrysene
mBenzo(b)fluoranthene B Benzo(k)fluoranthene B Benzo(a)pyrene
Oindeno(1,2,3-cd)pyrene o Dibenz(ah)anthracene
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MPFI with GPF o TEO

0 200 400 600 800 1000
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O MPFI (Euro-5)
fom cGPF ~ 40% reduction
=
; GPF ~ 20% reduction
© DIESEL with DPF
GDI Mean Il ublishegl (Munoz et al)
MPFI (Euro-5)
O cGPF &7 | ~ 1.5-fold increase
I-_I— GPF | ~ 30% reduction
P DIESEL with DPF
eau Poor coating efficiency
@ Naphthalene @ Benzo(a)nthracene OChrysene
mBenzo(b)fluoranthene B Benzo(k)fluoranthene B Benzo(a)pyrene

Oindeno(1,2,3-cd)pyrene o Dibenz(ah)anthracene
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Individual patterns @Empa

Materials Science and Technology

a0 Benzo(a)pyrene dominates in GDI
GDI-3 (Euro-5)

GDI-4 (Euro-5)

GDI-5 (Euro-5) To be pUbIlShed (MunOZ et al)
GDI-6 (Euro-6)
GDI-7 (Euro-6)

GDI Mean (n=7)

GPF-1 (non-coated)

Naphthalene dominates in
GDI- filtered exhaust (with coating)

GPF-2 (coated)

GPF-3 (coated)

GPF-4 (non-coated)

Naphthalene dominates in MPFI

GPF |
DIESEL with DPF |

Different in DIESEL

mNaphthalene mBenzo(a)nthracene DOChrysene
BBenzo(b)fluoranthene B Benzo(k)fluoranthene BBenzo(a)pyrene

Olindeno(1,2,3-cd)pyrene ODibenz(ah)anthracene
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CONCLUSIONS / SUGGESTIONS @ Empa

Are GDI vehicle
exhaust genotoxic like
non-treated diesel

exhaust?
Toxic equivalent concentrations are several times higher in GDI (with and without fitler)

than in diesel with DPF.

d Technology

Benzo(a)pyrene concentrations are 1-3 orders of magnitude higher than EU Target
Limit (1 ng/m3)

Differences in individual patterns: BaP dominates in GDI, NAP in MPFI

To reach DIESEL with DPF levels
GDI should be equipped with filters — May reduce PAH emissions (20-80%)
GPF should undergo certification procedures like DPF (VERT) %
=f'P

Efficient coating

Use of ethanol/gasoline blends?
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Thank you for your attention

uestions?

@ Empa

o0 Materials Science and Technology

Schweizerische Eidgenossenschaft
B e bernoise ccem.ch Confédération suisse

Confederazione Svizzera
Confederaziun svizra

2 z
e Bundesamt fiir Umwelt BAFU
b Office fédéral de I'environnement OFEV

Ufficio federale dell’ambiente UFAM
Uffizi federal d’ambient UFAM
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