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Motivation

Comprehensive characterization of particulate matter (PM) from marine
medium speed 4-stroke diesel engines

Fuel influence & in service operation with focus on
= |dentical engine type
= PM emission & composition
= Elemental Carbon (EC)

Comparison of measurement methods
= FSN
= PAS

Measurement methods not considered anymore (challenges already reported
elsewhere)

= LI
= MAAP
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Methods

With focus on EC or BC fraction of PM

PM measurement by MAN Diesel & Turbo (MDT) on filter samples according to
= |SO-8178

Subsequent analysis of PM filter samples for EC & OC with methods by
=  DNV-GL
= MDT

Determination of equivalent Black Carbon (eBC) with
= Filter Smoke Number (FSN) by MDT
= Photoacoustic Sensor (PAS) by MDT

Analysis of fuels performed by
= ASG Analytik-Service Gesellschaft mbH, 86356 Neusass, Germany

= MDT
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Methods
PM according 1SO-8178 vs. FSN according 1SO-10054 vs.
Photo Acoustic Soot Sensor

AVL 472 Smart Sampler Modular AVL 415-SE Smoke Meter AVL 483 MSSPUs Micro Soot Sensor

GEM140 (special mobile version) Based on 1SO-10054 absorption Based on photoacoustic principle &
Based on I1ISO-8178 PM @ 47+5°C with highest sensitivity @ 550-600 measured by microphone, wavelength
after dilution on Quartz (Pall QAO nm wavelength, light scattering is adjusted to minimize cross-sensitivity
2500) or Teflon (Pall Emfab of no influence due to reflection of (NO,), sound pressure resonance
TX40HI20) fiber filters scattered light from white reflection chamber influenced by temperature,
Remark: plate identical to clean filter pressure & humidity

Particulate measuring according Remark: Remark:

to 1ISO-8178 is conclusively proven Operates on undiluted exhaust gas Operates on diluted exhaust gas,

to be effective for fuel sulfur levels according to 1SO-10054 incorporates a thermophoretic loss
up to 0.8% only compensation
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Methods

EC / OC analyzing methods

Coulometric EC method from PM filter samples:

VDI-2465-1: filter-split, ¥z filter: Thermodesorption of TC @ 650°C in O,
Y filter: Toluene-Propanol extraction & thermodesorption of OC @ 500°C
in N,, subsequent thermodesorption of EC @ 650°C in O,

VDI-2465-2: Thermodesorption of OC @ 80-620°C in He,
subsequent thermodesorption of EC @ 300-700°C in O,

DNV-GL in-house: Improved VDI-2465-2 after extraction VDI-2465-1 & thermodesorption of
OC @ 700°C in He & subsequent EC @ 850°C, see [IMO PPR 1/8/4]

For reliable EC determination, charring effects must be excluded!

Optical eBC method:

AVL-415 /-S/-SE: Filter Smoke Number (FSN) is reported @ 25 °C & 1000 mbar
Correlation formulas used for calculation of eBC mass concentration
heated: eBC[mg/m3 =1/0.405x 5.32 x FSN x e 0-3062xFSN
unheated: eBC [mg/m3] = 1/0.405 x 4.95 x FSN x e 0-38 xFSN

Photoacoustic eBC (PAS) method:

AVL-483 MSSplus: Micro Soot Sensor
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Methods

Fuel properties

Fuel Heavy Marine Marine Marine EN-590 Marine
Fuel Oil | Diesel Oil | Diesel Oil | Gas Oil | Gas Qil | Diesel QOill
(HFO) (MDO) (MDO) (MGO) (ULSD) (MDO)
ship ship test bed | testbed | testbed | test bed
Category Residual | Distillate | Distillate | Distillate | Distillate | Distillate
Type RM 180 DM-B DM-B DM-A ULSD DM-B
Viscosity [mm?/s] 171@50°C{3.3 @40°C|6.4 @40°C2.6 @40°C|2.6@40°C|6.1@40°C
Density @ 15 °C [kg/m3] 975 877 878 830 835 813
Hydrogen [% mass] 10.63 12.59 12.40 13.20 13.8 12.9
Carbon [% mass] 87.16 86.86 85.80 86.64 85.8 86.2
Sulfur [% mass] 1.90 0.45 1.79 0.07 5.4 ppm [ 3340 ppm
Nitrogen [% mass] 0.31 0.10 0.01 0.09 0.0036 0.023
Ash [% mass] 0.01 0.01 0.01 0.01 0.005 0.002
Lower Heat Value Hu [kJ/kg] | 40756 42330 42159 43317 42935 42462
Flash point [°C] - - - - 69 92
Poly aromatics content - - - - 3 12.4
[Yomass]
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Methods

Test engines

A i
y .\
|II i
| |

6L48/60A
6‘8 sd’al engine IMO Tier-I

~ Power: 1050 kW/cyl.
Speed: 500 - 514 rpm
Size: 6L - 18V
= Stroke 60 cm

f " - Bore: 31cm
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Methods

In service measurement @ 15,000 operating hours

DWT 185, 286 MT

1.3 m|II|on barrels

Twin redundant pr;'_f'_ Isi
4% 6L48/60A. 25,200 Kk
Engines under MDT mainte

Picture from San Francisco Bay
shows 1 main engine runnlng 0.

-

MDO @ anchor Joadgf' N

Y
A.\

~1MW = 15% enginé mad b

10\
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Methods

In service measurement set-up @ 15,000 operating hours
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Results
PM emission & composition 6L48/60A #1130158 serial engine

freshly manufactured on test bed (running in not finished)

300

290 1mg/m? Marine Diesel Oil (MDO) QS'SSS ghwh Marine Gas Oil (MGO)
280 Sulfur: 1.79 % \ Sulfur: 0.07 %
270 Ash :0.01% \ Ash :0.01%
260 PM-Cycle \ PM-Cycle
250 E2 = 1.379 g/kWh E2 = 0.371 g/kWh
240 D2 = 1.509 g/kWh D2 = 0.460 g/kWh
230
gig 1 1.253 \
| g/kWh \
200 1.388 \\ O OM organic material [mg/m3]
180 \ 1500 —9/kWh 22‘3\‘ @sulphate associated water [mg/m3]
170 oy
160 :“\ % g/kwh \ Osulphates [mg/m3]
150 | PJ4 N N N \ 1743
N h \ Oash [mg/m3] /kWh
140 N 68+ \ \ . g/kWh_|
130 \ \"': 2\ \ \ BEC elemental carbon extraction [mg/m3] N
110 N 103 0.762 \
.
100 - \ \ \ g/kWh
0y \ \ &
70 % 33 \ g/kWhig/kWhig/kWh \ N
g D N N
50 * N \ . \
20 Il 54 2 25 N b& \\\ & \
30 i 26 N & 46 % N
20 Q \\ N NN
10 ” =\ o I
o Kl wm =~ — -

100%G 75%G 50%G 25%G 10%G 100%G 75%G 50%G 25%G 10%G
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Results
PM emission & composition 6L48/60A #1130158 serial engine

freshly manufactured on test bed (running in not finished)

|mg/m? Marine Diesel Oil (MDO) QB'SSS g/kwh Marine Gas Qil (MGO)
Sulfur: 1.79 % \ Sulfur: 0.07 %
Ash :0.01% \ Ash :0.01%
PM-Cycle \ PM-Cycle
E2 =1.379 g/kWh \ E2 =0.371 g/kWh
D2 = 1.509 g/kWh \ D2 = 0.460 g/kWh
1T 1.253 \
1 g/kWh \
1.388 \ O OM organic material [mg/m3]
N 1.725 NN
N g/kWh _
— 223 Bsulphate associated water [mg/m?3
DO operation appro O 0)% ONE D 2 compared to O
DO O are poth a e type Tue
e 3 s oNte OT DC s ave Not been ana 20
2 20 .
i 25 N N NN 69 \
54 M43 Y :47 b AN
42 26 ,\'ﬁ ! N 46\ \
NN NN
= S N B B
I o | = =5 — — ==
100%G 75%G 50%G 25%G 10%G 100%G 75%G 50%G 25%G 10%G
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Resu

Its

PM emission & composition 6L48/60A #1130127 & -128 after

15,000h in service, engines under MDT maintenance contract

200

mg/m3 X ; .
190 ®OC organic carbon material [mg/m3]
Heavy Fuel Oil (HFO) Heavy Fuel Oil (HFO) . . 3
180 - Sulfur: 1.90 % Sulfur: 1.90 % Esulphate associated water [mg/m3]
Ash :0.01% Ash :0.01% Osulphates [mg/m3]
170 PM-Cycle PM-Cycle h Imé
160 E2 = 0.910 g/kWh E2 = 0.973 g/kWh Dash [mg/m?]
D2 =0.798 g/kwWh 1041 gkwh D2 = 0933 g/kwh mEC elemental carbon extraction [mg/m3]
150 0988
g/kWh
140 -
ﬁ g}i\S/\‘/lh S 0.948 g/kWh
130 +
39
120 A 33 Marine Diesel Oil (MDO) Marine Diesel Qil (MDO)
Sulfur: 0.43 % Sulfur: 0.43 %
110 A Ash :0.01% Ash :0.01%
S 49 1.044  1.236 g/kWh PM-Cycle PM-Cycle
100 - 0837 ~YkwWh E2 = 0.400 g/kWh E2 = 0.363 g/lkWh
90 | g/kWh D2 =0.424 g/kWh D2 =0.403 g/kWh
44 0.605 44
80 g/kWh 0.869 0.433
0.660  g/kwh g/kwh 0.373
70 - g/kwh 43 o o614 01 g/kWh s
7 32 54 N E 0.367 glkwh 9 o618
60 +{ [— - N —
33 2L g/kwh W 0332 g/kWh
50 33 —— 0.372 § 20  g/kWh
36 N 0.365
40 4 g/kWh 39
55 % 16 23 37 o
o s N
30 39 12 9 23
20 — [ 8 4
18 15 12 it 4 4 6
10 1 | 10 : a
0
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Note: PM-Cycle values approximated due to inappropriate load points
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Results
PM emission & composition 6L48/60A #1130127 & -128 after

15,000h in service, engines under MDT maintenance contract

200
3
190 mg/m ®OC organic carbon material [mg/m3]
Heavy Fuel Oil (HFO) Heavy Fuel Oil (HFO) . . 3
180 | Sulfur- 1.90 % Sulfur- 1.90 % Esulphate associated water [mg/m3]
Ash :0.01% Ash :0.01% Osulphates [mg/m3]
170 PM-Cycle PM-Cycle 5
E2 = 0.910 g/kWh E2 = 0.973 g/kWh Dash [mg/m?]
160 D2 =0.798 g/kwWh 1041 gkwh D2 = 0933 g/kwh mEC elemental carbon extraction [mg/m?]

0.988
150 Fgikwn

140 1 ﬁ g}i\S/\‘/lh g 0.948 g/kWh
130 +

39
33

120 - Marine Diesel Oil (MDO) Marine Diesel Qil (MDO)
Sulfur: 0.43 % Sulfur: 0.43 %
110 | Ash :0.01% Ash :0.01%
O operatio 0 0 ge al 10 DO
d Olre
O operation afte D00 Se 2 HQ DWeEer o DO 0 st Bed
DO operation arte 000 almaQ ofs al 10 ONe B
c Al e 0 C O DO C aV e Ol pec allc =10
10 11 H 5 10 ‘5‘ a
0 Vd| A O 4 : V| 9 0 Vd| O . 0
X X
o ;b 0\0‘2‘ o o‘z‘ °\°‘b o\e‘b 0\3\ o\o‘b o\gz‘ o\gz‘ 0\3\ °\§ °\§ o\oQ °\§ e\§ o\§ o\§ o S o\§ o\§
P D G D A2 @ S AR AN AR $° B0 X S8
q:\/ ,19/ S/ 47 N/ Qs 7/ A/ O/ B/ N7 O N R D7 Q7 A o7 o7

Note: PM-Cycle values approximated due to inappropriate load points
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RIS

6L48/60A engine family IMO supplement (parent & members)

UNITED STATES ENVIRONMENTAL PROTECTION AGENCY
STATEMENT OF COMPLIANCE
WITH REGULATION 13 OF ANNEX OF THE INTERNATIONAL
CONVENTION FOR THE PREVENTION OF POLLUTION FROM SHIPS

Manufactures MAN B&W Diesel AG

Marine Diese

Certificate Number:

Date Issued

Engine Family: 4dMANM107.48D
MAN-IMO-04-01
8/11/2004

tf ZeunSAfn

Merrylin Zaw-Mon, Director

Certification

and Compliance Division

Office of Transportation and Air Quality

This is to ce
information t

fy that the manufacturer of the above mentioned marine diesel engine has provided
the U.S. Environmental Protection Agency that demonstrates:

1. this enging has been tested in accordance with the requirements of the Technical Code on
Control of[Emission of Nitrogen Oxides from Marine Diesel Engines Engines, and,

2. the engine

its components, adjustable features, and Technical File, prior to the engine's

installatior} and/or service on board a ship, fully comply with the applicable regulation 13 of

Annex VI

This Stat

pf the Convention

and the requin

Issued at U.S

t of Compliance is valid until Annex VI of Regulation 13 of the Convention is ratified
ements become effectiveand applicable to this engine.
Environmental Protection Agency, Office of Transportation and Air Quality,

Washington, DC

Ini

Supplement to the Statemeat of Compliance with Regulation 13 of Ansex VI of the
ternationdd Convention on the Prevention of Pollution from Ships

1. Particular | of the engine

114 Name&.‘i Idress of manufacter: 1.8 Test cycle:
MAN B&W | liesel ALy E2 Variable-Plichand
Stadtbachst | | 1.9 Rated Power(kW) & Speed{REM}:
SCfeﬁ:anv ‘ 6300 . . S14
. i 1.1t Engine certificate number:
1.2Place of ¢| gine build: MAN-IMO-04-01
do .11 Test fuel:
1801 8217
1.12NOx reducing device?:
1.3 Date of ¢ | ginie build: e
771712002 1.13 Applicable NOx Emission Limit(g/kW-he)
1.4 Place of pire-certificationsurvey: 129
do 1.14 Engine NOx Emission Value{g/kW-hr):
10,0
2 Particul

1.5 Date of pre-certification survey:

07/17/2002

2.1 Technical File number:
TF1130126 Parent engine
2,2 NOx verification number:
OBV1130126

61.48/60, 1 150 128 (BP1)

6L 48/60, 1 150 1
61 48/60,1 150 1

6L 48/60, 1 180 1

29- 132(BP2)
33+ 136(BP3)

58+ 161(BP4)

This is to certjfy that this record is correct in all respects. Issued at U.S, Environmental Protection Agency,
Office of Transportation and Air Quality Washington, DC

Merrylin Zaw-Mo

AUG 11 2004

n, Director Date of Issue

Certification and Compliance Division
Office of Transportation and Air Quality
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Results (from 39 ICCT workshop)

Correlation example EC (PM) vs. eBC (FSN) 21/31 EN-590 ULSD MAN

EC [mg/Nm3 wet @ orig O,]

y = 0,9265x + 0,0478
. . Rz = 0,9651

¢ eBC [mg/Nm3 wet @ orig O,]

O o T T T T T T T T
0\ 1 2 3 4 5 6 7 8 9
actual FSN 415-SE detection limit: 0.02 mg/m?3
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Results (from 39 ICCT workshop)

Correlation example EC (PM) vs. eBC (FSN) 21/31 EN-590 ULSD MAN

EC [mg/Nm3 wet @ orig O,]

y = 0,9265x + 0,0478
o . Rz = 0,9651

« EC from improved coulometric method matches FSN

What's more:
FSN is sensitive to almost ambient air quality thresholds
WHO: PM, 5 10 pg/m® & EU: PM,4 35 pg/m?
US-EPA Tier-4 limit 0.04 g/kWh equals ~0.2 g/kg or ~0.5+£0.05 FSN ~7,5 mg/m3
EU-NRMM Stage-V limit 0.015 g/kWh ~0.07 g/kg or ~0.17£0.03 FSN ~2,3 mg/m?

eBC [mg/Nm3 wet @ orig O,]

1 2 3 4 5 6 7 8 9
actual FSN 415-SE detection limit: 0.02 mg/m?3
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RIS

Instrument comparison FSN vs. PAS 8L21/31 EN-590 & MDO

10 25% load
‘ EN-590 ULSD
PAS .

9 eBC mg/Nm? FSN:0.478

AVL MSSPlus l
8 2

y=1,0149x-0,1423
R?=0,9272 ,  y=0,9286x-0,1089
7 rd R =0,9267
6 * / 4 FSNinstrument #1
» FSN instrument #2

4 * / * =—Linear (FSN instrument #1)

100% load / Linear (FSN instrument #2)
MDO | ¥ *
3 FSN: 0.119 / —Linear { 1:1) m
!
2 b
7 A w
FSN
1 eBC mg/Nm?
AVLA415S
0
0 1 2 3 4 5 6 7 8 9 10
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RIS

Instrument comparison FSN vs. PAS 8L21/31 EN-590 & MDO

10 25% load
| EN-590 ULSD
PAS .
9 eBC mg/Nm? FSN: 0,478
AVL MSSPlus l,
8 .,/
y=1,0149x- 0,1423
R2=0,9272 . y=0,9286x-0,1089
7 rd R =0,9267
6 0// ¢ FSN instrument #1
C Or1e
C 9]0 S DI 1O Operlrale cCO eriaed 10 C 0[50
A C (0 l10¢ 0 0 ale 10 elidble Ie U 0 all(C U U
C e OIC J 1O o o arie 0 JIC cCOU elnaed 1d 10101 =110
FSN
1 eBC mg/Nm?
AVL415S
0
0 1 2 3 4 5 6 7 8 9 10
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RIS

eBC in g/kg fuel 8L21/31 Tier-lll test vs. 6L48/60A Tier-I serial

1,0E+01
eBC
[e/kg-fuel] C3 Tier-1 without after-treatment
1,0E+00 L x 6L 48/60A serial engine
K «~ HFO-& MDO & MGO
X
X X
g g "i\‘%{%
\ 4 & ]
1,0E-01 = ; & —t % X
MDO & ULSD LB b4
8L21/31 test|engine
10e-02 -C2 Tier-lll with after-treatment
¢ BC EF FSN #1 (g/kg fuel)
71 BC EF FSN #2 (g/kg fuel)
BC EF MSS (g/kg fuel)
1,0E-03 >~ BCEF EC (g/kg fuel)
8L21/31 IMO Tier-lll Pot.(BC EF MSS)
——6L48/60A IMO Tier-l Pot.(BC EF EC)
1,0E-04 i
1,0E-02 1,0E-01 1,0E+00 1,0E+01 [MW] 1,0E+02
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RERES

eBC in g/kg fuel 8L21/31 Tier-lll test vs. 6L48/60A Tier-I serial

1,0E+01
eBC
[g/kg-fuel] C3 Tier-l without after-treatment
1,0E+00 | % 6L48/60A serial engine
K ~ HFO & MDO & MGO
X 2 %
1,0E-01 A S 2 ] X I

« Although smaller engine size, BC-EF of the Tier-1ll engine is significantly lower
compared to the Tier-l engine
SCR as enabler for optimization of combustion process regarding BC

What's more:
* On a logarithmic scale no significant distinction regarding fuel quality possible

——6L48/60A IMO Tier-I Pot.(BC EF EC)

1,0E-04 | . . !
1,0E-02 1,0E-01 1,0E+00 1,0E+01 [MW] 1,0E+02
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Results
eBC in g/kg fuel vs. UCR-ICCT database put into regulatory

context

o LDV_WG—GDl wall guided D LDV_SG—GDI spray guided ) LDV_PFI port fuel injection
X 2-Stroke-C3 X 4-stroke C3 4-stroke C1-C2
+ Aircraft-CFM56 « HDV DPF = HDV no-DPF X 4-stroke C3 Tier-I

eBC ) ) : .
[a/kg-fuel] O off-road Tier3,2 0 off-road Tier4 ICCT Project @ 4-stroke C2 Tier-Ill
1,0E+01
R2 =0.2488
1,0E+00 US-EPA Tier-4——
90%4 I § PM-limit 0,04 g/kWh
. . l l - ~n La WP | ) .I.'..-il
reductiory § | I [ e B S L] Ll
\ ~FSN 0,5%0,05
1,0E-01 -ﬂ—! H : = X
b | Pii-iimit 0,005 g/kWh o, = T S Eree o P B TR Soenea
99%§ § -~ ~0.07 a/ka-fuel AW WX A NN "‘Aggﬁ‘“J; . ﬂfn::
reduction I Vv F“,N 0‘-"1 7:0 03 3 el b ol P, o~
~IT ’ =\, (. )
1,0E-02 - AL . B SR A DR, v
99.9% i ‘:“VI‘AA t} :; ’/’ + =
reduction J 7, "= ” o
’, = .
1.0E-03 - i “EDIE;; AN NN AR SR RN . Equivalent EU ambient air quality NN RN
4 - i P35 ga/m® ~0. 004 gikgfuci~FSN O 0025
Equivalent WHO ambient air quaiity.
_________ P T T Dt T40 tresims A0 0003 g/ka-fuel ~FSNODpQo7 L - T T T mOAT T TS
- L IVI215- v Hullll v, Vv ull\y a1 I~ V, UV
1,0E-04
1,0E-02 1,0E-01 1,0E+00 1,0E+01 [Mw] 1,0E+02

MAN Diesel & Turbo | Peter Lauer | Black Carbon | (1] | 04.10.2017 | < 22 >



Results
eBC in g/kg fuel vs. UCR-ICCT database put into regulatory

context

o L DV_WG - G D | wall guided D LDV_SG - G D | spray guided LDV_P F | port fuel injection

¥ 2-Stroke-C3 ¥ 4-stroke C3 4-stroke C1-C2
oBE 4+ Aircraft-CFM56 = HDV DPF = HDV no-DPF X 4-stroke C3 Tier-I
[a/kg-fuel] O off-road Tier3,2 0 off-road Tier4 ICCT Project @ 4-stroke C2 Tier-Il|
1,0E+01
y=0.7034x%%¢ y=0.0764%082 y =0.102)03%
<R O R? =0.7542 RZ=0.2488
1.0E£00 L q N ¢ LN N __ s A R ) = | [

BC from marine engines are competitive to light/heavy duty vehicles, cover a range
of 3 orders of magnitude and decrease with increased engine size & load
il - PM from LDV/HDV & off-road consist almost exclusively of BC due to ULSD use

' What’s more:

Wl « The majority of BC EF’s from large marine engines operating on distillate as well as

residual grade fuels are already below existing state of the art LDV/HDV or off-road
PM-limits for ULSD applications

1,0€-C —— e i = o= = = e =
o v'=19: 1) i.lgnll U, Uui glKg'I'UEA ~roiN U, U020
_________ - = = d = = - . Fquivaient WO ambient airquaiity _ | _
|—| DAA AN 1imim3d .0 NNN2D Allres Fuial . IECA N NONT
L] IVI275 v Fullll Vi, Vuuwv ull\\_p’ a1 I~ V, UV
1,0E-04 |
1,0E-02 1,0E-01 1,0E+00 1,0E+01 [MW] 1,0E+02
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Conclusions

Measurement methods, engine conditions & fuels

No deterioration of PM or eBC emission found after 15,000 operating hours in service,
provided that the engines are maintained according to the manufacturers guidelines

Large differences in BC emissions already exist within the distillate fuel type

Under controlled conditions, difference between FSN, PAS & EC methods are negligible

» The actual fuel quality (e.g. aromatic content) and not the fuel type (residual vs.
distillate) plays the key role

» FSN is sensitive even for very low BC emissions

» Compared to any other method, FSN emerged as most robust & accurate method
[IMO PPR 1/8/3]

SCR application acts as enabler for combustion optimization for improved BC

LIl & MAAP not further recommended due to reported challenges in other studies
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Disclaimer

All data provided in this document is hon-binding.

This data serves informational purposes only and is especially
not guaranteed in any way. Depending on the subsequent
specific individual projects, the relevant data may be subject
to changes and will be assessed and determined individually
for each project. This will depend on the particular
characteristics of each individual project, especially specific
site and operational conditions.
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Do you have any more questions?

Peter Lauer Ralf Oldenburg
[peter.lauer@man.eul] [ralf.oldenburg@man.eu]



