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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 

  Identical engine type 

  PM emission & composition 

  Elemental Carbon (EC) 

 

Comparison of measurement methods 

  FSN 

  PAS 

 

Measurement methods not considered anymore (challenges already reported 

elsewhere) 

  LII 

  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 

  ISO-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 Neusäss, Germany 

  MDT 
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AVL 472 Smart Sampler Modular 

GEM140 (special mobile version) 

Based on ISO-8178 PM @ 47±5°C 

after dilution on Quartz (Pall QAO 

2500) or Teflon (Pall Emfab 

TX40HI20) fiber filters 

Remark:                           

Particulate measuring according 

to ISO-8178 is conclusively proven 

to be effective for fuel sulfur levels 

up to 0.8% only 

Methods 
PM according ISO-8178 vs. FSN according ISO-10054 vs. 

Photo Acoustic Soot Sensor 

AVL 415-SE Smoke Meter 

Based on ISO-10054 absorption 

with highest sensitivity @ 550-600 

nm wavelength, light scattering is 

of no influence due to reflection of 

scattered light from white reflection 

plate identical to clean filter 

Remark:                                        

Operates on undiluted exhaust gas 

according to ISO-10054  

AVL 483 MSSplus Micro Soot Sensor 

Based on photoacoustic principle & 

measured by microphone, wavelength 

adjusted to minimize cross-sensitivity 

(NOx), sound pressure resonance 

chamber influenced by temperature, 

pressure & humidity  

Remark:                                    

Operates on diluted exhaust gas, 

incorporates a thermophoretic loss 

compensation 
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Methods 
EC / OC analyzing methods 

Coulometric EC method from PM filter samples: 

VDI-2465-1: filter-split, ½ filter: Thermodesorption of TC @ 650°C in O2 

  ½ filter: Toluene-Propanol extraction & thermodesorption of OC @ 500°C 

  in N2, subsequent thermodesorption of EC @ 650°C in O2 

VDI-2465-2: Thermodesorption of OC @ 80-620°C in He,   

  subsequent thermodesorption of EC @ 300-700°C in O2 

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 / 0.405 x 5.32 x FSN x e 0.3062 x FSN 

  unheated: eBC [mg/m³] = 1 / 0.405 x 4.95 x FSN x e 0.38 x FSN 

Photoacoustic eBC (PAS) method: 

AVL-483 MSSplus: Micro Soot Sensor 
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Fuel Heavy 

Fuel Oil 

(HFO) 

Marine 

Diesel Oil 

(MDO) 

Marine 

Diesel Oil 

(MDO) 

Marine 

Gas Oil 

(MGO) 

EN-590 

Gas Oil 

(ULSD) 

Marine 

Diesel Oil 

(MDO) 

ship ship test bed test bed test bed test bed 

Category Residual Distillate Distillate Distillate Distillate Distillate 

Type RM 180 DM-B DM-B DM-A ULSD DM-B 

Viscosity [mm²/s] 171@50°C 3.3 @40°C 6.4 @40°C 2.6 @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 

[%mass] 

- - - - 3 12.4 

Methods 
Fuel properties 
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Methods 
Test engines 

6L48/60A 

C3 serial engine IMO Tier-I 

Power: 1050 kW/cyl. 

 Speed: 500 - 514 rpm 

Size: 6L - 18V  

Stroke: 60 cm 

Bore: 48 cm 

 

8L21/31 

C2 test engine 

IMO Tier-III 

 Power: 200 - 220 kW/cyl. 

 Speed: 900 - 1000 rpm 

Size: 5L - 9L  

Stroke: 21 cm 

Bore: 31 cm 
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Methods 
In service measurement @ 15,000 operating hours 

Type: Double Hull Tanker 

Classification: American Bureau of Shipping (ABS)  

Year built: 2004 

Registry: USA 

Length 287 m 

GRT 110,693 

DWT 185,286 MT 

1.3 million barrels 

Twin redundant propulsion system 

4x 6L48/60A  25,200 kW 

Engines under MDT maintenance contract 

 

Picture from San Francisco Bay 

shows 1 main engine running on 

MDO @ anchor load 

~1MW = 15% engine load 
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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) 
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Results 
PM emission & composition 6L48/60A #1130158 serial engine 

freshly manufactured on test bed (running in not finished) 

• EC in MDO operation approx. 85(70)% higher E2(D2)-Cycle compared to MGO 

 

What’s more: 

• MDO & MGO are both distillate type fuels 

• The aromatic contents of both fuels have not been analyzed 
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Results 
PM emission & composition 6L48/60A #1130127 & -128 after 

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

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 

• EC in HFO operation is almost identical to MDO 

 

What’s more: 

• EC in HFO operation after 15,000 Service Hours is lower as MDO on Test Bed 

• EC in MDO operation after 15,000 SH almost identical to MGO on TB 

• The aromatic contents of both fuels have not been analyzed 

• All engines are member engines of the same engine family 

Note: PM-Cycle values approximated due to inappropriate load points 
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Results 
6L48/60A engine family IMO supplement (parent & members) 

  Parent engine 
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Results (from 3rd ICCT workshop) 
Correlation example EC (PM) vs. eBC (FSN) 21/31 EN-590 ULSD 

y = 0,9265x + 0,0478
R² = 0,9651
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actual FSN 415-SE detection limit: 0.02 mg/m³  
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Results (from 3rd ICCT workshop) 
Correlation example EC (PM) vs. eBC (FSN) 21/31 EN-590 ULSD 

y = 0,9265x + 0,0478
R² = 0,9651
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actual FSN 415-SE detection limit: 0.02 mg/m³  

• EC from improved coulometric method matches FSN 

 

What’s more: 

• FSN is sensitive to almost ambient air quality thresholds 

• WHO: PM2,5 10 µg/m³  & EU: PM10 35 µg/m³ 

• 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/m³ 
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Results 
Instrument comparison FSN vs. PAS  8L21/31 EN-590 & MDO 

25% load 

EN-590 ULSD 

FSN: 0.478 

↓ 

100% load 

MDO 

FSN: 0.119 

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

25% load 

EN-590 ULSD 

FSN: 0,478 

↓ 

100% load 

MDO 

FSN: 0,119 

↓ 

• Besides scatter, eBC FSN vs. PAS values are identical & correlate with EC 

 

What’s more: 

• FSN instrument robust & simple to operate, recommended for test bed 

• PAS instrument needs tender loving care for reliable results, dilution ratio control, 

tests according to manual, much higher complexity, recommended for laboratory 

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

C3 Tier-I without after-treatment 

6L48/60A serial engine 

HFO & MDO & MGO 

MDO & ULSD 

8L21/31 test engine 

C2 Tier-III with after-treatment 
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Results 
eBC in g/kg fuel 8L21/31 Tier-III test vs. 6L48/60A Tier-I serial 

MDO & ULSD 

8L21/31 test engine 

C2 Tier-III with after-treatment 

• Although smaller engine size, BC-EF of the Tier-III engine is significantly lower 

compared to the Tier-I 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 

C3 Tier-I without after-treatment 

6L48/60A serial engine 

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

context 

X  4-stroke C3 Tier-I 

    4-stroke C2 Tier-III 
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Results 
eBC in g/kg fuel vs. UCR-ICCT database put into regulatory 

context 

X  4-stroke C3 Tier-I 

    4-stroke C2 Tier-III 

• 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 

• PM from LDV/HDV & off-road consist almost exclusively of BC due to ULSD use 

 

What’s more: 

• 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 
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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 

 

 

 

 

SCR application acts as enabler for combustion optimization for improved BC 

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

 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] 

Conclusions 
Measurement methods, engine conditions & fuels 
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All data provided in this document is non-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. 

Disclaimer 
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