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Comparison of exhaust gas emissions
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s o0 . NOXx — Nitrogen Oxides

Definitions

Nitrogen monoxide (NO) and nrtrogen droxrde (NO2) are referred as
nitrogen oxides (NOX) - .

2002 J8quwisdaqd §

Environmental Impact

 Acid rain — acidification

 Qver-fertilization of lakes and soil

* Ozone/smog formation in lower atmosphere, especially in urban
areas — potential damage on vegetation and human health

Small size particulates formation— part of NOx is forming nitrates

www.lme.ntua.gr
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Diesel process

2007 NOx — Nitrogen Oxides

NOX emissions

relatively high due to high local combustion temperatures
NOx formation is thermal, main nitrogen source is combustion air

NOx formation has strong temperature influence
I.e. high temperature results in high NOx formation

NOx formation process
(includes hundreds of different chemical reactions)

Typical NO in NOx 95%

Typical NO 2 in NOx is 5%

www.lme.ntua.gr
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NOx — Nitrogen Oxides
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Legislation
IMO Current: function of rated speed (n):
for n <130 rpm, NOx = 17g/kWh
for 130" n <2000 rpm, NOx =45n92 g/kWh
IMO for n ( 2000 rpm, NOXx = 9.8 g/kWh
Possible future reduction?:  Tier Il - 10 ~ 30% by 2010;
Tier Il =50 ~ 80% by 2015
EU Current: as IMO plus other 'local' more restrictive regulations (e.g. Rhine, Bodensee)

2006 - 2008
— Tier IlIA = 7.2 to 11 g/kWh NOx + HC depending on engine size upto 30 It/cyl
— IMO limits above 30 litres/cyl.

Current: Tier 2: 7.2t0 11.0 NOx + THC g/kWh
depending on engine size and category (IMO limit for Cat. 3 engines) until 2011.

Possible future reductions?: 80 ~ 90% by 2015

www.lme.ntua.gr




s o0 l NOXx — Nitrogen Oxides
Abatement Technologies

¢ Dry low-NOx TeChnOIOg'eS . EGR - Exhaust Gas Recirculation

 Wet low-NOx Technologies Fuel Additives

. Non Thermal Plasma Technology
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« SCR - Selective Catalytic Reduction

20
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Different NO, reduction technologies

IMO limit

Dry Methods

| Wet methods | x

2 SCR Catalyst technology
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Direct Water Injection
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NOx — Nitrogen Oxides
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Inlet air humidification system

“WetPac H" principle for Wartsila 4-stroke engines

B 30...60% NOx reduction
® 1.5 .2 water/fuel ratio

® No substantial increase
of fuel consumption

B No increase of material
temperatures

| Evaporized water is parily re-condensing
in the charge air cooter

Water injection

/

Injected water mist
evaporates and hot air
after compressor is
cooled to saturation point

Water Mist Catcher

Heat from ccoling water
reduces re-condensing
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s oo . SOx — Sulphur Oxides

Definition
Sulphur dioxide (SO,) and

sulphur trioxide (SO,) referred
to as Sulphur oxides (SOx)
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Environmental Impact

e Acid rain — acidification

formation

— part of SOx is forming SO, and
sulphates condensing to particulates
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» Detrimental effect on vegetation,
human health and buildings
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007 . SOx — Sulphur Oxides
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Diesel process

All sulphur entering combustion chamber
IS oxidized forming SOXx

(SOx directly proportional to
fuel sulphur content and fuel consumption)

SOx emissions are lowest when comparing
operation for same fuel quality,

due to superior fuel efficiency of diesel process
among prime movers

Typical SO2 in SOx is 95%

Typical SO3 in SOx is 5%
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s o0 | SOx — Sulphur Oxides
Legislation

IMO Current: 4.5% S fuel Global cap
with 1.5% S fuel limit when in
SOx Emissions Controlled Areas (SECAS)

Possible future reductions?: 1.0% S fuel by 2010,
0.5% S fuel by 2015
or use of alternative mechanisms to achieve equivalent emissions

2002 J8quwisdaqd §

EU Current: 1.5% max. Sulphur fuel for all EU passenger ferries & cruise ships
plus 0.2% S fuel limit in port & territorial waters

Possible future reductions?:
0.1% S fuel in port & territorial waters by 2010

Current: As per IMO for Cat 3 and ocean going vessels - 500ppm limit on
sulphur in distillate marine fuels

Possible future reductions?:
15 ppm limit on sulphur in distillate marine fuels by 2012

0T abed

www.lme.ntua.gr



SOx — Sulphur Oxides

2007

SOx Emissions Controlled Areas (SECAS)

5 December 2007

Page 11
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5 ' SOx — Sulphur Oxides
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Manmade SOx ~10% of Volcanic

*Ships SOx ~4% of Manmade v

www.lme.ntua.gr
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s 07 SOx — Sulphur Oxides
Abatement Technologies

» Switch to low sulphur fuel

Operation on low sulphur residual fuel or distillate fuel or natural
gas (LNG)

 Sea Water Scrubber _
Reduces SOx by dissolving it and neutralizing it in salt water Principle diagram of
B Exhaust pipe

2002 J8quwisdaqd §

seawater scrubbing
(SWS) process

F 3

Exhaust gas from
engine or boiler

 Caustic soda scrubber g ,s%water
Reduces SOx in a closed loop system with fresh water, to g
V\?hich Sodium Hydroxide (NaOH) is added for the neutralization Effluent discharge
of SOx

Principle diagram of
freshwater scrubbing
(FWS) process
Exhaust pipe

Alkali injection

Freshwater

Exhaust gas from
engine or boiler Cooling with
seawater

A
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Handling NaOH
-Onboard

Effluent to water
treatment and discharge
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5 2007 Particulate Matter (PM) and Smoke

Definitions

2002 J8quwisdaqd §

* Diesel particulate matter (PM)

— Complex mixture of solid carbonaceous material, unburned hydrocarbons and inorganic compounds.
—  Strongly depends on temperature, cooling rate, residence time in sampling devices

» Particulate emissions (PM) are defined by the measurement method
— Methods are based on measuring particles’ various properties at different temperatures and pressures.
— Measurement results differ between methods
— Emission regulations based on different measurement methods

By definition Smoke is visible (white, grey, blue, black, brown and yellow)
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5 2007 . Particulate Matter (PM) and Smoke

Environmental Impact

considered detrimental
to human health

- Considered to penetrate into human lung

2002 J8quwisdaqd §

are of less

concern since removed by pulmonary
system

« Fine particulates are easily
transported by air currents

- detrimental effects encountered at
far distance from exhaust plume

* Visual impact — smoke
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5 2007 l Particulate Matter (PM) and Smoke

Diesel process

Isosurface representation of predicted soot for

« Soot produced during incomplete 4T50ME-X two-stroke engine
combustion.

Ash originates from fuel and lube oil (additives,
impurities), engine wear and corrosion products

2002 J8quwisdaqd §

 All liquid & gas fuel operated
combustion processes  generate small

I i Original Ki t model
Size particulates riginal Kiva soot model  New flamelet soot model

 Majority of particulate data available
from automotive engines operating on
ultra-low-sulphur-fuel qualities.

Very few data available from marine diesel engines
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5 2007 | Particulate Matter (PM) and Smoke
Legislation

IMO Current: No limits

Future: Proposals under review - possible inclusion in Tier 1l 2010 but
limit as yet unspecified

EU Current:
- Some 'local’ regulations (e.g. River Rhine and Bodensee)

2002 J8quwisdaqd §

- Tier 1A = 0.2 to 0.5 g/kWh depending on engine size
Particulates defined according to the ISO 8178 measurement method

Current:

- Tier I = 0.2 to 0.5 g/kWh depending on engine size

Particulates defined according to the ISO 8178 measurement method

1T abed
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007 l Particulate Matter (PM) and Smoke
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Abatement Technologies

. Primary technologies

Combination of Increased fuel injection pressureé advanced fuel injection timing, Increased boost
pressure, Optimized combustion chamber for swui&g Split injection/Multiple injection (post ing&on),
Electronic & Common Rail FIE, Variable valve timinyariable turbine area, Residual fuel operation.

. Water-in-Fuel Emulsions

. Scrubber Technology

. Non Thermal Plasma Technology

. Particulate Traps and Oxidation Catalysts
. Bag Filters and Electrical Precipitators

. Fuel Additives

- Contaminated gas inlet

Cycloic mist gas \ = ~i = .’-5{." __j
o :
= ] ¢

separating movement N
™ | 7= Scrubber liquid inlet

Conkaminated
liquid reservair -
.

Dirty liquid particle

Contaminated scrubber liquid outlet

Figure 2: Diesel Particulate Filter

PM
Cco
HCs |
PAHs
50,
NO
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5 2007 Laboratory of Marine Engineering (LME)

Marine Engine testing facility
Development of advanced measuring methods

Ship-board measurements

2002 J8quwisdaqd §

Computer simulation for marine engine performance p rediction

(ISO 17025 - 2007)

www.lme.ntua.gr



Engine Testing Facility

1 Bl 1 A S A ]

T Cross section of
- % the test cell and
ﬁ ! the control room

 Electric Dynamometer, 500 kW, 4-quadrant operation Su;gfstfjétﬁfg

» Hydraulic Dynamometer, 1200 kW
» Engine Monitoring, Control and Alarm systems
« Data Acquisition system ,16 fast, 48 slow channels

» Heavy Fuel conditioning facility

0z abed
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5 o007 LME Research Activities / Projects on Emissions (1990 — 2008)

1%2':2)9893 Diesel Engine Operation with Variable Quality Fuels / LR, SULZER, BP, SHELL...

192% 'N1|297 Air Pollution from Marine Engines / LR, MAN B&W, WARTSILA, PIELSTICK ...

192%-“2200 Adaptive Control of Marine Engines / ABB, MAN B&W ...

1997 - 2003 . )
PREMTECH | & I Emissions Reduction State of Art / FIAT, RENAULT, VW...

2002 J8quwisdaqd §

;?;Pi?g NOx removal techniques / DAIMLER...

2000 - 2003
ATECS

2023"12'_(;_04 Injection technologies, NOx models, EGR / VOLVO, AVL ...

EGR Scheduling / DEUTZ, VOLVO...

2000 - 2004
LIFETIME

2002 - 2005 . )
Emissions control for Gas Engines / IVECO, DAIMLER.
CLEATRANS g

NOx onboard estimator / MAN B&W, HAPAG-LLOYD, ABB...

2002 - 2006 Smoke Control for Marine Engines
SMOKERMEN /ABB, WOODWARD,GL...

2004 - 2007 Ultra Low Emissions Engine
HERCULES / MAN, WARTSILA + 40 partners
1990

93 94 95 96 97 98 99 00 01 02 03 04 05 06 O

2008
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5 2007 LME Shipboard Emissions Measurements

A mobile unit has been
developed for
Shipboard Measurements of

ALL Gaseous emissions : \ 1:
; _ NO, NOz2, NOx, HC,CO, | L
. CO2, SO2, O2 3
(according to IMO MARPOL) | | " |
— Smoke (Opacity, Filter T 0\ _ i {~ | |
ok Tﬁﬂ : i
Smoke Number-FSN) L I IWW% T
This is supported by a small
chemical analysis facility.
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5 " 2007 " W& HERCULES www.ip-hercules.com

—  HERCULES is devetoping new technofogies for marine engines: HIGH EFFICIENCY ENGINE R&D
ON COMBUSTION WITH ULTRA

LOW EMISSIONS FOR SHIPS

* Reduce emissions

2002 J8quwisdaqd §

gaseous
particulate
65 M Euro Budget
Duration: 2004 — 2011
MAN + Wartsila + ~40 Partners
Major Universities:
* Increase engine efficiency « Increase engine reliability (NTUA/HUT / ETHZ)
Reduce fuel consumption
Reduce CO, emissions
r: HERCULES Reduce lifecycle cost

MANDIESELSE | [ MANDIESELA'S | | WARTSILACORP. || WARTSILA Schweiz AG
aillili AdaptaMat

Gz abed

WALLENIUSW MARINE £ PeterBrotherhood Ltd

PAUL SCHERRER IKSTITUT -
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5 2007 "# N& HERCULES

! & HERCULES.

STRUCTURE OF THE HERCULES WORK woom /

54 Subprojects
18 Tasks NOXx
9 Workpackages

WP8

2002 J8quwisdaqd §

EXHAUST EMY!ZTON <10ms
WP9 AFTERTREATMEN
FRICTION REDUCTION (2) WP6
EMISSION
REDUCTION (1)
WP11
CONTROL
0 0o, " # (9/s)
WP4
ENERGY
RECOVERY
WP1 wp2 WP3
EXTREME COMBUSTIO TURBOCHARGING
ENGINE

9z abed
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Full Scale SAM System on M/V Mignon
CGR cylinder cover
comprising CGR
valve:
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DWI system onboard “Maersk Guernsey”
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HERCULES - (#,

5
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011
‘! | | | | | | >
HERCULES-B
B U d g et 30 M E u ro Vision B Ré&D Project HERCULES ~80 M€|Budget, 7 years duration
1 . - Ph | :45M€ as .
Duration: 2008 — 2011 cad | Prase e[ e 1isoue
I.P. HERCULES Contract (¢
ECFP6 + BBW
I.P. HERCULES
o 33 M€ Budget
g 43 months duration
% 42 Partners
é HERCULES-B Proposal EC FP7
3 36 months duration
32 M€ Budget E——
HERCULES-B Towards 10% reduction in SFC
Towards ULTRA-LOW Emissions
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THE END
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