Department of Naval Architecture & Marine Engineering

Final Year Project Report

Marine Emission Control Technology
For Ocean-going Vessels

MD KAMAL HOSSAIN
Student Registry No. 200819961

Supervisor: Professor Atilla Incecik
(Head of the Department, NA-ME)

Universities of Glasgow & Strathclyde

6th May
2009

Final Year Project Report:
Marine Emission Control Technology for Ocean-Going Vessels (OGVs)

Marine Emission Control Technology
For
Ocean-going Vessels

By

MD. KAMAL HOSSAIN
kamal.hossain@strath.ac.uk

Student No: 200819961

Universities of Glasgow & Strathclyde
Glasgow, United Kingdom
MAY 2009
MD KAMAL HOSSAIN (200819961)

Page 1

Final Year Project Report:
Marine Emission Control Technology for Ocean-Going Vessels (OGVs)

6th May
2009

ACKNOWLEDGEMENTS
I would like to take the opportunity to express my complete gratitude to my project
supervisor Professor Atilla Incecik (head of the department NA-ME) for sacrificing his
valuable time to assist and guide me through various stages of my study work. And a
special thanks to Mr. David Clelland for his last moment quick advice, help and constant
support.
I would also like to thank my family, my wife Sumona Kamal who she is always being
encourage me to hard study and all of my elder brothers, that through mental and
financial support, have given to me the opportunity of being educated on such a fine
institution in United Kingdom.
Many thanks to all my friends here in Glasgow, Singapore and Bangladesh for their
friendship and support as for the ideas and discussions we had all this time.

MD KAMAL HOSSAIN (200819961)

Page 2

6th May
2009

Final Year Project Report:
Marine Emission Control Technology for Ocean-Going Vessels (OGVs)

TABLE OF CONTENTS

1. SUMMARY ...........................................................................................................Pg.6
2. BACKGROUND ..................................................................................................Pg.8
2.1. Introduction
2.2. Key Importance
3. OBJECTIVES ......................................................................................................Pg.10
3.1. Aim of the Project
3.2. Methodology of Study
4. REGULATION .....................................................................................................Pg.11--22
4.1. Ocean-going Vessel
4.2. IMO: MARPOL 73/78 Annex VI
4.3. IMO-Prevention of Air Pollution from Ships
4.4. Latest Amendments-Revised Annex VI adopted October 2008
4.5. Engine Categories
4.6. Regulatory Acts
4.7. Emission Standards
4.8. Emission Control Area Designation
4.9. Flag State Self Regulation
5. STATE OF KNOWLEDGE ................................................................................Pg.23--32
5.1. About the Subject
5.2. Historical Approach to Diesel Engines
5.3. Marine Vessel Emissions
5.4. Types Of Emissions
5.5. Emission Formation
5.6. The Effect of Fuel Oil Characteristics on Levels of Emission
5.7. Marine Engine Design (Diesels) VS Emission
5.8. Sulphur Content of Marine Diesel Engine & Gas Engine
6. CRITICAL REVIEW ...........................................................................................Pg.33--38
6.1. Sulphur Oxide (SOx) Emissions
6.2. Emissions of Nitrogen Oxides (NOx)
6.3. Brief Introduction to Other Noxious Emissions
6.4. Causes of NOx Emissions
6.5. Causes of SOx Emissions
6.6. Production of Marine Engine

MD KAMAL HOSSAIN (200819961)

Page 3

Final Year Project Report:
Marine Emission Control Technology for Ocean-Going Vessels (OGVs)

6th May
2009

7. HEAVY FUEL OILS THAT ARE USED ONBOARD TODAY .....................Pg.39--44
7.1. Number of Cetane
7.2. Metallic Mixtures
7.2.1. Vanadium and Sodium
7.2.2. Aluminum and Silicon
7.2.3. Sulphur
7.3. Improvement of Heavy Fuel Oil Quality with Chemicals
8. EXISTING WORK & TECHNOLOGY ............................................................Pg.45--59
8.1. TECHNOLOGICAL FEASIBILITY (Technologies for Emission Reduction)
8.2. General Description of Emission Control Strategies
8.2.1. Combustion Optimization (In-engine method)
8.2.2. Advanced Fuel Injection Controls
8.2.3. Improving Charge Air Characteristics
8.2.4. Electronic Control
8.2.5. Exhaust Gas Recirculation
8.2.6. Exhaust after treatment Devices
8.3. Alternative Fuel Technologies
8.4. Assessing Sulphur Content-In-Fuel & Distribution
8.5. Flue Gas Desulphurization

9. ESTIMATING OPERATIONAL COST OF USING DIFFERENT GRADED
ENGINE FUELS ..................................................................................................Pg.60--72
9.1. Ship Operation with Heavy Fuel Oil (HFO)
9.2. Ship Operation with Lower Sulphur Heavy Fuel Oil (LSHFO)
9.3. Ship Operation Using Dual Fuel
9.4. Ship Operation Using Alternative Fuels (MDO)
9.5. General Discussion / Upshots

10. THE LEADERS OF EMISSIONS ABATEMENT TECHNOLOGY .............Pg.73--86
10.1.
History of the sea water scrubber
10.2.
Advantages and disadvantages of the scrubber system
10.3.
Naval Architect and Marine Engineering (NA-ME) Water Scrubber Method
10.4.
The Eco-Silencer – An Introduction
10.5.
Principles of the Eco-Silencer
10.6.
Appraisal of the Eco-Silencer
10.7.
Improvement of Eco-Silencer-Latest Information of the Market
10.8.
Economic Analysis
10.9.
Comments for the Eco-Silencer

MD KAMAL HOSSAIN (200819961)

Page 4

6th May
2009

Final Year Project Report:
Marine Emission Control Technology for Ocean-Going Vessels (OGVs)

11. DISCUSSION .......................................................................................................Pg.87--90
11.1.
Observation
11.2.
Areas for Future Studies
12. CONCLUSION ....................................................................................................Pg.90
13. REFERENCES ....................................................................................................Pg.91
14. APPENDICES

MD KAMAL HOSSAIN (200819961)

Page 5

6th May
2009

Final Year Project Report:
Marine Emission Control Technology for Ocean-Going Vessels (OGVs)

SUMMARY
Throughout the long history of ship building, there has been a steady growth in the number of
new constructions for the marine market; logical factors might point towards a strong demand
for a particular service or perhaps revolutionary technology has opened up a path to a better
business opportunity. Nevertheless, the fact remains sea traffic is constantly increasing and
although this generally benefits the whole industry, there is also the adverse effect of
contributing to more noxious emissions – especially sulphur oxides (SOx). Moreover this growth
of traffic has proliferated over the last thirty years or so and this means added severity to these
emissions (these emissions originate from the burning of fossil fuels i.e. ships).
As a result of the ongoing prevalent issue today, the world‘s attention has been summoned to the
extent that drastic measures are required immediately. Hereto, there has been the introduction of
new rules and regulations exerting pressure on the various players of the marine market.
With the underpinning of the International Maritime Organization (IMO), Annex VI of
MARPOL 73/78, Regulations for Prevention of Air Pollution from Ships (adopted in 1997 and
ratified in 2004), was put into force on the 19th May 2005. Precisely, this new amendment
implies stricter controls on SOx emissions, which in turn necessitates ship owners and operators
to comply. In addition this follows on from the already established rules on emissions like oxides
of Nitrogen (NOx) and particulate matter (PM) and therefore only adds to the pressure felt by the
players. To this end, this project will focus on searching for a cost-effective solution to
mitigating SOx pollution and appropriately applying this to the marine market. In doing this the
operators/owners can find the best way to continue trading undeterred, and from their
perspective, remain a profitable player.
This thesis, at an early stage in the reading, describes and scrutinizes the causes and harmful
effects of the most important emissions considered by high-profile environmental authorities.
However the emphasis and thus main focus - justified by its growing contribution from shipping
activity to overall global figures - is on marine emissions. This will be clarified.
The report moves on to highlighting the current approaches used to control these emissions, with
extensive detailed studies placed on SOx and NOx. It then addresses the scope for some aspects
requiring further work and other areas needing special attention, along with a research strategy.
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A selected technology for application will be selected to form the main body of this thesis.
Advantages and disadvantages will be addressed and an evaluation of this chosen technology
will be the key to determine its appraisal.
The ultimate conclusion to be drawn from this thesis is that the selected abatement technology
(for SOx emissions) proves to be a very good solution to meet imposed regulations. However,
each ship is unique and they have different operating conditions which can undermine this
technologies approval.
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2.0. BACKGROUND
2.1 Introduction
With the ever-growing number of sea going vessels in the marine industry, it is no wonder that
over the later years of last century that rules and regulations have been established to tackle the
emissions associated with these vessels. And of course at the start of this century and for the
future, these rules and regulations will still apply and at present maritime governments and alike
are striving to improve these developments achieved so far. Therefore these bodies – virtually
worldwide - are aiming to reduce exhaust emissions to acceptable levels to help clean up the
environment.
In this thesis it will hopefully be appreciated by the reader that there are several available
methods for reducing some of the more harmful exhaust emissions and for tackling the marine
emission NOx and SOx phenomenon, an in-depth study is given for a particular method. Merits
and drawbacks of these methods are highlighted and explained meticulously.
Reasons for the growing number of ships are apparent; simply there are other expanding
industries all over the globe which directly affects the need for more shipping. Tourism has a
strong influence on the growing number of ships and today more and more people – including
myself - want to explore different parts and certain countries of our amazing world to fulfil their
desires. Thus there is a requirement for more ‗ocean cruise liners‘ and ‗ferries‘ to be in
continuous operation to match our gradually expanding population of enthusiasts.
Commercial trade is also a wide-spread and an influencing factor on the growing number of
ships, and in this category exists: containerships, reefers and bulk carriers etc - and this are very
much attributed to mankind. So to speak, money dominates most things in this cyclic world of
trading and to generate profits, items/goods of allsorts have to be bought and sold to meet
requirements of business and inevitably losses will be incurred also, sometimes resulting in the
demise of an industry or business. But for all of this to happen, ships along with other polluting
forms of transport have to convey import and export products from country to country and it
doesn‘t leave much to the imagination as to how much polluting emissions these forms of
transport are distributing on a global scale.
In fact shipping accounts for up to 90% of all world trade and hence it‘s easy to see why marine
emissions are a problem. Oil and gas amongst other fossil fuels are paramount to our well being
MD KAMAL HOSSAIN (200819961)
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as they are the number one sources of energy and ships like oil tankers, chemical tankers and
structures such as oil rigs are needed for the extraction, storage and transportation of these richin-energy sources. Ironically these energy sources are what cause the pollution in the first place!

2.2. Key Importance


The exhaust emissions from large marine diesel engines on ocean going vessels contain
among other pollutants a significant amount of Nitrogen Oxides (NOx) and Sulphur
Oxide (SOx).



These NOx & SOx emissions from ocean going vessels are beginning to represent a
significant percentage of the overall marine emissions in coastal regions and ports
located in non-attainment areas.
Figure [1]

(World Freight Transport in Metric Ton-Kilometres by Type of Freight)

MD KAMAL HOSSAIN (200819961)

Page 9

6th May
2009

Final Year Project Report:
Marine Emission Control Technology for Ocean-Going Vessels (OGVs)

3.0 OBJECTIVE
3.1 Aim of the Project
The objectives of this work is to a comprehensive study of existing and developed technologies
that are used or could be adapted and reasonably be used to control NOx and SOx emissions
from the diesel cycle propulsion and auxiliary engines of Ocean Going Vessels (OGVs).
1) The aim of this paper is to discuss the diesel engine emissions and the technologies and
methodologies available to help reduce these emissions and the MARPOL legislation.
2) Analyzing of IMO, EU, EPA and other marine environment pollution control agencies
regulation on NOx emission.
3) To describe the characteristics of heavy fuel oil used in current marine applications.
4) To illustrate historical methods and processes used to reduce NOx emissions.
5) Economical analysis of a particular ship in a specific route
6) To describe the existing but reliable method of reducing marine SOx emissions based on
the Water Scrubber Technique.
3.2 Methodology of Study:
Preliminary work included gathering background information, studying emissions regulations,
identifying technology suppliers and engine manufacturers, initiating requests for information,
and key engine, fuel, exhausts system, and operating profile data for the research engine was
obtained. In addition, will be identified key constraints and requirements for installation of the
various systems.
Under this study, has conducted a comprehensive review of diesel emission control technologies
that are deemed applicable to existing and new ocean going vessels. This review will focus on
present technologies and technologies under development by maritime as well as other
industries. It will encompass literature searches, other available information sources and
technical paper of academic, government and industry sources. The information that is compiled
will include description of the technologies, their applicability to existing and new OGV‘s, their
strengths, limitations, and corroborating data and documentations when available.
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4.0 REGULATION
4.1. Ocean-going Vessel
Diesel engines on oceangoing vessels such as container ships, tankers, bulk carriers, and cruise
ships are significant contributors to air pollution in many of our world‘s cities and ports. Their
emissions are expected to increase even more in the future, as marine trade with various
countries increases, and ship emissions will represent a larger share of our world emission
inventories. This thesis provides general and technical information on emission control
regulations for the largest marine diesel engines as well as the international efforts to reduce air
pollution from oceangoing vessels.
There are two types of diesel engines used on oceangoing vessels. The main propulsion engines
on most oceangoing vessels are very large Category 3 marine diesel engines (those with percylinder displacement at or above 30 liters). Auxiliary engines on oceangoing vessels typically
range in size from small portable generators to locomotive-size engines with power of 4,000
kilowatts or more. [21]
4.2. IMO: MARPOL 73/78 Annex VI
MARPOL 73/78 is the International Convention for the Prevention of Pollution from Ships, an
international marine treaty adopted by the IMO in 1973 and later revised in 1978. The intent of
the treaty is to reduce pollution from all marine vessel operations. The treaty and its Annexes
contain requirements to control discharges of substances such as chemicals, oil, garbage and
emissions from incineration. On September 26, 1997, IMO adopted Annex VI: Regulations for
the Prevention of Air Pollution from Ships. Among other provisions, Annex VI sets standards
covering eight areas:
Regulation 12: Ozone-Depleting Substances (ODS);
Regulation 13: Nitrogen Oxides (NOx);
Regulation 14: Sulphur oxides (SOx);
Regulation 15: Volatile Organic Compounds (VOC);
Regulation 16: Shipboard Incineration;
Regulation 17: Reception Facilities;
Regulation 18: Fuel Oil Quality;
Regulation 19: Requirements for Platforms and Drilling Rigs.
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4.3. IMO- Prevention of Air Pollution from Ships (Ref.21)
Regulations for the Prevention of Air Pollution from Ships were adopted in the 1997 Protocol to
MARPOL 73/78 and are included in Annex VI of the Convention. The Marine Environment
Protection Committee (MEPC) of the International Maritime Organization (IMO) unanimously
adopted amendments to the MARPOL Annex VI regulations to reduce harmful emissions from
ships even further, when it met for its 58th session at IMO's London headquarters.
The main changes to MARPOL Annex VI will see a progressive reduction in sulphur oxide
(SOx) emissions from ships, with the global sulphur cap reduced initially to 3.50% (from the
current 4.50%), effective from 1st January 2012; then progressively to 0.50 %, effective from 1st
January 2020, subject to a feasibility review to be completed no later than 2018. The limits
applicable in Sulphur Emission Control Areas (SECAs) will be reduced to 1.00%, beginning on
1st July 2010 (from the current 1.50 %); being further reduced to 0.10 %, effective from 1st
January 2015.
Progressive reductions in nitrogen oxide (NOx) emissions from marine engines were also
agreed, with the most stringent controls on so-called "Tier III" engines, i.e. those installed on
ships constructed on or after 1 January 2016, operating in Emission Control Areas. The revised
Annex VI will allow for an Emission Control Area to be designated for SOx and particulate
matter, or NOx, or all three types of emissions from ships, subject to a proposal from a Party or
Parties to the Annex, which would be considered for adoption by the Organization, if supported
by a demonstrated need to prevent, reduce and control one or all three of those emissions from
ships. The revised Annex VI will enter into force on 1 July 2010, under the tacit acceptance
amendment procedure.
MARPOL Annex VI Regulations for the Prevention of Air Pollution from Ships entered into
force in May 2005 and has, so far, been ratified by 53 countries, representing approximately
81.88 % of the gross tonnage of the world's merchant shipping fleet.
The MEPC also adopted amendments to the associated NOx Technical Code, to give a revised
NOx Technical Code 2008. The amended Code includes a new chapter based on the agreed
approach for NOx regulation of existing (pre-2000) engines established in MARPOL Annex VI,
and provisions for direct measurement and monitoring methods, a certification procedure for
existing engines, and test cycles to be applied to Tier II and Tier III engines.
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4.4. Latest Amendments-Revised Annex VI adopted October 2008:
MEPC.176 (58) Amendments to the Annex of the Protocol of 1997 to amend the International
Convention for the Prevention of Pollution from Ships, 1973, as modified by the Protocol of
1978 relating thereto (Revised MARPOL Annex VI)
Marine Environment Protection Committee (MEPC) - 58th session: 6 to 10 October 2008
At its 53rd session in July 2005, the MEPC agreed on the need to undertake a review of Annex
VI and the NOx Technical Code with a view to revising the regulations to take account of
current technology and the need to further reduce emissions from ships. MEPC instructed the
Sub-Committee on Bulk Liquids and Gases (BLG) to carry out the review by 2007, and
specifically to:
-

examine available and developing techniques for the reduction of emissions of air
pollutants; review the relevant technologies and the potential for a reduction of NOx
emissions and recommend future limits for NOx emissions;

-

review technology and the need for a reduction of SOx emissions and justify and
recommend future limits for SOx emissions;

-

consider the need, justification and possibility of controlling volatile organic compounds
emissions from cargoes;

-

With a view to controlling emissions of particulate matter (PM), study current emission
levels of PM from marine engines, including their size distribution and quantity, and
recommend actions to be taken for the reduction of PM from ships. Since reduction of NOx
and SOx emission is expected to also reduce PM emission, estimate the level of PM
emission reduction through this route;

-

consider reducing NOx and PM emission limits for existing engines;

-

consider whether Annex VI emission reductions or limitations should be extended to include
diesel engines that use alternative fuels and engine systems/power plants other than diesel
engines; and

-

Review the texts of Annex VI, NOx Technical Code and related guidelines and recommend
necessary amendments.

4.5. Engine Categories (Ref.20)
For the purpose of emission regulations, marine engines are divided into three categories based
on displacement (swept volume) per cylinder, as shown in Table 1. Each of the categories
MD KAMAL HOSSAIN (200819961)
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represents a different engine technology. Categories 1 and 2 are further divided into
subcategories, depending on displacement and net power output.
Table 1. Marine Engine Categories
Category Displacement per Cylinder (D)

Basic Engine Technology

Tier 1-2

Tier 3-4

1

D < 5 dm3†

D < 7 dm3

2

5 dm3 ≤ D < 30 dm3 7 dm3 ≤ D < 30 dm3 Locomotive engine

3

D ≥ 30 dm3

Land-based nonroad diesel

Unique marine engine design

† And power ≥ 37 kW

Category 3 marine diesel engines typically range in size from 2,500 to 70,000 kW (3,000 to
100,000 hp). These are very large marine diesel engines used for propulsion power on oceangoing vessels such as container ships, oil tankers, bulk carriers, and cruise ships. Emission
control technologies which can be used on these engines are limited. An important limitation is
the residual fuel on which they are operated. This fuel is the by-product of distilling crude oil to
produce lighter petroleum products. It possesses high viscosity and density, which affects
ignition quality, and it typically has high ash, sulphur and nitrogen content in comparison to
marine distillate fuels. Furthermore, residual fuel parameters are highly variable because its
content is not regulated. The EPA estimated that residual fuel can increase engine NOx
emissions from 20-50% and PM from 750% to 1250% (sulphate particulates) when compared to
distillate fuel.
Category 1 and Category 2 marine diesel engines typically range in size from about 500 to 8,000
kW (700 to 11,000 hp). These engines are used to provide propulsion power on many kinds of
vessels including tugboats, push boats, supply vessels, fishing vessels, and other commercial
vessels in and around ports. They are also used as stand-alone generators for auxiliary electrical
power on many types of vessels.
4.6. Regulatory Acts
Emissions from marine diesel engines (compression ignition engines) have been regulated
through a number of rules—the first one issued in 1999—applicable to different engine
categories. Certain overlap also exists with the regulations for mobile, land-based nonroad
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engines, which may be applicable to some types of engines used on marine vessels. The
following are the latest regulatory acts which establish emission standards for marine engines:


2007 Category 3 Engine ANPR—The EPA committed to impose more stringent Tier 2
standards for Category 3 engines in a rulemaking which is to be completed by December
17, 2009 (delayed from the original deadline of April 2007). Plans for the regulation
were outlined in the Advance Notice of Proposed Rulemaking (ANPR) signed November
29, 2007 [72 FR 235 69522-69552, 7 Dec 2007].



2008 Category 1/2 Engine Rule—a regulation signed on March 14, 2008 introduced Tier
3 and Tier 4 emission standards for marine diesel engines [73 FR 88 25098-25352, 6
May 2008].

The Tier 4 emission standards are modelled after the 2007/2010 highway engine program and
the Tier 4 nonroad rule, with an emphasis on the use of emission after treatment technology. To
enable catalytic after treatment methods, the EPA established a sulphur cap in marine fuels (as
part of the nonroad Tier 4 rule). Sulfur limit of 500 ppm becomes effective in June 2007, sulphur
limit of 15 ppm in June 2012 (the sulphur limits are not applicable to residual fuels).
2008 Category 1/2 Rule: The regulations introduce two tiers of standards—Tier 3 and Tier 4—
which apply to both newly manufactured and remanufactured marine diesel engines, as follows:
i.

Newly-built engines: Tier 3 standards apply to engines used in commercial,
recreational, and auxiliary power applications. Tier 4 standards, based on after
treatment, apply to engines above 600 kW (800 hp) on commercial vessels.

ii.

Remanufactured engines: The standards apply to commercial marine diesel engines
above 600 kW when these engines are remanufactured.

Category 3 Engines Rule: Category 3 engines are tested using methods similar to those
stipulated by IMO MARPOL Annex VI. The major differences between the EPA and MARPOL
compliance requirements are: (1) EPA liability for in-use compliance rests with the engine
manufacturer (it is the vessel operator in MARPOL), (2) EPA requires a durability
demonstration (under MARPOL, compliance must be demonstrated only when the engine is
installed in the vessel), (3) there are differences in certain test conditions and parameters in EPA
and MARPOL testing (air and water temperatures, engine setting, etc.).
Category 3 engines have no NTE emission limits or test requirements.
Category 3 engines can be tested using distillate fuels; even though vessels with Category 3
marine engines use primarily residual fuels.
MD KAMAL HOSSAIN (200819961)
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4.7 Emission Standards [21]
Engine Category 3
In the 2003 rule, EPA has adopted Tier 1 NOx emission standards for Category 3 engines, which
are equivalent to the internationally negotiated IMO MARPOL Annex VI limits. These limits
range from 9.8 to 17 g/kWh depending on the engine speed, with higher limits for slower
engines. The exact formulas were given in the article covering IMO emission regulations.
The EPA Tier 1 limits are in effect for new engines built in 2004 and later. These limits are to be
achieved by engine-based controls, without the need for exhaust gas after treatment. Emissions
other than NOx are not regulated.
Emission Standards—Category 1 And 2
Tier 1-2 Standards
Emission standards for engines Category 1 and 2 are based on the land-based standard for
nonroad and locomotive engines. The emission standards, referred to as Tier 2 Standards by the
EPA, and their implementation dates are listed in the following table. The Tier 1 NOx standard,
equivalent to MARPOL Annex VI, was voluntary under the 1999 rule, but was made mandatory
by the 2003 (Category 3) rule for Category 2 and Category 1 engines of above 2.5 litre
displacement per cylinder, effective 2004.
The regulated emissions include NOx + THC, PM, and CO. There are no smoke requirements
for marine diesel engines. The regulators believed that the new PM standards will have a
sufficient effect on limiting smoke emissions.
Table 2. Tier 2* Marine Emission Standards
Category

1

Displacement (D)

CO

NOx + THC

PM

Date

dm3 per cylinder

g/kWh

g/kWh

g/kWh

Power ≥ 37 kW

5.0

7.5

0.40

2005

0.9 ≤ D < 1.2

5.0

7.2

0.30

2004

1.2 ≤ D < 2.5

5.0

7.2

0.20

2004

2.5 ≤ D < 5.0

5.0

7.2

0.20

2007a

5.0 ≤ D < 15

5.0

7.8

0.27

2007a

15 ≤ D < 20

5.0

8.7

0.50

2007a

D < 0.9

2
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Power < 3300 kW
5.0

9.8

0.50

2007a

20 ≤ D < 25

5.0

9.8

0.50

2007a

25 ≤ D < 30

5.0

11.0

0.50

2007a

15 ≤ D < 20
Power ≥ 3300 kW

* - Tier 1 standards are equivalent to the MARPOL Annex VI NOx limits
a - Tier 1 certification requirement starts in 2004
In the earlier proposal, the EPA also listed a more stringent Tier 3 standard to be introduced
between 2008 and 2010. The Tier 3 standard was not adopted in the final 1999 rule.
Tier 3-4 Standards
The standards and implementation schedules are shown in Table 5 through Table 8. The enginebased Tier 3 standards are phasing in over 2009-2014. The after treatment-based Tier 4
standards for commercial marine engines at or above 600 kW are phasing in over 2014-2017.
For engines of power levels not included in the Tier 3 and Tier 4 tables, the previous tier of
standards—Tier 2 or Tier 3, respectively—continues to apply.
A differentiation is made between high power density engines typically used in planning vessels
and standard power density engines, with a cut point between them at 35 kW/dm3 (47 hp/dm3).
Table 5. Tier 3 Standards for Marine Diesel Category 1 Commercial Standard Power Density (≤
35 kW/dm3) Engines
Power (P)

Displacement (D)

NOx + HC†

PM

kW

dm3 per cylinder

g/kWh

g/kWh

P < 19

D < 0.9

7.5

0.40

2009

19 ≤ P < 75

D < 0.9a

7.5

0.30

2009

4.7b

0.30b

2014

D < 0.9

5.4

0.14

2012

0.9 ≤ D < 1.2

5.4

0.12

2013

1.2 ≤ D < 2.5

5.6

0.11c

2014

2.5 ≤ D < 3.5

5.6

0.11c

2013

75 ≤ P < 3700
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3.5 ≤ D < 7

0.11c

5.8

2012

† Tier 3 NOx + HC standards do not apply to 2000-3700 kW engines.
a - < 75 kW engines ≥ 0.9 dm3/cylinder are subject to the corresponding 75-3700 kW standards.
b - Option: 0.20 g/kWh PM & 5.8 g/kWh NOx + HC in 2014.
c - This standard level drops to 0.10 g/kWh in 2018 for < 600 kW engines.
Table 6. Tier 3 Standards for Marine Diesel Category 1 Commercial High Power Density (> 35
kW/dm3) Engines And All Recreational Engines
Power (P)

Displacement (D)

NOx + HC

PM

kW

dm3 per cylinder

g/kWh

g/kWh

P < 19

D < 0.9

7.5

0.40

2009

19 ≤ P < 75

D < 0.9a

7.5

0.30

2009

4.7b

0.30b

2014

D < 0.9

5.8

0.15

2012

0.9 ≤ D < 1.2

5.8

0.14

2013

1.2 ≤ D < 2.5

5.8

0.12

2014

2.5 ≤ D < 3.5

5.8

0.12

2013

3.5 ≤ D < 7

5.8

0.11

2012

75 ≤ P < 3700

Date

a - < 75 kW engines ≥ 0.9 dm3/cylinder are subject to the corresponding 75-3700 kW standards.
b - Option: 0.20 g/kWh PM & 5.8 g/kWh NOx + HC in 2014.

Table 7. Tier 3 Standards for Marine Diesel Category 2 Engines‡
Power (P)

Displacement (D)

NOx + HC†

PM

kW

dm3 per cylinder

g/kWh

g/kWh

P < 3700

7 ≤ D < 15

6.2

0.14

2013

15 ≤ D < 20

7.0

0.27a

2014

20 ≤ D < 25

9.8

0.27

2014

25 ≤ D < 30

11.0

0.27

2014
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‡ Option: Tier 3 PM / NOx + HC at 0.14/7.8 g/kWh in 2012, and Tier 4 in 2015.
† Tier 3 NOx + HC standards do not apply to 2000-3700 kW engines.
a - 0.34 g/kWh for engines below 3300 kW.
In addition to the above NOx + HC and PM standards, the following CO emission standards
apply for all Category 1/2 engines starting with the applicable Tier 3 model year:
i.

8.0 g/kWh for engines < 8 kW,

ii.

6.6 g/kWh for engines ≥ 8 kW and < 19 kW,

iii.

5.5 g/kWh for engines ≥ 19 kW and < 37 kW,

iv.

5.0 g/kWh for engines ≥ 37 kW.

Table 8. Tier 4 Standards for Marine Diesel Category 1/2 Engines
Power (P)

NOx

HC

PM

Date

kW

g/kWh

g/kWh

g/kWh

P ≥ 3700

1.8

0.19

0.12a

2014c

1.8

0.19

0.06

2016b,c

2000 ≤ P < 3700

1.8

0.19

0.04

2014c,d

1400 ≤ P < 2000

1.8

0.19

0.04

2016c

600 ≤ P < 1400

1.8

0.19

0.04

2017d

a - 0.25 g/kWh for engines with 15-30 dm3/cylinder displacement.
b - Optional compliance start dates can be used within these model years.
c - Option for Cat. 2: Tier 3 PM/NOx + HC at 0.14/7.8 g/kWh in 2012, and Tier 4 in 2015.
d - The Tier 3 PM standards continue to apply for these engines in model years 2014 and
2015 only.

Other Provisions
Useful life and warranty periods for marine engines are listed in Table 9. The periods are
specified in operating hours and in years, whichever occurs first. The relatively short useful life
period for Category 3 engines is based on the time that engines operate before being rebuilt for
the first time.
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Table 9 Useful Life and Emission Warranty Periods
Category

Useful Life

Warranty Period

Hours

years

hours

years

Category 3

10,000

3

10,000

3

Category 2

20,000

10

10,000

5

Category 1

10,000

10

5,000

5

Recreational

1,000

10

500

3

The periods in the table are the minimum periods specified by the regulations. In certain cases,
longer useful life/warranty periods may be required (e.g., in most cases the emission warranty
must not be shorter than the warranty for the engine or its components).
The regulations contain several other provisions, such as emission Averaging, Banking, and
Trading (ABT) program, deterioration factor requirements, production line testing, in-use
testing, and requirements for rebuilding of emission certified engines.
Category 3 engines on U.S.-flagged oceangoing vessels are currently subject to "Tier 1"
emission standards that rely on engine-based technologies to reduce emissions. These Tier 1
standards -- which were adopted by EPA in 2003 and went into effect in 2004 (see 68 FR 9746;
Feb. 28, 2003) -- are equivalent to the standards adopted by the International Maritime
Organization (IMO) in Annex VI to the International Convention for the Prevention of Pollution
from Ships.
EPA is developing a rule for additional tiers of emission standards for new marine compressionignition engines at or above 30 liters per-cylinder displacement. These new tiers will be based
on the application of high efficiency after treatment, and will closely match the program that the
United States government first advanced at the IMO in February 2007 and that was reflected in
Advance Notice of Proposed Rulemaking in December 2007.
4.8. Emission Control Area Designation
One component of EPA‘s coordinated strategy for addressing emissions from oceangoing
vessels is the designation of an Emission Control Area (ECA). The United States submitted a
joint proposal with Canada to the IMO on March 27, 2009, to designate specific areas of our
coastal waters as an ECA. By 2020, an ECA designation with tough geographic-based
MD KAMAL HOSSAIN (200819961)
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emissions standards that apply to large ships would prevent between 3,700 and 8,300 premature
deaths annually, and avoid approximately 3.4 million instances of respiratory ailments, such as
asthma.
Compared to fuels used in ships today, ECA standards will lead to a 96 percent reduction in
sulfur in ships‘ fuels, as well as a cut in emissions of PM by 85 percent and NOx by 80 percent.
To achieve these reductions, ships must use fuel with no more than 1,000 parts per million
(ppm) sulfur beginning in 2015, and new ships will have to use advanced emission control
technologies beginning in 2016.
Definition of SECA

(MARPOL Annex VI Creation of SOx Emission Control Areas SECAs”)
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4.9. Flag State Self Regulation
Additional legislation about marine emissions are in force by different countries all over the
world, these allows for the development of marine pollution prevention standard within each flag
states and ensuring all vessels entering its port is of satisfactory emission standard.
All the rules, regulation and legislations which covering the marine emission problem is used to
prevent this phenomenon; is widely applied in every country and the handling is controlled by
the involved parts who are authorities, ship-owner and operators.

(Legislation Timetable)
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5.0 STATE OF KNOWLEDGE
5.1. About the Subject:
Today, ocean-going vessels transport 90 percent of all trade by volume to and from the 25
members of the European Community (EC), and nearly 80 percent by weight of all goods
shipped in and out among the world trade.
Diesel engines on oceangoing vessels such as container ships, tankers, bunk carriers, and cruise
ships are significant contributors to air pollution in many of our world‘s cities and ports. As
trade with other countries increases, these emissions will represent an even larger share of our
international emission inventories.
Ocean-going vessels contribute significantly to global emissions of nitrogen oxides (NOx),
sulphur oxides (SOx), and particulate matter (PM). Indeed it is estimated that by 2020, ship
emissions contributions to the European Union (EU) NOx and SOx inventories will surpass total
emissions generated by all land-based mobile, stationary and other sources in the twenty-five
nations (EC 2005).
Air quality impacts from ocean-going vessels are especially significant in port cities and nations
with extensive coastlines adjacent to shipping corridors. Studies making use of geographic
marine activity data have estimated that about 70–80 percent of all ship emissions occur within
400 km (248 miles) of land (IMO 2000, Corbett et al. 1999). Pollutants such as NOx, SOx, and
PM have been linked to a variety of adverse public health outcomes, including increased risk of
premature death from heart and pulmonary diseases and worsened respiratory disease. Marine
emission sources are therefore responsible for a growing share of the public health impacts of
exposure to air pollution in many regions. Although ocean-going vessels are among the most
efficient modes of freight transport, they also generate substantial quantities of greenhouse gas
emissions. Currently, carbon dioxide (CO2) emissions from the international shipping sector as a
whole exceed annual total greenhouse gas emissions from most of the nations listed in the Kyoto
protocol as Annex I countries (Kyoto Protocol 1997).
5.2. Historical Approach to Diesel Engines
The invention of the diesel engine was an important step in history for the marine industry. The
first ship which used diesel engines for propulsion purposes was named Romagna. Romagna was
built in 1910 at the shipyard Cantiery Navali Riunity. Its propulsion system had two fourMD KAMAL HOSSAIN (200819961)

Page 23

Final Year Project Report:
Marine Emission Control Technology for Ocean-Going Vessels (OGVs)

6th May
2009

cylinder Sulzer internal combustion engines with Power=280 kW Piston Diameter=310mm,
460mm stroke and 250 rpm. The first fuel internal combustion engine created by B&W was
placed on Seelandia ship in 1912.
In 1927 MAN created the first supercharged internal combustion engine. The system of constant
pressure increased the power of the engine from 1250kW and 240rpm, to 1765kW and 275rpm.
Nowadays, the internal combustion engines are equipped with superchargers with efficiency
54%. The great development of the engines was due to the use of heavy fuel oil in the marine
industry in 1950. The use of lubricants that eliminate the acid effects of the fuel combustion‘s
remnants took place. These lubricants increase the life of the engine such as that of the diesel
engine. [24]

5.3. Marine Vessel Emissions (Ref.5)
A ship differs in many aspects from other means of transport, such as trucks or railway. In
addition to transporting different types of goods or passengers, a ship must also contain
accommodation and other necessary facilities for the crew. In many cases it must also be able to
handle different kinds of cargo in the harbors. In order to make this possible, a ship must be
capable of a high degree of self-sufficiency and of handling its own energy supply under very
varying conditions. This is why ships are equipped with different types of energy suppliers.
These are identified as the main engine, auxiliary engines and the boiler.
The principal sources of marine exhaust emissions are as follows:


Main engine – used for propulsion.



Auxiliary engine – used for the generation of electricity.



Boiler- Heating of accommodation, engines and sometimes cargo.

The propulsion engines installed in today's ships are of the following types:


Steam turbines



Gas turbines



Diesel engines

Steam for steam turbines may be produced by burning fossil fuels or by means of nuclear
reactors. Steam powered vessels are rapidly disappearing from merchant fleets because their
specific fuel consumption is approximately 300 g/kWh, which is nearly twice as much as that of
a modem diesel engine. Some steam powered ore carriers apparently still ply the Great Lakes,
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and a single steam powered cruise ship visits the Port of Vancouver during the summer months.
However, these vessels are a small minority of the total marine vessel fleet and hence steam
engines will not be addressed in the following sections.
Figure 1 presents a mass balance for a modern ship‘s main diesel engine, with 8 kg/kWh coming
into the engine as fuel, air and lubricating oil; and with 8 kg/kWh leaving the engine as exhaust
gas. About 0.40% of the exhaust is comprised of the air contaminants NOx, SOx, hydrocarbons
and particulate, while 6.2% consists of the greenhouse gas CO2.

Typical Exhaust Emissions from a Low-speed Modern Diesel Engine (Ref. 5)

5.4. Types of Emissions
As stated in the Introduction, uncontrolled emissions from heavy-duty marine diesel engines
have a significant impact upon our society. This section will highlight some of the adverse
impacts that are caused by the various emission components.
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Nitrogen compounds
In most combustion processes nitrogen oxides are normally formed and the most common of
these are nitrogen oxide, NO, and nitrogen dioxide, NO2. These compounds are usually labelled
'NOx", of which NO2 forms approximately 5 per cent. Other oxides, such as N2O and N2O5, are
also present in trace amounts. In the atmosphere the NO is oxidized to NO2 and nitric acid,
HNO3. Excessive emissions of NOx results in various environmental problems: a) nitrogen
saturation of forest soil resulting in ground-water acidification, b) increased photochemical
smog, e.g. ozone, O3, in the troposphere, c) direct gaseous damage to plants and organisms, d)
the formation of inhalable (PM) nitrate particles which contribute to human morbidity and
increase atmospheric haze, and e) increased global warming due to the potent "greenhouse" gas
N2O that has a global warming potential which is 320 times that of CO2.
Apart from damage from acidification and photochemical oxidants, several types of direct
gaseous damage also affect the environment. Nitrogen oxides damage trees and crops directly
through leaves and pine needles and may affect the health of sensitive groups of the population
cause respiratory and other problems.
Sulphur compounds
The sulphur compounds occurring in the exhausts from ships are sulphur oxides (SOx),
predominantly SO2, and to a lesser extent SO3. Sulphate, SO4, may also be emitted in small
amounts combined with metals (Na, Ca) in particulate matter. The emission of sulphur oxides is
a major cause of the acidification of soil and water. Furthermore, the emissions of sulphur oxides
lead to directly adverse effects on human health (i.e. an increase in respiratory problems) and to
corrosion of buildings and other materials. Sulphur dioxide is converted to sulphate particles in
the atmosphere. These are a major contributor to ambient PM (particulate matter less than 2.5
microns in diameter), which has a strong impact on human morbidity as well as contributing to
atmospheric haze.
Hydrocarbon compounds
Hydrocarbons are formed partly as a consequence of incomplete fuel combustion and partly
from free-radical reactions within the combustion process. Hydrocarbons may exist in several
different forms and more than 300 different compounds have been identified in emissions from
diesel-powered engines.
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Aldehydes and other light hydrocarbons, e.g. alkenes and alkyl benzenes, occur in the diesel
exhausts. These compounds, in conjunction with NOx, may contribute to the formation of
photochemical oxidants, which may damage crops and forests and also directly affect human
health (carcinogenicity, mutagenicity, irritation of eyes and mucous membranes).
Particulate Matter
For purposes of discussing the effects of particulate matter upon human health, particulate matter
is classified as total particulate matter (PM), inhalable particulate matter (PM), or as respirable
particulate matter (PM). Total particulate matter is the total material that can be collected upon a
filter under specified temperature conditions. PM is all filterable particulate matter with a
diameter of less than 10 microns, which is the approximate cut-off diameter for nasal inhalation.
PM is all filterable particulate matter with a diameter of less than 2.5 microns in diameter, which
is the approximate cut-off diameter for particles that can penetrate deep into the lungs. It is the
particles that are of major human health concern.
CO and CO2
Carbon monoxide, CO, forms as a consequence of incomplete combustion. The gas is photochemically active and directly toxic in high proportions and persons suffering from heart and
vascular diseases are particularly sensitive to it.
Carbon dioxide, CO2, is formed in comparatively large amounts in all types of combustion
processes. In spite of the fact that CO2 has no direct harmful effect on nature it is the most
important of the so-called greenhouse gases. Elevated concentrations of these gases disturb the
global heat balance by returning the long-wave radiation that is normally emitted away from the
earth. At present, CO2 from the burning of fossil fuel amounts to almost three times the quantity
that vegetation is able to consume.

5.4. Emission Formation
NOx
Nitrogen oxides, NOx, are formed during combustion through several chemical reactions; a)
through a reaction between the oxygen and the nitrogen in the combustion air ("thermal NOx"),
b) through oxidation of the nitrogen bound in the fuel ("fuel NOx"), and c) through a two-step
mechanism where the nitrogen of the air reacts with hydrocarbon radicals during the forming of
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cyano- and amino-radicals then oxidizing to NOx ("prompt NOx"). In marine diesel engines
most NOx is formed via the thermal mechanism described below.
The transformation of air nitrogen to thermal NOx may be described in a simplified way by the
following gas phase reactions:
O + N2 => NO + N
N + O2 => NO + 0
N + OH => NO + H
SOx
Unlike the nitrogen oxides, sulphur oxides are formed solely from the oxidation of the fuelbound sulphur compounds. When fuel is burned almost all the sulphur (95 per cent is a general
opinion) is emitted to the air, while a smaller part is bound as sulphate in ashes and particles.
Both organic and inorganic sulphur compounds contained in the fuel are rapidly oxidized at
combustion temperatures primarily to sulphur dioxide, S02, which may then be oxidized by
means of O radicals or O2 to sulphur trioxide, SO3.
Fuel S + O2 => SO2
SO2 + O => SO3
2SO2 + O2 => 2SO3
Hydrocarbons
Most hydrocarbon compounds that can be measured in the exhaust gases are not originally
present in the fuel, but have been formed from the fuel during incomplete combustion.
Alternatively, some of the heavy hydrocarbons may come from residual products originating
from the fuel. Polycyclic aromatic hydrocarbons, PAH, may be formed through radical reactions
between hydrocarbon fragments; with subsequent ring closure and dehydration (i.e. hydrocarbon
radicals form stable fragments of the benzene type). Optimum formation temperature for benzo
(a) pyrene and many other similar PAH compounds is 700°C. A prerequisite for low
hydrocarbon emissions is a sufficiently high combustion temperature and an excess of
combustion air (conditions normally occurring within modern diesel engines). Under such
circumstances a complete combustion of any hydrocarbon compounds that have been formed to
CO2 and water will occur.
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Particulate
Occurrences of particles in flue gases from diesel engines may be considered as originating from
four different sources:
i.

Gas phase polymerization reactions originating from acetylene, C2H2 may happen
very fast and also, within 1 msec, small spherical carbon (soot) particles are formed.

ii.

During combustion residual noncombustible ash products, e.g. ecospheres from the
burned-out oil drops contribute to the soot emission.

iii.

A certain amount of soot may condense on the walls of the combustion chamber. As a
result soot flakes may build up and then detach from the walls, providing a source for the
largest soot particles.

iv.

The lubricating oil may also contribute to the soot production in ways that are similar to
the ones already mentioned, e.g. dispersion and condensation aerosols.

5.6. The Effect of Fuel Oil Characteristics on Levels of Emission
The heavy, residual oil from the bottom of the vacuum distillation column in an oil refinery is
enriched in sulphur and metals. In the past this residual oil was usually sold as a heavy ―bunker
oil‖ for power generation or for burning in large marine vessels. Typically the market price for
this residual oil stream is equal to, or less than, the price of the parent crude oil. Hence it is a
―waste‖ stream. Refineries may be able to upgrade the residual oil to more valuable products
through difficult and expensive processing. In this case no heavy oil is available for sale as
marine fuel. Low-sulphur heavy fuel oils are significantly more expensive than the normal
residual oils and are produced by starting with an expensive, ‖sweet‖ crude oil and by allowing
more of the potential distillate product to join the bottom stream, i.e., by changing the set up of
the distillation column. Distillates are used to make the revenue-generating products such as
diesel oil, light fuel oils, jet fuel and gasoline. The distillates are first desulphurized by
catalytically reacting them with hydrogen (hydro-treating) so that the products meet federal
limits on sulphur concentration.
Marine fuels that are used in large ocean-going vessels are of two types: heavy fuel oils or
bunker, and marine diesel oil (MDO). The fuel oils in turn are classified as Intermediate Fuel
Oils (IFO-380 and IFO-180) and are inexpensive mixtures of residual oil and distillates. IFO-380
has a viscosity of 380 centistokes and is a mixture of approximately 98% residual oil and 2%
distillate. IFO-180 is a mixture of roughly 88% residual oil and 12% distillate and has a viscosity
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of 180 centistokes. Since IFO-180 contains more valuable distillate than does IFO-380, it fetches
a higher market price, typically USA$9/tonne more. The heavy bunkers have to be heated and
cleaned (centrifuged and filtered) before burning in specially designed diesel engines.
Heavy fuel oil has much higher organic nitrogen content, sulphur content and metals content
than does the lighter distillate fuels. This results in higher emissions of NOx, SOx and
particulate. [9]
5.7. Marine Engine Design (Diesels) VS Emission
Marine engine designers in recent years have had to modify and develop various parts of their
engines in order to comply with the stringent exhaust emissions control imposed by authorities:
these are regional, national and international authorities and it is their objective to keep a check
on the atmospheric pollution. A valuable estimate of the quantity of pollution escaping – on a
daily basis – into the atmosphere can be conceived by simply analyzing the exhaust gas of a
diesel engine. The emissions from these diesel engines largely comprise nitrogen, oxygen,
carbon dioxide and water vapour, with smaller quantities of carbon monoxide, oxides of sulphur
and nitrogen, partially reacted and non-combusted hydrocarbons and particulate material. These
constituents are illustrated in the Figure below.

(Typical exhaust emissions from a modern low speed diesel engine) [3]
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Although it would appear – due to the many gases or emissions in this exhaust stream - that there
should be a great deal of concern regarding pollution it is in fact not so alarming. With noxious
emissions amounting to just 0.25 – 0.4 percent by volume of the exhaust gas this looks
reasonably tolerable. However the deleterious effect is magnified by the prevalent distribution of
all ships in the world emanating noxious emissions from their diesel engines. This figure is only
a rough guide though and will vary with each type of diesel engine: the fuel used is also
significant as it contains a certain amount of sulphur which is exclusively used to deduce the
quantities of SOx formed – as mentioned previously, a noxious pollutant. The lower heat value
of the sulphur is also relevant along with the engine type, speed and efficiency. MAN B&W
Diesel are just one of the ubiquitous range of engine manufactures who have designed a wide
range of engines capable of mitigating engine emissions. A better idea of the actual pollutants
generated is, through citation, provided by one of their products: an 18 V 48/60 medium speed
engine. The engine is run on heavy fuel oil with a sulphur content of 4 percent operating at full
load in NOx optimized form.
Good thermal efficiency of a diesel engine, although conducive to reducing the green house gas
CO2, cannot be improved upon a great deal due to their already high efficiency; other routes or
technologies have to be pursued. Some of these technologies are in existence today and are very
effective in combating this green house gas of which the following are common: operating the
engine at a fuel-saving service point; using marine diesel oil or gas oil to supersede low sulphur
heavy fuel oil; in specific cases adopting diesel-electric propulsion (the engines can be operated
continuously at the highest efficiency); and the potential to utilize engines with steam injection.
In today‘s shipping industry the fuel burned by most ships (in particular ocean-going) is of poor
quality and has very high sulphur content (up to 4.5 per cent and more). This sector contributes
significantly to the overall amount of global sulphur oxide emissions at sea and in port areas;
land-based power installations use a slightly better quality fuel (in terms of sulphur content) and
hence have a less severe effect on the environment. To emphasise the contribution made by
shipping, studies on sulphur pollution showed that SOx emissions from ships were partial by
way of 4 per cent of the total in Europe. In 2001 such emissions represented around 12 percent
of the total and it is not discredited that this figure could rise to as high as 18 percent by 2010.
SOx emissions contained in diesel engine exhaust gas are a function of the amount of sulphur in
the fuel and they cannot be controlled by the combustion process. In greatest quantity is sulphur
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dioxide (SO2) and a small proportion is sulphur trioxide (SO3). These two compounds undertake
the role in forming sulphuric acid (H2SO4) and the chemical process is given below:
2 SO2 + O2 2 SO3
SO3 + H2O H2SO4
It is widely recognized that ordinary chemical and washing/scrubbing desulphurization processes
are well-established technologies and find many applications with land-based industry. However
due to the inherent complexity, bulkiness and their high costs (installation costs) they are
commercially unviable – in this present era – for shipboard applications. But this only applies to
the original methods used on land, and today there are more advanced designs using sea water
scrubbing technology: these do attract commercial interest. Maintenance costs would also be
incurred and inevitably the overall expenditure would rise superfluously. The most economical
and simplest approach is thus to burn bunkers with a low sulphur content. Emissions of the SOx
gases will be desirably reduced, but the ship owner – with a certain budget - will have to match
the increase in fuel price which may be significant.

5.8. Sulphur Content of Marine Diesel Engine & Gas Engine:
Common fuel for Ocean Going Vessels (OGVs) is heavy fuel oil (HFO). On the average
it has 2.7% sulfur, which is a source of PM.
Carbon monoxide from marine diesel engines is significantly lower than those for the gas
engines due to their high efficiency while the reverse is true for nitrogen oxides.
High temperature combustion in diesel engines contributes significantly to the NOx
formation.
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6.0 CRITICAL REVIEW
6.1. Sulphur Oxide (SOx) Emissions
As stated earlier in this thesis, SOx emissions are causing increasing concern amongst the
regulatory organizations and whilst productive and positive steps are being taken to combat this
issue, it still remains a significant problem. Organizations mentioned herein including IMO,
EPA and ARB/CARB have, in their rules, accommodated a 4.5% worldwide cap on sulphur
weight in marine fuels; Marine fuel suppliers must ensure compliance with this cap. Also within
the rules is a conditional acceptance of SECA‘s with a sulphur content capped at 1.5% by
weight. Reflecting on these regulations it should be highlighted that over the past ten years the
average sulphur content in marine fuel oils has been around 2.8-3.0% by weight.
Compared to the procedures used to control NOx emissions, there are only small quantities, but
by no means limited range of methods in existence attributed to SOx control. The latter is a
subject requiring much research to develop a very-cost effective solution to this problem and
through an ongoing elaborate discussion the subject is addressed to the reader. Nevertheless
these existing solutions are:


To purchase marine fuels ‗compliant with near term sailing needs‘



Switch from heavy fuel oil (HFO) or the more residual fuel products etc to gas oil or
marine diesel oil (MDO) when operating in SECA‘s



To install exhaust gas salt/sea water scrubbers (and more recently Eco-silencers)



Other harmful and undesirable substances are discussed now.

6.2. Emissions of Nitrogen Oxides (NOx)
There are plenty of feasible procedures available today which can be used to comply with
regulatory organizations‘ rules on NOx emissions. For the ship-owner or company, and the
respective ship(s) concerned it would be an option to purchase compression ignition (CI) engines
with an emission compliant certificate (EIAPP) or to utilize – something viewed as a relatively
short term, low cost alternative - the addition of emission control technology of some kind to an
existing older engine. An extensible list of various control technologies is apparent:


The installation of ‗selective catalytic reduction‘ or SCR with 90% NOx reduction
possible
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Water emulsification into the utilized marine fuel and a corresponding range of 20-50%
reduction



Modified fuel injection components with a reduction of 20%



Retarded timing of the injected fuel yielding a 15% reduction



The installation of larger charge air coolers and a reduction of 20%



Exhaust gas recirculation with 20-50% reduction

If none of these individual technologies is suitable for the ship owner, whether it‘s a space or
cost issue, then it is possible to combine some of these technologies to achieve the equivalent
outcome. Also a saving can be made in terms of time (time is of the essence for most shipping
companies/owners) by depleting the time period of the ship not in operation; in other words
pushing the boundary to strive for the ideal scenario of the ship in continuous operation. This
objective can be accomplished in many ways; one idea is selecting marine fuels with good
ignition properties – but only if economical for the owner/operator. Thus, in this scenario, there
would be no need for installing equipment and so no need to stop the ship! However, this is very
unlikely, even inconceivable to be the case.
6.3. Brief Introduction to Other Noxious Emissions
It is important, therefore, to give a brief and introductory discussion on the effects of other
pollutants and, of course, how to counteract some of these effects in a cost-effective way. Due to
the burning (in boilers) or combustion of diesel fuels/marine bunkers – the most economical way
to provide the required energy output for propulsion power, electrical services and various
ancillary systems etc – exhaust emissions are escalating almost uncontrollably. These emissions
are many and vary in quantity, molecular size, toxicity, ozone depletion potential and along with
several other properties, environmental and human health impact. Therefore their inclusion,
although not extensive, is vindicated by such important aspects.
6.3.1. Particulate Matter (PM)
Particulate matter originates from sources such as partially burned fuel in which the PM are the
small clumps found within, partially burned lube oil with the analogous reasoning for the fuel oil
case and also the dispersible ash from both fuel and lube oil.
There are many procedures that the relevant ship owner/company or fuel supplier can implement
to control these produced substances, several of which are given here:
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Maintain fuel injection equipment at the highest possible efficiency



Adopt the use of lower sulphur marine fuels to prevent alleged 40% conversion to PM



Maintain high water temperatures of the jacket water



Ensure proper cleaning and maintain high efficiency of the turbo charger system



If viable, add fuel/water emulsification to fuel system

6.3.2. Smoke
Despite the ignorance in the past for smoke emissions, this substance and its effects is now
becoming more of a concern for analysts and, is now under close surveillance. However this is
still the least severe air pollutant. It is viewed directly, in most cases, as a hazy dry substance
escaping from the ships funnel. In actual fact it is described as a ‗visible fraction of the exhaust
gases‘ and this smoke can be categorized in a concise manner to describe it more effectively.
There is black smoke which is a result of combustion effects of carbon in the fuel oil; Blue
smoke is attributed to incomplete combustion of fuel or lube oil; and white smoke (slightly less
detectable and subtle) which is ultimately vaporized (unburned) liquid fuel or water droplets in
the condensed state.
As with other emissions discussed herein there are also procedures to control smoke, these are
noted below:


Through maintenance, keep turbo charger system in clean and efficient condition



Maintain fuel injection system in clean and efficient condition



Maintain piston rings/cylinder liners to a standard such that it limits lube oil consumption



Set limits on heat removal from waste heat boilers

These are only a minority of the available methods and more detailed information can be found
in other relevant sources of reading.
6.4. Causes of NOx Emissions
Among the potential causes of non-compliant NOx readings are:


Misfire condition



Malfunctioning or improperly adjusted EGR valve



Failed oxygen sensor



Leak in exhaust tubing upstream of converter

MD KAMAL HOSSAIN (200819961)

Page 35

6th May
2009

Final Year Project Report:
Marine Emission Control Technology for Ocean-Going Vessels (OGVs)



Excessive carbon deposits in combustion chamber



Improper spark advance



Blocked coolant passage



Overly lean air-fuel mixture



Damaged cold air duct



Failed or malfunctioning catalytic converter



Corroded or damaged engine sensor electrical connections

Please note that while a failed catalytic converter will contribute to high NOx readings, the
failure in itself may have been caused by some other upstream performance problem. In all
cases, it is crucial to identify the root cause of the problem before blaming the converter.
6.5. Causes of SOx Emissions
Despite the immense challenge facing the marine industry regarding air pollution, there is still a
sense of optimism that all will turn out well, reflected in the fact that a considerable number of
countries are currently responding with their dependent and independent efforts – even actions.
Although this might transpire as progress, however, its practice is unfortunately insufficient.
Marine emissions are still growing significantly and inevitably this encourages awareness
internationally. Thus it is deemed necessary to identify the causes of these emissions (in these
case SOx) before advancing to a later stage of proposing the most appropriate and effective
strategy to curb these emissions.
The direct causes and influential factors effecting the emissions of SOx can be categorized as
follows:
a) Impulsive Regulations
Although the shipping industry is sufficiently regulated in environmental areas such as sewage
and waste, and ballast water, the opposite scenario exists in SOx control. Efforts to date to
reduce marine SOx emissions have not paralleled with emission reduction programs onshore,
nor closely match achievements of the other marine environmental regulations. Due to these
circumstances, there has occurred over the last few years an impulse of strict regulations and it is
natural that these will not be complied with instantly. Typical reasons that have led to this state
are:


Lack of proper strategy in handling the marine shipping emission issue over the past
decade or so.
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Ineffective collaboration and somewhat partial communication between the regulatory
body and the ship owners and operators.

b) Use of High Sulphur Content Marine Fuels
Marine fuel is the main source of marine SOx emission. Sulphur is a constituent, to some extent,
in all marine fuels and when burned they release the energy which is then harnessed to generate
power to run the ship, but also emitting SOx in the process. Heavy fuel oil (HFO) is the most
popular choice for ship operators and owners as it is the cheapest and most accessible, and
moreover it provides ample energy to propel the ship. Normally the marine fuel cost weighs 70
to 80 per cent of the total operating cost of the vessel, so if this cheapest grade of oil can be used
then significant savings can be made in terms of the running of the ship. However, these poorer
grades result in the worst emissions and this is, of course, unwanted.

c) Business Prosperity
The main objective of a ship operator or owner is to generate, for their company, the maximum
profit, not only to sustain its own market place but too also try to repel similar competitors.
Compliance with emission regulations is subsidiary in this respect; the reasoning for this is
illustrated as follows:


A growing number of freight for commercial purposes means increased competition.
Thus in order to achieve maximum profits, a high transit rate for delivering a particular
service is essential, and this unfortunately implies increased emissions.



There is a desperate feeling of a lack of commitment in emission control.



No particular incentives appeal to the operator to implement any of the following:
replace older propulsion systems with a modern, more efficient and economic
installation; use a better quality fuel; or increase maintenance period (this would lower
running costs). There may well even be a reluctance to contemplate a certain technology
due to high capital costs.

6.6. Production of Marine Engine
Reflecting differences in their size and base engines, different marine diesel engines are
produced in different ways. Not surprisingly, the largest of these engines, Category 3 engines,
have perhaps the most complicated production process. These engines are generally uniquely
built and designed for a particular vessel used in a particular application. Although their design
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may draw on technologies used in stationary source applications, Category 3 engines are not
typically derived from a pre-developed land-based application. In addition, because they are so
large, the engine often becomes part of the structure of the vessel.
Category 1 and 2 marine diesel engines, on the other hand, are often derived from land-based
engines. Because of this, their production is often referred to as marinization, meaning the land
based engine is modified for use in the marine environment. Marinization can be very complex
or relatively simple. Depending on the degree of change to the base engine, marinization can
significantly affect the emission characteristics of an engine. This will often be the case if the
engine fuel system or cooling systems are modified.
Some of the more complex changes associated with marinization are performed by large engine
manufacturers such as Caterpillar, Cummins, and Detroit Diesel. For these companies,
marinization may involve a significant redesign of their land-based product, including pistons,
fuel systems, cooling systems, and electronic controls. Actual production of marine engines
often begins on the same assembly line as the land-based counterparts. However, at some stage
of the production process, the marine engine may be moved to a different assembly line or area,
where production is completed using parts and processes specifically designed for the marine
derivative engine. [20]
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7.0. HEAVY FUEL OILS THAT ARE USED ONBOARD TODAY
The use of heavy fuel oil (HFO) created major problems to the environment initializing the
international community in utilizing environmental friendly fuels. Research is now turned to
reduce the emissions of exhaust gases and at the same time to develop the efficiency of internal
combustion engines.
Nowadays the international marine industry uses 160 (average) million tons of fuels. The
qualities of these fuels oscillate between diesels that have the name marine gas oil to the heavy
fuel oils. The heavy fuel oils are classified according to their viscosity. With that factor in mind,
some of the most important characteristics of the fuels are ignored. The petroleum companies
create and supply fuel oil according to their own prescriptions and only the competition between
them can secure the good quality of the fuels. That said the reason for the creation of
international organizations which will form legislations for the quality of fuels is easily
acknowledged. Some of the organizations are international maritime organization (IMO),
international council on combustion engines (CIMAC) and others. The scope of these
organizations is to combine the high quality of the fuels with the lower cost. [4]

(Correct temperature for perfect injection of HFO)
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Eighty percent of the fuel used by the internal combustion engines is heavy fuel oil. The main
reason for the usage of high quantities of these fuels is the low cost. Unfortunately the use of
HFO creates immense problems during the operation of the engine and is unfriendly to the
environment. Two ways help manage these problems. The first is constructive. The marine
diesel engines are generally low speed engines, with high efficiency and use systems to ―clean‖
the fuels. These systems are purifiers, clarifiers and filters. The second is operational. These are:
Viscosity: The viscosity of HFO is quite big subsequently in order to achieve the perfect
injection its reduction is required. This reduction can be achieved by preheating the fuel between
60 and 1100C.
It should be mentioned that in the case of overheating the fuel, the fuel pumps will face problems
due to the steam that will have been created from the water contained in the fuel. Moreover,
problems like increased carbonic solids in the HFO are likely to surface. In the case of when the
preheating temperature has the correct value, and the viscosity remains high we can use
chemicals that reduce the exhaust gas temperature and the carbonic solids. In addition, enhanced
lubrication of the piston rings prevents them from breaking. [4]
7.1. Number of Cetane: Usage of HFO is not appropriate in high speed engines, for the reason
that for their correct operation they need fuels with a number of cetane greater than 40. Heavy
fuel oil is used in low speed engines where the demands are low. This can be easily understood
since increasing the speed of the engine, the time that HFO needs to burn decreases. In diesel
engines with a rotation of 500rpm, the time needed for combustion is 1/5 of that of an engine
that rotates at 100rpm. Consequently, it is questionable if the HFO will be burnt completely in a
500rpm diesel engine. Furthermore, when the low speed diesel engines are working at a low load
problems such as incomplete combustion are faced. A solution to the previous problem is the
preheating of the air at approximately 70o. [4]
7.2. Metallic Mixtures
Metallic mixtures can be obtained from three sources:
1) The environment is considered the first source. The natural fuel is pumped from the
environment and contains vanadium, sodium and other metallic elements.
2) A second source is the various stages of petroleum processing that encompass the catalysts
aluminum and silicon that are used for some of the stages.
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3) The third and final source is during the transport of petroleum (iron and silicon).
When the previously mentioned elements are high in content they can create problems to the
engine which include:
1) Corrosion to the metallic parts when placed on the engine and
2) Metallic attritions due to friction.
The most important metallic mixtures and their significance are inquired in brief below:
7.2.1. Vanadium and Sodium
These metals derive from natural petroleum and can be encountered in heavy fuel oils. The
chemical reaction of the two metals is very corrosive. When placed on the exhaust valves it
gradually destroys them. The product of the reaction between vanadium and sodium at a
temperature of 550 degrees, which is close to the exhaust gas temperature, is liquid and once
placed on the valves creates their corrosion. This glassy product does not allow the proper work
and the favourable fidgety of the valves. The current problem created by vanadium can be
resulted in three ways:
1) By constructing the engine to operate at a combustion temperature less than 550 o, the
efficiency of the engine is reduced.
2) By diluting the petroleum with water, sodium is released. Vanadium after combustion is
converted to V2O5 that has a melting point of 650 o and is released as particles via the gases.
3) Finally, chemical products are used to increase the melting point of ashes in conjunction with
the sodium vanadium product which is released as particles via gases. These chemical
products consist of magnesium, aluminum, silicon and other elements and react with the
4) Vanadium. The quantity of these chemical products range from 10 -20% of the vanadium
content in the fuel. [4]
7.2.2. Aluminium and Silicon
Petroleum contains these two chemical elements at a rate that reaches 200ppm. They derive from
the catalysts which are added during distillation and remain in the HFO even after the various
stages of their production and process. After combustion, the silicon-aluminium product,
characterized by its solidity, destroys the lining of the cylinder and the injection system. The
maximum limit for the quantity of aluminium in petroleum is 30ppm. To face this problem
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electrostatic filters are used in order to constrain the previously mentioned chemical elements;
filters and purifiers should be continuously cleaned and/or better lubricants should be used. [4]
7.2.3. Sulphur
The emission of sulphur oxides is a major cause of the acidification of soil and water. In
addition, the emissions of sulphur oxides lead to directly adverse effects on human health and to
corrosion of buildings and other materials. Sulphur dioxide is converted to sulphate particles in
the atmosphere. These are a major contributor to ambient particulate matter less than 2.5 microns
in diameter, which has a strong impact on human morbidity as well as contributing to
atmospheric haze.
Specifically, the sulphur compounds contained in the exhaust gases from ships are sulphur
oxides (SOx), mainly SO2, and to smaller amounts SO3 (2-3%). Sulphate, SO4, may also be
emitted in small amounts combined with metals (Na, Ca) in particulate matter. The content of
sulphur in the fuels which are destined for marine diesel engines may reach 5%, resulting in the
presence of increased levels of SOx, which under certain circumstances becomes H2SO4. The
latter compound is very corrosive and reacts with metallic parts of the engine. Sulphur also
reacts with carbon remnants which create solid precipitations on the cylinder liner. In addition,
when placed on the top of the cylinder, the precipitations reduce the space between the cylinder
cover and cylinder. When the precipitations are too many there is a possibility of fragmentation
which destroys the cylinder liner and piston ring. In order to reduce these sulphur reactions the
subsequent methods can be followed:
1) By maintaining the temperature of the cylinder liners at high temperature the dew point of
sulfur acid is avoided. This can be achieved if the temperature of the water is kept between
60-70 degrees.
2) A second solution is to create alloys that will make the surface of the cylinder liner and the
pistons harder. Chrome-plating is the process used in modern times. Unfortunately, the cost
of this process is very high but on the other hand we reduce the deterioration of the metallic
parts and increase their life limit.
3) Finally, the use of alkaline lubricants eliminates SOx that derive from combustion.
From the above it is acknowledged that these problems can be reduced but the cost of the engine
will subsequently increase resulting to their complication. Despite these facts operational costs
for the use of heavy HFO is less than using diesel oil. This is the main reason that the heavy fuel
oil still exists in the marine industry. [4]
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7.3. Improvement of Heavy Fuel Oil Quality with Chemicals
The low quality of HFO can be improved with the use of chemicals, which are used to terminate
the reactions of HFO. The most important chemicals of fuel oil treatment are:
a) Organic Chemical Compounds: When added to the HFO they prevent the formation of
carbonic remnants of the asphalt base which occur in the fuel tank under the form of
sludge. This phenomenon is known as sludge formation and creates problems during the
transfer of HFO and during ignition. The formation of these asphalt remnants becomes
profound and the problems more acute during the preheating of the fuel or during the
mixture of two quantities of petroleum of different origin which enhance the instability
of these fuels due to their content. The sludge phenomenon becomes more vivid as the
petroleum becomes heavier and with the presents of wax which is removed during low
temperatures creating bodies of asphalt remnants of petroleum. To avoid this
phenomenon, fuel oil treatments are added to the fuel tanks as 2.5% of the quantity of
fuel. These chemicals avoid the creation of sludge and generally contribute to the
maintenance of the fuel‘s homogeneity. [4]

b) Dual Purpose Fuel Treatment: Dual purpose fuel treatment provokes the fragmentation
of the emulsions that water forms with several contents of petroleum. The water remains
in the fuel and may cause corrosion in the network or in the engine and specifically in the
fuel injectors. With those chemicals the emulsions disrupt fragmentation. The emulsions
disrupted and the water is gathered at the bottom of the tanks where it is easily removed.
Usually these chemicals are mixed with the chemicals of the previous category and are
found in the market under the name Dual Purpose Fuel treatment. [4]

c) Combustion Catalysts: Are substances that contain iron reactions and reactions of other
elements which, once added to petroleum, cause a quicker, more complete and hence
more effective combustion? Their usual analogy fluctuates between one part catalysts
over 8300 parts of fuel (approximately 1.2%). The cost of fuel, thus, increases by 0.25 –
0.5%. This increase is overbalanced from the increases of the thermal efficiency of the
fuel but also from the decrease of the engine‘s deterioration of the products of incomplete
combustion which decrease significantly the cost of maintenance. [4]
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The combustion catalysts act in three ways:
1) During the injection, fuel fragments into small droplets due to influence of these
catalysts. The surface that comes in contact with the oxygen of the air, as a result,
increases, thus increasing the speed of the combustion.
2) The categorization continues at a second stage immediately after ignition with a
number of small explosions which burn the unburned fuel in smaller droplets.
3) The reactive substances of the catalysts (mainly iron reactions), which are relieved in
the previous phases, increase the reaction between the fuel‘s carbon and the oxygen
in the air completing the reaction, thus making it efficient.
d) Ways to Increase the Number of Cetanes. These are chemical reactions that delay the
ignition of the petroleum under the conditions held in the cylinder of the internal
combustion engines and thus increase the number of cetane. Their usage is limited for the
following reasons:
I.
II.
III.

they are expensive,
are poisonous,
the fuels that are produced by the distilleries nowadays rarely have the need of
more cetanes due to the fact that modern diesel engines are manufactured in a
way to be satisfied with fuel of low cetane attribution.[4]

e) Ash Modifiers. It is known that HFO contains metallic mixtures which after combustion
are converted into ash which are placed on the exhaust valves and destroy them. The
most hazardous of the ash contents is the fusion of vanadium. The ash modifiers are
chemicals which convert the easy – burning vanadium fusions (mainly sodiumvanadium) into hard burning which in the form of dust are removed by the exhaust gas
fumes without acting upon susceptible parts of the engine such as exhaust valves or
piston rings. [4]
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8.0. EXISTING WORK & TECHNOLOGY:
8.1. TECHNOLOGICAL FEASIBILITY (Technologies for Emission Reduction) (Ref. 5)
The purpose of this chapter is to discuss the feasibility of achieving significant reductions in
exhaust emissions from marine diesel engines. Because marine diesel engines are often derived
from or use the same technologies as land-base engines, EPA believes that the marine industry
will be able to capitalize on the technological improvements being made to land-based diesel
engines and achieve similar emission reductions. [5]
8.1.1. Background on Diesel Emission Formation
In a diesel engine, the liquid fuel is injected into the combustion chamber after the air has been
heated by compression (direct injection), or the fuel is injected into a pre-chamber, where
combustion initiates before spreading to the rest of the combustion chamber (indirect injection).
The fuel is injected in the form of a mist of fine droplets or vapor that mix with the air. Power
output is controlled by regulating the amount of fuel injected into the combustion chamber,
without throttling (limiting) the amount of air entering the engine. The compressed air heats the
injected fuel droplets, causing the fuel to evaporate and mix with the available oxygen. At
several sites where the fuel mixes with the oxygen, the fuel auto-ignites and the multiple flame
fronts spread through the combustion chamber.
NOx and PM are the emission components of most concern from diesel engines. Incomplete
evaporation and burning of the fine fuel droplets or vapor result in emissions of the very small
particles of PM. Small amounts of lubricating oil that escape into the combustion chamber can
also contribute to PM. Although the air/fuel ratio in a diesel cylinder is very lean, the air and fuel
are not a homogeneous charge as in a gasoline engine. As the fuel is injected, the combustion
takes place at the flame-front where the air/fuel ratio is near stoichiometry. At localized areas, or
in cases where light-ends have vaporized and burned, molecules of carbon remain when
temperatures and pressures in the cylinder become too low to sustain combustion as the piston
reaches bottom dead centre. Therefore, these heavy products of incomplete combustion are
exhausted as PM.
High temperatures and excess oxygen are causes for the formation of NOx. These conditions are
found in a diesel engine. Therefore, the diesel combustion process can cause the nitrogen in the
air to combine with available oxygen to form NOx. High peak temperatures can be seen in
typical unregulated diesel engine designs. This is because the fuel is injected early to help lead to
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more complete combustion, therefore, higher fuel efficiency. If fuel is injected too early,
significantly more fuel will mix with air prior to combustion. Once combustion begins, the
premixed fuel will burn at once leading to a very high temperature spike. This high temperature
spike, in turn, leads to a high rate of NOx formation. Once combustion begins, diffusion burning
occurs while the fuel is being injected which leads to a more constant, lower temperature,
combustion process.
Because of the presence of excess oxygen, hydrocarbons evaporating in the combustion chamber
tend to be completely burned and HC and CO is not emitted at high levels. Evaporative
emissions from diesel engines are insignificant due to the low evaporation rate of diesel fuel.
Controlling both NOx and PM emissions requires different, sometimes opposing strategies. The
key to controlling NOx emissions is reducing peak combustion temperatures since NOx forms at
high temperatures. In contrast, the key to controlling PM is higher temperatures in the
combustion chamber or faster burning. This reduces PM by decreasing the formation of
particulates and by oxidizing those particulates that have formed. To control both NOx and PM,
manufacturers need to combine approaches using many different design variables to achieve
optimum performance.

8.2. General Description of Emission Control Strategies (Ref. 20, 18,13)
Much research is underway into developing technology for reducing exhaust emissions from
marine vessels. IMO believes that the new emission standards for marine diesel engines can be
met using technology that has been developed for and used on locomotive, land-based nonroad,
and highway engines. This section discusses technology used successfully on diesel engines to
reduce exhaust emissions, including combustion optimization, better fuel control, improved
charge air characteristics, exhaust gas recirculation, and after treatment.
8.2.1. Combustion Optimization (In-engine method)
Nitrogen oxides from diesel engines derive from two sources:
1. Oxidation of the nitrogen in the combustion air under high temperature, called thermal
NOx.
2. Oxidation of the nitrogen compounds of the fuel, known as fuel NOx.
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Almost all the nitrogen present in the fuel reacts with the oxygen in the air to nitrogen oxides,
but this still constitutes only a small part of the total quantity of nitrogen oxides. The formation
of thermal NOx depends on excess-air ratio, pressure, and temperature and combustion duration.
During combustion nitrogen oxide, NO, is formed first. Later, during expansion and while in the
exhaust system, some of this thermal NO is converted to nitrogen dioxide, NO2, and also to
nitrous oxide, N2O.
The main factors affecting the emissions of nitrogen oxides are:
 The design and optimization of the engine:
 Injection timing.
 Injection Pressure (higher pressure results in smaller fuel droplets, cleaner combustion).
 Injection geometry.
 Combustion chamber design.
 Compression ratio.
 Supercharging.
 Valve timing, etc.
 Ambient conditions:
 Humidity.
 Atmospheric pressure.
 Ambient Temperature.
 Cooling water temperature (lower temperature results in less NOx).
 Exhaust system back-pressure (higher back pressure results in more NOx).
 Fuel:
 Cetane rating (ignitibility).
 Nitrogen concentration (Heavy bunker contains approx. 10% – 15% more nitrogen than
diesel oil).
 Viscosity (size of fuel drops in combustion chamber).
Today's engines are mainly optimized to minimize fuel consumption. It is possible to reduce
emissions of nitrogen oxides by 20-30 percent by modifying the optimization of the engine to
minimize pollution emissions. This may, however, give an increase in fuel consumption of up to 5 to
10 per cent in older engines. Some of the in-engine measures can be carried out without any increase
of the manufacturing cost of the engine, as the additional costs will mainly be on the operative side.
Still larger emission improvements can only be achieved through design changes leading to new
engines, and usually resulting in increased engine prices.
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Optimizing an engine with respect to NOx emissions and fuel consumption is a complicated task. It
is not possible to select one method of the ones mentioned below and pronounce this to be the
correct one. Instead, it is up to the engine manufacturer to optimize every engine type utilizing a
number of measures, some of which are required to reduce operational problems created with the
NOx reduction methods.
In addressing primary NOx reduction methods, Wartsila Diesel identified a number of measures that
can affect the reaction temperature in the cylinder and hence influence the amount of NOx formed
(the higher the temperature and the longer the residence time at high temperatures, the more thermal
NOx will be formed). Among the design measures are:
A lower air manifold temperature (more efficient inter-cooling or lower ambient
temperature) results in lower combustion temperatures.
A slower injection rate normally implies lower combustion temperatures because less fuel is
injected before the piston reaches top dead center (TDC), thus yielding a lower maximum
pressure.
Retarded injection timing and changed valve timing also results in lower combustion
temperatures and pressures.
The geometry of the combustion space and the flow pattern within it may affect temperature
distribution.
A fuel with a poor ignition quality affects NOx formation.
A lower compression ratio cuts down on the peak pressure and reduces temperature.
Water emulsified in the fuel or introduced to the combustion space with the air or via
separate nozzles will consume energy in evaporation, thus lowering the combustion
temperature.
Exhaust gas recirculation reduces NOx because the CO2 and H2O molecules have higher
molar heat capacities and thereby dampen the combustion temperature.
In-engine measures presently being used for diesel engine emission reduction is summarized below.

Retarded Fuel Injection - A later injection time leads to most of the combustion occurring
after TDC. As a consequence, the maximum flame temperature in the combustion space
will be lowered and the formation of nitrogen oxides will be reduced. Since this method
is easily applicable and significantly reduces NOx formation, it is regarded as one of the
most important tools for in-engine emission reduction. Using retarded injection
exclusively leads to increased fuel consumption. To a certain extent this increased
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consumption may be compensated by other measures when the engine is optimized for
low emissions. To re-establish low fuel oil consumption the compression ratio of the
engine is increased, resulting in low NOx emissions and no penalty in terms of fuel
consumption. Some newer engine designs are incorporating variable injection timing that
allows the timing to be adjusted so as to optimize engine performance for different
requirements. Electronic fuel injection control also accommodates shutting off the fuel
flow to some of the cylinders during low speed operation, thereby allowing the remaining
cylinders to operate more efficiently and with less pollution.
Increased Fuel Atomization - Increased fuel atomization leads to better combustion; a
higher indicated thermal efficiency and reduced emissions of NOx and particulate.
Improved injector tips and/or increased injection pressure can accomplish better fuel
atomization. Injector tip design is limited by the need for the fuel to properly mix with
the combustion air. Injection pressure is limited by mechanical strength considerations of
the injector pump drive train. Older engines use a maximum injection pressure of 1000 1200 bars while the newer designs can accommodate a pressure of 1500 bar. Future
designs may increase the injector pressure up to 2500 bar.

Pre-injection - By injecting a small quantity of fuel before the regular injection, the
ignition of the main charge is facilitated and the amount of premixed fuel can be reduced.
Reduced premixed fuel leads to a more modest pressure and temperature increase at the
beginning of combustion, leading to a lower maximum temperature and reduced
formation of nitrogen oxides. Wartsila, a leading Finnish-based medium speed engine
designer, uses separate injectors and injector pumps to effect pre-injection on their
medium speed VASA 46 engine and claim a nitrogen oxide reduction of 15 %. The use
of pre-injection also allows the use of two-fuel operation, wherein a more easily ignitable
fuel is used for ignition, while an inferior fuel with a lower Cetane rating is used as the
main fuel. Because of the extra expense and the reliability considerations, pre-injection is
rarely used on existing large ship engines. However, the new diesel engines being
introduced by major engine manufactures use electronic injection so that pre-injection
should be possible.
Charge Air Techniques - Practically all medium-speed and low-speed diesel engines use
turbo-charging and inter-cooling to yield improved fuel economy. These measures can
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also contribute to reductions in the emissions of nitrogen oxides and other pollutants.
Large diesels use seawater cooling that gives lower temperatures and hence lower
nitrogen oxides emissions than if recycled engine-cooling water is used. However, overcooling of the charge air may result in an ignition delay and hence actually increase
nitrogen oxides and soot emissions. Therefore precautions have to be taken to achieve
optimal charge air temperature. Over-cooling will especially present a problem during
low-speed engine operation hence manufacturers may resort to using combustion air
preheat.
Engine Design Changes - These changes pertain to valve timing changes, combustion
chamber and swirl chamber design changes, etc.
8.2.2. Advanced Fuel Injection Controls
Control of the many variables involved in fuel injection is central to any strategy to reduce diesel
engine emissions. The principal variables being investigated are injection pressure, nozzle
geometry (e.g., number of holes, hole size and shape, and fuel spray angle), the timing of the
start of injection, and the rate of injection throughout the combustion process (e.g., rate shaping).
Manufacturers continue to investigate new injector configurations for nozzle geometry and
higher injection pressure (in excess of 2300 bar). Increasing injection pressure achieves better
atomization of the fuel droplets and enhances mixing of the fuel with the intake air to achieve
more complete combustion. Though HC and PM are reduced, higher cylinder pressures can lead
to increased NOx formation. However, in conjunction with retarding the start of fuel injection,
higher fuel injection pressures can lead to reduced NOx because of lower combustion
temperatures. HC, PM, or fuel economy penalties from this strategy can be avoided because the
termination of fuel injection need not be delayed. Nozzle geometry is used to optimize the fuel
spray pattern for a given combustion chamber design in order to improve mixing with the intake
air and to minimize fuel condensation on the combustion chamber surfaces. Minimizing the
leakage of fuel droplets is critical for reducing HC emissions. The most recent advances in fuel
injection technology are the systems that use rate shaping or multiple injections to vary the
delivery of fuel over the course of a single injection. Igniting a small quantity of fuel initially
limits the characteristic rapid increase in pressure and temperature that leads to high levels of
NOx formation. Injecting most of the fuel into an established flame then allows for a steady burn
that limits NOx emissions without increasing PM emissions.
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For electronically controlled engines, multiple injections may be used to shape the rate of fuel
injection into the combustion chamber. The most important variables for achieving maximum
emission reductions with optimal fuel economy using multiple injections are the delay preceding
the final pulse and the duration of the final pulse. This strategy is most effective in conjunction
with retarded timing, which leads to reduced NOx emissions without the attendant increase in
PM.
The most attractive aspect of this system is that it operates largely independent of engine speed
so that the engine can be optimized over a larger range of operation. Some marine engine
manufacturers are already utilizing this system on production engines. It is expected that
manufacturers will be able to develop and produce a full-authority electronic fuel injection
system for a reasonable cost in time for these standards. For larger engines (>1.5 liters/cylinder),
Caterpillar has designed a mechanically actuated electronically controlled Unit Injection (MEUI)
system. MEUI is similar to HEUI in that it can control injection pressure, timing and rate
shaping independent of engine speed. Caterpillar has reported injection pressures as high as 200
MPa (30,000 psi) with the MEUI system.
Common rail fuel systems may be used to gain fuel injection improvements over distributer
pump type systems. Fuel is pressurized in the fuel rails which allow high pressures independent
of engine speed. Cummins has developed an alternative technology known as the Cummins
Accumulator Pump (CAP) fuel system.19, 20 The CAP systems uses an accumulator between
the high pressure fuel injection pump and the distributor to achieve high pressure fuel injection
of 145 MPa (21,000 psi) and control timing independent of engine speed. This system offers a
low cost alternative to common rail fuel injection.
8.2.3. Improving Charge Air Characteristics
Charge air compression (turbo charging) is primarily used to increase power output and reduce
fuel consumption from a given displacement engine. At rated power, a typical diesel engine
loses about 30 percent of its energy through the exhaust. A turbocharger uses the waste energy in
the exhaust gas to drive a turbine linked to a centrifugal compressor, which then boosts the
intake air pressure. By forcing more air into the cylinder, more fuel can also be added at the
same air-fuel ratio, resulting in higher power and better fuel consumption while controlling
smoke and particulate formation.
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After cooling is often used to reduce NOx by reducing the temperature of the charge air after it
has been heated during compression. Reducing the charge air temperature directly reduces the
peak cylinder temperature during combustion which is where NOx is formed. This technology
was initially developed to improve the specific power output of an engine by increasing the
density of air entering the combustion chamber. Water-to-air and air-to-air after cooling are well
established for land-based engine applications. For engines in marine vessels, there are two
different types of after cooling strategies used: jacket-water and raw-water after cooling.
i. Jacket-water after cooling
Marine engines use jacket water systems to pull heat from the engine coolant. Raw water is
pumped into a heat exchanger which is used to cool the engine coolant. For most recreational
and light commercial applications, the raw water is then used to cool the exhaust. If jacket-water
after cooling is applied, the coolant coming from the heat exchanger passes through the after
cooler before entering the engine. Through the use of jacket-water after cooling, boost air may
be cooled to approximately 95-105°C. Another 40 to 50°C reduction in boost air temperature can
be gained by using a completely separate cooling circuit for the after cooler.
The heat exchanger is designed to resist the difficulties associated with operating in a sea-water
environment. Water is pumped through the heat exchanger at a high velocity to help prevent
barnacle growth and to keep the passages clean. In addition, copper is a poison to barnacles and
the heat exchangers are generally made of a copper-nickel alloy. To prevent sea water from
causing the metal in the heat exchanger to decay due to electrolysis, zinc anodes are used.
ii. Raw-water after cooling
Raw-water aftercooling means that outside water is pumped through the after cooler rather than
engine coolant. Depending on the temperature of the water and the size of the after cooler, rawwater aftercooling can be used to cool the boost air to approximately 45-55°C. Because of the
cooler intake air temperatures associated with this technology, it can be used to achieve lower
NOx levels from a marine engine. The same strategies used to protect the jacket water heat
exchanger from the corrosive effects of sea water can also be used to protect a raw-water after
cooler. Currently, this after cooling strategy is only used in recreational and light commercial
applications. While introducing raw-water after cooling may require additional maintenance
(replacing anodes), the benefits of improved fuel efficiency, greater engine durability, and better
control of NOx emissions may lead to more widespread use in the future.
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iii. Separate-circuit after cooling
Separate-circuit after cooling is a compromise approach to marine engine after cooling that
shows promise for addressing near-term emission standards. This system is much like current
jacket-water cooling systems, except that one coolant loop is devoted to engine cooling and a
second loop is devoted to removing heat from the after cooler. The coolant loop devoted to the
after cooler provides more effective cooling than jacket-water after cooling, without introducing
the durability concerns of raw-water after cooling.
In principle, separate-circuit after cooling is very similar to systems on highway truck engines.
The main difference between highway and marine applications is the fundamental cooling
medium (or heat sink). Highway engines use air with high relative speeds through a heat
exchanger to extract heat from the coolant running through the after cooler. Marine engines have
the same coolant loop, but extract heat from a heat exchanger (or keel cooler) with ambient
water. Because water has a higher convection coefficient than air (especially without high air
speeds), it should generally more efficient at removing heat from a system
8.2.4. Electronic Control
Various electronic control systems are in use or under development for nonroad, locomotive,
highway, and marine diesel engines. Use of electronic controls enables designers to implement
much more precise control of the fuel injection system and is necessary for advanced concepts
such as rate shaping. Through this precise control, trade-offs between various control strategies
can be minimized. In addition, electronic controls can be used to sense ambient conditions and
engine operation to maximize performance and minimize emissions over a wide range of
conditions such as transient operation of the engine. Electronic control is already used in limited
marine applications and has shown its ability to endure the marine environment. These same
controls used today could be used to optimize for emissions as well as performance.
8.2.5. Exhaust Gas Recirculation
Exhaust gas recirculation (EGR) is a recent development in diesel engine control technology for
obtaining significant NOx reductions. EGR reduces peak combustion chamber temperatures by
slowing reaction rates and absorbing some of the heat generated from combustion. While NOx
emissions are reduced, PM and fuel consumption can be increased, especially at high loads,
because of the reduced oxygen available and longer burn times during combustion. One method
of minimizing PM increases is to reduce the flow of re-circulated gases during high-load
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operation, which would also prevent a loss in total power output from the engine. Recent
experimental work showed NOx reductions of about 50 percent, with little impact on PM
emissions, using just six percent EGR in conjunction with a strategy of multiple injections.

(Exhaust Gas Re-circulation)-Ref.
i. EGR cooling
There are several methods of controlling any increase in PM emissions attributed to EGR. One
method is to cool the exhaust gas reticulated to the intake manifold. By cooling the reticulated
gas, it takes up less volume allowing more room for fresh intake air. With EGR cooling, a much
higher amount of exhaust gas can be added to the intake charge. At light loads, there can be a
small NOx penalty due to increased ignition delay, but at high loads, some additional NOx
reduction may result from EGR cooling. Another method to offset the negative impacts of EGR
on PM is through the use of high intake air boost pressures. By turbo charging the intake air,
exhaust gas can be added to the charge without reducing the supply of fresh air into the cylinder.
ii. Soot removal
Another challenge facing manufacturers is the potential negative effect of soot from the
recirculated exhaust being routed into the intake stream. Soot may form deposits in the intake
system, which could cause wear on the turbocharger or decrease the efficiency of the after
cooler. As the amount of soot in the cylinder increases, so does the amount of soot that works its
way past the piston rings into the lubricating oil, which can lead to increased engine wear. One
thing that has been developed to reduce soot in the recirculated exhaust gas is a low-voltage soot
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removal device. Engine wear was shown to be greatly reduced as a result of this device. Another
strategy is to recirculate the exhaust gas after it has passed through a particulate trap or filter.
Demonstrations have shown that some prototype traps can remove more than 90 percent of
particulate matter.
Several bypass filtration designs exist to filter smaller particles out of engine oil. With bypass
filtration; a portion of the oil is run through a secondary unit which results in well filtered oil.
This type of filtration system could be used to minimize negative effects of soot in the oil that
are associated with high levels of EGR. At least one design claims efficiencies of up to 99
percent in capturing 1-micron particles. Another design is capable of removing water as well as
particles less than 1 micron in size. To accelerate vaporization of impurities and to maintain oil
viscosity, a heated diffuser plate is used in a third design.
8.2.7. Exhaust after treatment Devices
Researchers in industry and academia have explored various technologies for treating engine-out
exhaust emissions. In general, marine engine manufacturers will need to utilize exhaust after
treatment to meet the new emission standards; however, further work on these technologies may
lead to development of an approach that provides effective control at a lower cost than todays
anticipate technologies. One technical difficulty to investigate is the concern of catalyst
poisoning in a salt-water environment.
i. Oxidation catalysts
The flow-through oxidation catalyst provides relatively moderate PM reductions by oxidizing
both gaseous hydrocarbons and the portion of PM known as the soluble organic fraction (SOF).
The SOF consists of hydrocarbons adsorbed to the carbonaceous solid particles and may also
include hydrocarbons that have condensed into droplets of liquid. The carbon portion of the PM
remains largely unaffected by the catalyst. Although recent combustion chamber modifications
have reduced SOF emissions, the SOF still comprises between 30 and 60 percent of the total
mass of PM. Catalyst efficiency for SOF varies with exhaust temperature, ranging from about 50
percent at 150°C to more than 90 percent above 350°C.
Another challenge facing catalyst manufacturers is the formation of sulphates in the exhaust.
This is especially true for marine engines which tend to use fuels with higher sulphur levels than
land-based engines. At higher exhaust temperatures, catalysts have a greater tendency to oxidize
sulphur dioxide to form sulphates, which contribute to total PM emissions.
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ii. Particulate traps
Use of a particulate trap is a very effective way of reducing particulate emissions, including the
carbon portion. Particulate traps have been extensively developed for highway applications,
though very few engines have been sold equipped with traps, primarily because of the
complexity of the systems needed to remove the collected particulate matter. Continued efforts
in this area may lead to simpler, more durable designs that control emissions cost-effectively.
Research in this area is focused on developing new filter materials and regeneration methods.
Some designs rely on an additive acting as a catalyst to promote spontaneous oxidation for
regeneration, while other designs aim to improve an active regeneration strategy with microwave
or other burner technology.
iii. Selective Catalytic Reduction
Selective catalytic reduction (SCR) is one of the most effective, but also most complex and
expensive, means of reducing NOx from large diesel engines. Emission reductions in excess of
90 percent can be achieved using SCR. In SCR systems, a reducing agent, such as ammonia, is
injected into the exhaust and both are channelled through a catalyst where NOx emissions are
reduced. These systems are being successfully used for large stationary source applications
which operate under constant, high load conditions.

(A Selective Catalytic Reduction System)-Ref.27
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A number of disadvantages are apparent for the use of current technology SCR systems on ships.
The SCR system is effective only over a narrow range of exhaust temperatures. The
effectiveness of the system is decreased at reduced temperatures exhibited during engine
operation at partial loads. Also, excess ammonia in the exhaust can occur during transient
operation, where control of optimum ammonia injection is difficult. However, because marine
engines (especially larger engines) operate under fairly steady-state conditions, this ―ammonia
slip‖ may be less of a problem.
8.3. Alternative Fuel Technologies
8.3.1. Bio-diesel: Bio-diesel is produced from an animal or vegetable fat base. During the
refining process, fatty acids and glycerol are removed, and an ethyl or methyl ester remains as a
combustion fuel source. The consumption of bio-diesel considerably reduces dependence on
fossil-based, non-renewable fuel sources, and furthermore decreases particle matter (PM)
significantly. However, before this will be a viable fuel source serious issues remain. While
particulate matter content decreases following the combustion process, (-50%), the level of NO

x

content in exhaust gases increases, (+10%). Furthermore, availability of this fuel is limited and
present distribution outlets cannot viably support the marine industry. Although amalgamation of
bio-diesel with traditional diesel fuels has been tested successfully, cost remains an issue. [22]
8.3.2. Low Sulphur: Low sulphur diesel fuel is defined as containing fewer than 500 parts per
million (ppm) sulfur (0.5%). Low sulfur marine gas oil, (MGO), is a readily available fuel that
possesses 0.2% sulfur content, on average, conforming to the EU‘s definition of low sulfur fuel.
Consuming low sulfur fuel as opposed to HFO can result in up to 55% PM reductions. However,
NOx emissions do not decrease as a result of consuming MGO. Furthermore, a capital
investment is required to re-equip a vessel‘s fuel storage and delivery system, (cleaning tanks
and fuel lines, and replacing fuel filters), in order to switch to the new fuel. Finally, MGO fuel
has a flashpoint of 57-69 degrees Celsius. Special controls must be incorporated into distribution
schemes that restrict distribution of MGO fuels to at least a 60o flashpoint level. This fuel type
(120 – 140 ppm sulfur content), is currently being mandated for use in captive fleet operations in
EU waterways. Although a few negative side effects resulted in the initial fuel conversion, such
as excessive injector O-ring and fuel system seal wear, the subsequently-specified blending of
lubricated agents to the base fuel quelled these issues. [22]
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8.3.3. Ultra-Low Sulphur: Ultra-low sulphur diesel fuel is defined to contain fewer than 30 ppm
sulfur (0.03%). Consuming ultra-low sulfur fuel (ULSF) as opposed to HFO can result in 75%
PM reductions. However, NOx emissions do not decrease as a result of consuming ULSF.
Furthermore, a capital investment is required to re-equip a vessel‘s fuel storage and delivery
system, (cleaning tanks and fuel lines, and replacing fuel filters), in order to switch fuel types.
Finally, although ULSF is well within international flash point limits, it does not contain enough
sulfur to provide lubrication and cooling to marine diesel engines. For this reason, it is
recommended that a synthetic lubricant additive be mixed with the fuel prior to use. [22]
The EU is mandating ULSF for its entire captive fleet by 2008.

(Selected properties of certain diesel fuels)
It should be noted that when approaching a SECA the fuel must be changed over to the 1.5%
sulphur content fuel and completed before entering the SECA. For ships with standard fuel oil
system configurations (one service and settling tank), this will involve filling of settling tanks
with low sulphur fuel oil, adequate fuel treatment of same and subsequent filling of service tank,
as well as flushing of the fuel service piping systems of high sulphur fuel oil.
8.4. Assessing Sulphur Content-In-Fuel & Distribution
Ship operators are responsible for reporting the quality of fuel oil that their ship is using,
whether it‘s stipulated by MARPOL Annex VI or it is a requisite designated from the authorities
within the confines of a port. Fuel suppliers are also under the obligation to present Bunker
Quality reports to their customers to confirm the sulphur content of their fuels. Accuracy in these
reports is essential as they can influence operational decisions, and more importantly to
demonstrate that these fuels comply with port emission standards. Furthermore, it is known that
high sulphur-containing fuels contribute to low temperature corrosion of engine parts and this in
turn can prove detrimental to the ships‘ operation; herewith, the possibility of being out of
service becomes more likely and can be risky. Another level for ship operators to contemplate is
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that some origins of fuel productivity (including suppliers of different countries) may generally,
within their fuels, contain higher sulphur content than that regulated by MARPOL Annex rules.
To the operator this is a problem as this element has a negative impact on fuel energy content.
Refineries are the driving force behind the quality of all marine fuel oils, and it is accepted
universally that there will always remain - within the foreseeable future - the presence of sulphur
within these fuels. Economic reasons preclude the complete removal of sulphur.
Use of lower sulphur fuel is one of the most effective ways for reducing marine SOx emissions.
The higher the sulphur inside in the marine fuel the higher SOx in the exhaust gas. This can be
calculated using the DNV classification society experimental formulae for the SOx emission
reduction. S is the percentage of sulphur content in the HFO.
SO2 = 21.9S – 2.1 (kg/tonne-fuel)
Table underneath; demonstrate the emitted SO2 content from burning the normal marine heavy
fuel oil of 3% S, and the lower sulphur heavy fuel oil of 1.5% S.

Type of Fuel

Quantity of Sulphur

Amount of Fuel

SOx Emission

%

(tonne)

(kg/tonne fuel)

Normal Fuel

3%

1 ton

63.6

Low Sulphur Fuel

1.5%

1 ton

30.8

8.5. Flue Gas Desulphurization
At one time a tentative concept, and now fully-commissioned for land-based application, flue
gas desulphurization is an effective and powerful technology. Succinctly it is the treatment of
exhaust gases – to remove as much sulphur as possible – before permitting the diluted smoke
stream to escape freely. The fundamental chemical process is generally to amalgamate the gases
with a compound containing calcium, so the SOx are converted to Calcium Sulphate. With a
common name of gypsum this newly-formed product is subsequently recovered and disposed of
(in landfill) or used in building materials. It is also a significant component of plasterboard and
contributes to cement manufacture. On-land the source of the calcium is limestone or chalk.
Slurry is formed after it has been mined and transported and it is then mixed with the exhaust
gases. The mixing technology is in fact a scrubbing process and can vary depending on factors
such as fluid parameters/properties: the exhaust gases can pass through either a spray curtain or a
bubble bath.
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9.0 ESTIMATING OPERATIONAL COST OF USING DIFFERENT GRADED ENGINE
FUELS (ref.25)
In this section, we will examine the operational cost of a typical ship using HFO (the most
popular marine fuel), LSHFO (lower sulphur heavy fuel oil), Dual fuel and MDO (marine diesel
oil).
9.1. Ship Operation with Heavy Fuel Oil (HFO)
The ship operational cost is to be calculated by burning IFO380. Even if the natural sulphur of the
HFO that is produced in Europe is 2.7% by mass S, for simplicity the sulphur content is assumed
to be 3% S.
Scenario / Case study 1
For our investigation, we will take a typical oil tanker of 147,000 DWT that is equipped with the
following power system:


One main engine
MAN B&W, 6S70 MC-C
Maximum continuous rated (MCR) power: 18,630 kW
SFOC: 169 g/kWh
Bunker fuel heating value 43,000 kJ/kg.)



Three Gen-sets, MAN B&W 6S26 MC
Power output of the engine: 2,400 kW each
SFOC of the engine: 179 g/kWh
Gen-set efficiency: 98%



Two auxiliary boilers with Steam generation rate (capacity): 40,000 kg/h each, saturated
steam at 16 bars.
Feed in water: 70C at 7 bars.
Boiler efficiency: 85%
Heat required for generation of 16 bar saturated steam from the feeding water condition
is 2500 kJ/kg
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During a voyage, the electricity demand on board is about 2,100 kW and that in port operation
during cargo discharge is about 3,900 kW. The ship has 3 cargo pumps driven by steam turbines
with a steam consumption rate of 18,500 kg/h each. During cargo discharge, all the three pumps
work in full load and steam required for heating cargo oil is 23,000 kg/h.
(Ref: Coursework 1, 4th year; 21444-Ship Power Systems and Design, NA-ME, University of Glasgow &
Strathclyde)

Assuming that the voyage distance is just about 6,500 miles starting from Dubai port with
destination to Rotterdam port, our ship travelling at the speed of 18 knots. The unloading and
loading procedure takes one day 24 hours for completion.
Furthermore we assume that the all fuel oil price over the world are the same as the ones taken
from the port of Rotterdam on the 6th June 2008.
Prices are:
Type of Fuel

Fuel price

IFO380

492.5 US $/MT

MDO

1,006.00 US $/MT

IFO180

524.00 US $/MT

LSFO380

547.00 US $/MT

LSFO180

545.00 US $/MT

Calculation:
Fuel Consumption during voyage:


Total Operating voyage time:
6,500 𝑚𝑖𝑙𝑒𝑠



18 𝐾𝑛𝑜𝑡𝑠 ≈ 363 𝑜𝑢𝑟𝑠

Main Engine:
S.F.O.C =

169 𝑔𝑟𝑚

𝑘𝑊 𝑥  (75% 𝑜𝑓 𝑙𝑜𝑎𝑑)



Engine MCR = 18,630 kW



Fuel Consumed by the Main Engine during one voyage:
18,630kW x 0.169kgr/Wh x 362 hr = 1,139,746.14 kg (1,140 tons)
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Gen-sets
S.F.O.C =

179 𝑔𝑟𝑚

𝑘𝑊 𝑥 



Total power = 2,100 kW each



Generator efficiency: 0.98%
2,100 𝑘𝑊



6th May
2009

0.98 = 2,142.8 𝑘𝑊

Fuel Consumed by the generators electricity demands for 362 hours
2,142.8 x 0.179 kgr/kWh x 362 hr = 138,849.2 kg (138.9 tons)

Fuel Consumption during loading / unloading procedure:


Gen-sets



Electricity demand at the port operation loading / unloading:
Total required power: 3900 kW
179 𝑔𝑟𝑚



S.F.O.C =



Fuel consumed by the Generators for cargo requirements at the terminal
3,900 𝑘𝑊

𝑘𝑊 𝑥 

0.98 𝑥 0.179



Auxiliary Boiler



Total required steam is:
3 𝑥 18,500

𝑘𝑔𝑟

𝑘𝑔𝑟

𝑟 + 23,000

𝑘𝑊 𝑥 24𝑟 = 17,1 𝑡𝑜𝑛𝑠 𝑝𝑒𝑟 𝑑𝑎𝑦

𝑘𝑔𝑟

𝑘𝑊 = 78,500 𝑘𝑔/𝑟

Boiler efficiency 85%
Heat required for generation of steam from feeding water = 2,500 kJ/kg
Heating value for bunker fuel = 43,000 kJ/kg


Heat required for heating water from 700C to 201.40C (at 16 bars)



Using saturated water & steam table
𝑚𝑎𝑠𝑠 𝑥 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑎𝑡 𝑥 𝑡𝑒𝑚𝑝 𝑟𝑖𝑠𝑒 = 78500 𝑥 4.18 𝑥 201.4 − 70
= 43116282
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Heat for steam generation at 16 bars is:
𝑚𝑎𝑠𝑠 𝑥 𝑙𝑎𝑡𝑒𝑛𝑡 𝑒𝑎𝑡 = 78500 𝑥 1935 = 151897500





Total heat required for the steam generation is:
431163

Hence



𝑘𝐽

𝑘𝐽

 + 151897500

195013782

𝑘𝐽

0.85



𝑘𝐽

 = 195013782

= 229427978.8

𝑘𝐽

𝑘𝐽





3 cargo pump driven by steam turbines with consumption rate of 18,500 kg/h each include
23,000 kg/h for heating oil.



Fuel Consumption per day
229427978.8
𝑥 24 = 128.86 𝑡𝑜𝑛𝑠 𝑝𝑒𝑟 𝑑𝑎𝑦
43000000

Results:
During Voyage
Fuel Price

Consumption

US $/MT

(tons)

IFO380 3.0% S

492.5 US $/MT

1,140

561,450

MDO

1,006.0 US $/MT

138.9

139,733.4

Fuel Type

System
Main Engine
Gen-sets

Cost (US $)

701,183.3 US $

Total:

During Load / Unload
Fuel Type

System

MDO

Gen-sets
Boilers

IFO380 3.0% S
Total:
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Fuel Price

Consumption

US $/MT

(tons)

1,006.0 US $/MT

17.1

17,202.6

492.5 US $/MT

128.9

63,483.2

Cost (US $)

80,686 US $
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Total Fuel Cost
Total Consumption

Fuel Price

(Tons)

US $/MT

1,268.9

492.5 US $/MT

624,933.3

156

1,006.0 US $/MT

156,936

Fuel Type
IFO380 3.0% S
MDO
Total:

Cost (US $)

781,869.3

Advantages from the use of HFO
Low Cost
HFO is able to sail the ship efficiently
Great availability in the market
Suitable both for main engines and diesel generators engine by means of slow speed and
medium speed engines.
Disadvantages from the use of HFO
High concentration of sulphur, high Sox emissions, unacceptable for IMO organization
and MARPOL Annex VI protocol especially for SECA‘s.

9.2. Ship Operation with Lower Sulphur Heavy Fuel Oil (LSHFO)
It is well known that for ships entering the SECA‘s the fuel must be changed over to the 1.5%
sulphur content fuel, and completed before entering SECA. As far as the price of the lower
sulphur heavy fuel oil concerns we have to mention that the use of this fuel will significantly
increase the operational cost of the vessel. Having a look in the different prices between IFO380
3% S and IFO380 1.5% S, that port of Rotterdam offers we can monitor that lower sulphur fuel is
approximately 50 US $ more expensive than the normal grade fuel oil (www.bukerworld.com)
Of course, this is only a notional price for the 5th May 2008 and can change.
It is obvious that in this scenario case, where the ship use LSFO of IFO380 with 1.5% S
throughout the whole voyage, the operational fuel oil cost is about 10% higher than the original
fuel oil custom.
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Scenario / Case 2
We assume that the similar ship as before is operating using LSFO380 1.5% S

Fuel Price

Type of Fuel

1,006.00 US $/MT
MDO
547.00 US $/MT
LSFO380

Results:
During Voyage
Fuel Price

Consumption

US $/MT

(tons)

IFO380 1.5% S

547.00 US $/MT

1,140

623,580

MDO

1,006.0 US $/MT

138.9

139,733.4

Fuel Type

System
Main Engine
Gen-sets

Cost (US $)

763,313.0 US $

Total:

During Load / Unload
Fuel Type

System

MDO

Gen-sets

IFO380 1.5% S

Boilers

Fuel Price

Consumption

US $/MT

(tons)

1,006.0 US $/MT

17.1

17,202.6

547.00 US $/MT

128.9

70,508.3

Cost (US $)

87,710.9 US $

Total:

Total Fuel Cost
Fuel Type

Total Consumption

Fuel Price

(Tons)

US $/MT
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IFO380 3.0% S
MDO

1,268.9

547.00 US $/MT

694,088.3

156

1,006.0 US $/MT

156,936

Total:

851,024.3

Advantages from the use of LSHFO
The engine Sox emissions can be reduced by 98 percent which fulfilling the new
regulatory requirement.
Less sulphur inside the combustion chamber means greater concentration of
hydrocarbons. Consequently the efficiency of the engine is increased.
The maintenance cost of the engine can also decrease as the corrosion effects can be
reduced up to 50%. As mention before sulphur is one of the main reason of steel
corrosion.
The amount of toxic exhausts in general is smaller, due to use of sulphur-free fuels.
Easy to apply (direct approach in treating the Sox emission issue).
In our scenario, applying only LSFO no additional segregated tank required to store the
LSFO.
Disadvantages of LSFO-summarizing the impact of a low sulphur fuel command on ship-owners
and onboard staffs:
More has to be paid for the fuel burned in SECAs. One of the main reason why low
sulphur fuels are not widely used is their high cost.
Fuel must be tested on bunkering to ensure that it meets sulphur content limits.
Not all engines operate the same with different types of fuels. Most of the times, time and
effort needed to verify if all the components of the engine can operate the same with new
type of fuels.
The availability of the LSHFO is not certain and many refineries around the world may
not be able to meet the future demand.
Putting side by side, the two above scenarios there is a pay raise of roughly 70,000 US $ on a
single operation of the ship. Even though the limit of 1.5% for now is applied only to the SECAs
thus a name, could say that second case is an imaginary scenario; these circumstances, are not
the actual requirements of SECAs, is on the plans to be applied. Thus the estimate figure above
has mirrored a very good scenario for the fore coming trend in the future.
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9.3. Ship Operation Using Dual Fuel
When we say dual fuel solution we mean that the ship is required to carry both normal fuel and
low sulphur fuel in order to switch over when entering or leaving a SECA. According to the
schedule voyage from the port of Dubai to the port of Rotterdam our ship has to do this, since it
enters to SECA‘s from English Channel Sea, and this regulation is on force from the 19th of May
2005. MARPOL Annex VI does not require limit of 1.5% S fuel oil to be used throughout the
journey but only when entering SECAs.
Scenario / Case 3
We assume that the similar ship as before is operating using IFO380 3% S and is switched over to
LSHFO380 1.5% S before entering the SECAs. As before we are using the same fuel oil prices.

Fuel Price

Type of Fuel

492.5 US $/MT
IFO380
547.00 US $/MT
LSFO380
The distance from the Rotterdam port to the doorway of English Channel according to the
records of IMO for the SOx Emission control designed areas is something like 500 miles,
(www.portworld.com) consequently, the IFO380 1.5% S is burned in that region. For the
remaining 6,000 miles the ship switch over to IFO380 3.0% S.
Results:
During Voyage
Fuel Type

System

Fuel Price

Consumption

US $/MT

(tons)

Cost (US $)

Main Engine

IFO380 3.0% S

492.5 US $/MT

1,052

518.1

Main Engine

IFO380 1.5% S

547.00 US $/MT

88.2

48.2

MDO

1,006.0 US $/MT

138.9

139,733.4

Gen-sets
Total:
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During Load / Unload
Fuel Price

Consumption

US $/MT

(tons)

MDO

1,006.0 US $/MT

17.1

17,202.6

IFO380 3.0% S

492.5 US $/MT

10.0

4,925

547.00 US $/MT

128.9

70,508.3

Fuel Type

System
Gen-sets
Boilers

IFO380 1.5% S

Boilers

Cost (US $)

92,635 US $

Total:

Total Fuel Cost
Fuel Type
IFO380 3.0% S
IFO380 1.5% S
MDO

Total Consumption

Fuel Price

(Tons)

US $/MT

1062

492.5.00 US $/MT

523,035

217.1

547.00

118,753.7

156

1,006.0 US $/MT

156,936

Total:

Cost (US $)

798,724.7 US $

In addition to the fuel oil cost we already calculated above, there is a possibility the owner or
operator of the ship to modify an existing fuel oil storage tank to separate, segregated tank for
the storage of the low sulphur heavy fuel oil. Thus there is an additional cost for the tank
modification. This most of the times is an extra cost for some older ships to comply with the new
regulatory standards. We would like to mention here that some new buildings corresponding to
owners‘ requirements are already equipped with dual storage tanks. The cost of this modification
of existing fuel oil tank into lower sulphur fuel oil tank involves some extra steel work and
piping works. Due to the fact that we don‘t have access to this cost we have a preference not to
calculate it. We believe that calculation of that kind of works does not provide useful
information for the purpose of that thesis.
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Advantages from the use of Dual Fuel:
More cost effective solution, we save the unnecessary cost for burning only low sulphur
heavy fuel oil.
Particular solution of usages dual fuels put forward the ability for the ship and shipping
company to join trips in SECAs and meet regulatory requirements.
Easy to apply and direct approach in treating the SOx emission issue.
Low sulphur fuel oil is cleaner and of higher quality, hence increasing engine‘s
performance and reducing the risk of any operating problems.
Disadvantages from the use of Dual Fuel:
Modification is required to store the low sulphur heavy fuel in a separate tank if the
existing ship doesn‘t have the appropriate arrangement.
Extra cost to convert the presented fuel oil storage tank arrangement of an existing ship
without this plan.
May be incompatibility for the existing on the ship diesel engines to run with two types
of fuel.
Possibly, the quality of any cylinder oil used may need to be considered since sulphur
contained in the fuel has very good lubrication properties. So current cylinder oil might
not be the best choice for service with low sulphur fuels.
Duel fuel suggestion meets and satisfies marine SOx emission problem. As we mention before
we believe that this is a short term solution as the rules will be eventually tighter and the limit of
1.5% S content at the SECAs will expand to all regions around the world. However, older ships
that are still travelling in the oceans are now capable to meet regulatory standards. During the
above calculation procedure, we didn‘t take into account required modification charge of the
storage fuel oil tanks. This has to be accounted for. Also, more extend investigation has to be
made from engine designers, to come to a decision on the impacts when marine engineers apply
two types of fuel on the same engine.
From the estimation performed above the total fuel cost is 59,299.6 US $ cheaper than the
scenario case 2 use of purely low sulphur fuel oil. (16,855.4 more expensive than use of HFO).
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9.4. Ship Operation Using Alternative Fuels (MDO)
Recent projects that are related to the environmental friendly technologies discussing about the
employment of marine diesel oil (MDO) as an alternative to the heavy fuel oil (IFO 380, IFO180).
MDO has much lower sulphur content less than 1% and therefore results in less SOx and
particulate emissions.
The price gap between HFO and MDO was during the years of that test too large about 20 US $
per metric ton, and nowadays the difference can reach 500 US $ per metric ton.
Scenario / Case 4
We assume that the similar ship as before is operating using MDO. This ship will use completely
MDO for the running of main engine, auxiliary electrical generator engines and the boilers.
According to the above example of the M/V TURANDOT a reduction of 5% on the fuel
consumption will be added.
Fuel Price
Type of Fuel
1,006.00 US $/MT
MDO
Results:
During Voyage
Fuel Price

Consumption

US $/MT

(tons)

MDO

1,006.0 US $/MT

1,140 – 5%

1,089,498

MDO

1,006.0 US $/MT

138.9

139,733.4

Fuel Type

System
Main Engine
Gen-sets

Cost (US $)

1,229,231 US $

Total:

During Load / Unload
System

Fuel Type
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Gen-sets
Boilers

MDO

1,006.0 US $/MT

17.1

17,202.6

MDO

1,006.0 US $/MT

128.9 - 5%

123,189.7

140,392.3 US $

Total:

Total Fuel Cost
Fuel Type
Main Engine
Gen-sets
Boilers

Total Consumption

Fuel Price

(Tons)

US $/MT

1,083

1,006.0 US $/MT

1,089,498

156

1,006.0 US $/MT

156,936

122.45

1,006 US $/MT

123,184.7

Total:

Cost (US $)

1,369,618.7

Advantages from the use of Marine Diesel Oil (MDO)
Low marine SOx emissions after combustion process
Fulfill all regulation for marine emission reduction
No any modification is required for the storage of MDO
MDO has greater heat values thus the fuel consumption is generally reduced
Achieved further savings in the overall operation cost of the engine which including the
maintenance and spare parts.
Disadvantages from the use of Marine Diesel Oil
Extremely high price of Marine Diesel Oil (MDO)
Essentially, the only weakness of using MDO is the vast fuel price twice over the cost of the
ordinary HFO used onboard today for the Main engine function. However, returns are to be
measured correctly. MDO exploitation is also one of the approaches worldwide next to the

MD KAMAL HOSSAIN (200819961)

Page 71

6th May
2009

Final Year Project Report:
Marine Emission Control Technology for Ocean-Going Vessels (OGVs)

emission control investigations. From the estimation performed above the total fuel cost is
518,594.4 US $ more expensive than scenario case 2 use of purely low sulphur fuel oil.
9.5. General Discussion / Upshots:
From the above various alternatives in analysis of different types of fuel utilization it can be
concluded that each individual proposed option have consequently merits and drawbacks. Cost is
an important issue but in long term consideration of treating the marine SOx emission topic,
either LSHFO or MDO approach is very attractive. Dual fuel concern also contributes the
essential credentials for long term application. Finally we will like to note that all this
approaches varies from ship to ship because each ship is having different needs and is coming
across different situations.
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10.0 THE LEADERS OF EMISSIONS ABATEMENT TECHNOLOGY
Reduction of SOx by way of Water Scrubber Method-IMO Regulation
MARPOL introduce in Annex VI a method in which the vessels involved in trading and
practicing inside SECAs do not have to use fuels with low sulphur content. As an alternative, if
ships cannot meet the requirements using the fuel based approach, then other alternative method
have to be employed. For instance, an exhaust gas cleaning system or other equivalent system
may be used. The emission criteria for such system are 6 grams SOx/kWh according to
MARPOL regulations. This technology is analyzed in this thesis to realize its cost effectiveness.
10.1. History of the sea water scrubber
The very first prototype, using virtually the same principles of operation as today‘s scrubbers, to
deal with ship emissions control was known to be installed in the year 1991. Remarkably it was
deduced that this system could achieve a feasible reduction in SOx emissions of up to 92%. On a
more scrutinizing study, however, it was demonstrated that a significantly lower reading was
recorded from the prototype (measured during normal load conditions) to imply a range of
sulphur removal rate of 71% to 73%. This wasn‘t the only installation to be heard off in this
revolutionary period, as in June 1993 the typical sea water scrubber system was fitted amongst, –
other somewhat more established machines - namely a Selective Catalytic Reduction Unit and a
particle educator. The results from this were empirically a 90% SO2 removal efficiency, but the
potential for an even higher efficiency was on the horizon (through conclusive study) if the sea
water/exhaust gas capacity ratio could be optimized.
In the year May 1998, a company Marine Energy Ltd. (MEL) undertook a study to determine
whether or not if the possibility existed to recover waste heat from the exhaust in the mixture
with the sea water; and by achieving this it would automatically signal fuel savings by reducing
the need to operate conventional auxiliary boilers. In this particular study a corresponding SO 2
removal rate of 96% was observed.
A more recent field try used a relatively new prototype scrubber, the Eco-Silencer. This trial was
carried out in autumn 2004, in which the scrubber was installed onboard of P&O Line‘s
passenger ferry Pride of Kent, however it was initially fitted onboard a ferry in August 2001 for
the purpose of testing. Ultimately, the aim was to observe what results could be achieved,
regarding emissions.
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The very first scrubbers (liquid scrubbers) have been around and in operation since the 1930‘s,
predominantly applied to land-based combustion units, for the removal of SO2 in the gaseous
state. In fact, this general process is renowned as Flue Gas Desulphurisation (FGD) and several
branches from the principle design exist including impingement trays, ventures, fan scrubbers
and spray towers. Industrial applications such as the production of pulp and paper; steel industry;
mining industry and power generation have depicted great attraction for these techniques and are
still favourable in most today.
Unfortunately it is prevalently known that the majority of land-based scrubbers are not
transferable directly to ships at face value; this is attributable to size, cost and complexity
considerations. Perhaps the size is too large or the cost is nonnegotiable etc. Aware of and
challenged with this problem, the ordinary manufacturers of land-based scrubbers have initially
(but understandably) been in a reluctant state to develop scrubbers for use onboard ships. There
is no moral thinking then that several sea trials have been conducted to develop sea water
scrubbers for marine applications.
Although in the present era and within this context, that sea water scrubbers are/should be
associated with SOx emission control, they were not initially intended for this purpose.
Shrewdly utilized, they found success in and contributed to the unloading of cargo tanks; to be
precise fire hazards could be reduced due to the production of inert gases within a tankers cargo
capacity when being unloaded. By the 1970‘s, their use was prevalent.
Limited to a certain extent by the ongoing research and development to establish the state-of-theart sea water scrubber for SOx control, their application is also constrained by the fact that
relatively low sulphur fuels are nowadays becoming increasingly common which directly affects
SOx emissions, and this is seen as the easier alternative. In comparison NOx abatement
technologies are slightly reliant, but not solely; on this ‗scrubber‘ method for compliance
purposes as fuel has no direct effect on NOx emissions (it‘s too negligible to be significant). The
combustion process itself is the factor which determines these latter emission levels; this
description is beyond the scope of this project. Nevertheless, sea water scrubber technology is
currently receiving extensive and increasing attention mainly due to one hitch elsewhere in the
market; namely the difficult and uneconomic production and supply of low sulphur fuel.
Essentially sea water scrubbing technology is viewed as a more long term cost-effective
alternative to the latter option, but it too has its disadvantages and drawbacks. Contamination
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into the sea itself, of course, can have disastrous effects on marine ecosystems and
corresponding inhabitants, and the IMO OILPOL convention for oil pollution has a limit of
15ppm of petroleum hydrocarbons discharge. Therefore sea water scrubbers which discharge the
water and hydrocarbon mixture must adhere to these rules if such machines are to be installed in
the first instance.
The basic concept of the seawater scrubber is summarized into the flow chart as shown in figure:

(Seawater Scrubber Process)-Ref. www.gec.jp

9.2. Advantages and disadvantages of the scrubber system
The main advantage of the proposed system is the low installation cost. We need to add that the
SOx reduction that can be achieved theoretically is approximately equal to 95%, but further
research is warranted so as to get correct results.
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Additionally the scrubber can operate when the engine starts, while the engine is under low
loading. This is due to the fact that the vacuum pump will absorb the whole amount of the
exhaust gases.
A big disadvantage is that we have not added filters that will absorb metallic elements that are
contained in the exhaust gases. These filters need further analysis and further chemical knowhow, so as to be thoroughly examined and introduced.
A further disadvantage is the big amount of water needed so as to achieve pH equal to 4 and also
that inside the engine room there will be two funnels; one coming from the engine and the other
will be connected to the top of the sea water tank.
10.3. Naval Architect and Marine Engineering (NA-ME) Water Scrubber Method (ref.25)
The department of naval architecture and marine engineering (NAME), being always close to
technological enhancements, introduced its own device for SOx reduction, through the addition
of water scrubbers. This initiative came immediately before the implementation of MARPOL,
and it is a viable and effective solution. Environmental ethical concern is what inspired the
institution and led it to achieving such a high standard solution. It was concluded that this
method may positively affect the environmental performance of a heavy fuel powered diesel
engine. The principle under which the NAME department‘s scrubber device operates is as
follows:
Inside the chamber, located in the outlet of the exhaust gases or in the case of a ship; the funnel,
there are hundreds of orifices widespread around the diameter of the funnel designed. The
droplets that are formed through violent pressurization and channelling through the orifices are
released into the chamber. Afterwards, these droplets have a downward course. Simultaneously,
the gases released from the turbocharger have a positive pressure. For this reason the inlet to the
chamber is at the lowest point in order to achieve maximum utilization of the already existing
physical properties.
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(NA-ME water scrubber method)
The gases with the upward course, congregate with the droplets of the downward course
achieving a fine mixture and are followed by the spent water discharged into, probably, the sea.
The sea, by default, contains properties that can undertake huge quantities of sulfur. Particularly,
a scrubber device can absorb organic SOx by 95 %. A scrubber device can also be used for the
effective control of NOx emissions from any diesel engine, up to 15 % and CO2, up to 77 %.
Most mechanical residues remain with the water after the atomization process.
10.4. The Eco-Silencer – An Introduction
About four years ago, the two British companies P&O and BP marine joined forces in an attempt
to demonstrate an ingenious solution to reduce exhaust gas emissions from ships. The
evolutionary Eco-silencer - based on the working principles of the original sea water scrubber –
was fitted to the P&O ferry, ‗Pride of Kent‘. This vessel along with its sister ship ‗Pride of
Canterbury‘ were concurrently, at that time, out of service undergoing major refits. It was
scheduled that both of these ships would go into service in early June 2004 on the Dover-Calais
route and this period could be exploited to analyze the effectiveness of emissions reduction
performance. To assist in the analysis and potential practicability of such a technology under
trial, a comparison of some kind would have to be made, and this landed itself to the ‗Pride of
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Canterbury‘ sailing without the Eco-Silencer. With the same route and operating on identical
fuel, this would provide the ideal baseline for the trial, and following the anticipated success of
the tentative experiment, there would be scope to install the Eco-silencer at a later date on this
other ferry.
10.5. Principles of the Eco-Silencer
With the aid of a sophisticated design, the Eco-Silencer works by mixing the hot exhaust gas in a
turbulent cascade with sea water. This particular way of mixing is conducive to optimizing the
surface area for contact between the gas and the water which should be as large as possible; this
almost chaotic aspect, in addition, ensures sufficient time is provided for absorption of
pollutants. The treated gases, although still possessing an undesirable acidic nature, along with
particulate matter are, nevertheless, extracted from the exhaust and passed through a water
treatment system. This particular piece of equipment is designed to filter wastes on a continuous
basis and to provide outlet water that is considerably safe to the environment. The features and
benefits of this Eco-Silencer are compiled in appendix 2. The fundamental details of operation
will now be discussed.

As mentioned previously the principle of operation of the Eco-Silencer is based on using sea
water as a scrubbing medium for SO2 depletion; other substances which are removed are NOx,
soot and particulate. Overboard sea water (cooling water) – used for other essential processes on
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the ship - enters through a sea chest and a set of strainers and is subsequently forced through the
piping system by a sea water pump, which in turn, directs the fluid towards a heat exchanger.
After being conveyed through the heat exchanger, the cooling water is discharged overboard.
Prior to entering the heat exchanger, a portion of overboard sea water is directed into a separate
circulating system; this portion is the water used for scrubbing. The scrubbing water is pumped
through an opening in the bottom part of the Eco-Silencer. Inside this scrubbing apparatus, the
engine‘s exhaust gas passes through a shallow bath of scrubbing sea water. After the scrubbing
process, the scrubbing water is pumped out from the Eco-Silencer through a water filtration
plant where it passes through a series of primary and secondary hydro cyclones. The function of
the primary hydro cyclones is to remove heavy fractions such as soot particles and other solids
of that type. Secondary hydro cyclones remove light fractions such as oils. Removed soot, solids
and oils are diverted into a settling tank for further separation, achieved by gravity, and then
stored safely and securely for anticipated onshore disposal.
After filtration, a portion of cleaned scrubbing water joins the cooling water line and is
discharged overboard. The remaining quantity of scrubbing water passes through the heat
exchanger, which in turn removes the excess heat from the scrubber water, before returning back
into the system containing the circulating water. The engine size predominantly determines the
scale of the cooling and scrubbing water systems to be fitted.
A schematic diagram for the Eco-Silencer‘s recirculation system is shown below figure:
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Fig: Eco-Silencer‘s recirculation system

10.6. Appraisal of the Eco-Silencer
For this study the outputs relating to various cost-related factors are based on the trial with
P&O‘s ferry Pride of Kent mentioned earlier. In addition the costs derived in this study are
subject to an uncertainty range of 30 percent. The key contributors to this uncertainty range
include the following:


Sea water scrubbing on ships has not been used too often (in terms of commercial
application) and the market prices have not been developed. The costs illustrated herein
are estimates based on experience with prototypes and discussion with experts;



Costs for low sulphur fuel mainly depend on demand, supply, sulphur content in the
crude oils and technology. The market regarding low sulphur fuels for ships have not yet
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properly developed; investigated fuels here have been 1.5 and 0.5% sulphur levels. There
is also a generally high volatility of oil markets; and


Inherent variation in costs of retrofitting abatement equipment at different ships due to
ship specific factors.

There is also an uncertainty range associated with emission reduction figures and this was
estimated to be 20 per cent from quoted values herein. The factors causing this are:


Variation in sea water scrubber designs;



Level of maintenance of equipment;



Operating modes and load factors of the ship; and



Variation in sulphur contents of fuels.

10.7. Improvement of Eco-Silencer-Latest Information of the Market
After the installation of the Eco-Silencer on the P&O Line‘s passenger ferry ―Pride of Kent‖
during autumn 2004, due to the overall remarkable performance, this gives confidence to the
manufactures for further improvement of potentials for more efficient, cost effective operation of
that invention. Marine Exhaust Solutions Inc. (MES) a Canada-based company develop during
the year 2006 the third generation of the Eco-Silencer system and now available to the market.
Recently completed trials have proven Eco-Silencer seawater scrubbing system saves millions of
dollars in expected low sulphur fuel cost premiums, and provides superior reduction rates for
SO2 removal over switching to low sulphur residual fuel. In fact, system trials have been so
successful, that the manufacturers are able to offer a Guarantee of Performance with every
installation.
The third generation Eco-Silencer is similar to that which was installed on the ―Pride of Kent‖.
In spite of the many advanced improvements now epitomized by the ES-C3, all Eco-Silencers do
have the more standard and significant features in common: they supersede the conventional
silencers of the engine exhaust stack and also undertake the primary function of the original
technology (to attenuate noise levels); each model has the capacity to lower the noxious fumes;
and even more alluring is the additional benefit of removing soot. If neither of these kinds of
technology is installed, then these various forms of pollutants would emanate freely into the
atmosphere. With six years of development and testing behind them, MES can ensure a reliable
and approved EcoSilencer and is in fact now available for both the commercial shipping industry
and the super yachts.
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10.8. Economical Analysis
On this chapter, we will attempt for a financial analysis on Eco-Silencer method for the
reduction of diesel engines exhaust emissions. We will like to note down that this is only a
simple estimation since there is no any possibility to have accurate information about installation
cost of Eco-Silencer unit, or the maintenance cost. This depends on the manufacturers and on
specific offers between the interesting parts. Apart from that there are many assumptions that are
needed to be made for the completion of this project.
After couple of month trials with the Ro-Ro vessel ―Pride of Kent‖ we can use some various
cost-related factors in order to install an Eco-Silencer unit in our typical oil tanker of 147,000
DWT. Once more the costs derived in this study are subject to an uncertainty range and the key
provider to this uncertainty range includes the following:
 Generally, sew water scrubbing on ships is not used as a commercial application and the
market price have not been developed. The cost illustrated here are estimated based on
experience with prototype like the vessel ―Pride of Kent‖.
 Costs of fuels and especially of low sulphur heavy oil mainly depend on demand, supply
and on the world trade market.
 Inherent variation in cost of equipment at different ships due to ship specific factors.
Capital Cost
An estimation of the installation costs for the scrubbers (four Eco-Silencer in total, one for each
auxiliary engine) installed on the ―Pride of Kent‖ is shown on the table below. According to
Marine Exhaust Solution Company, new build installations would cost 20% to 40% less than
retrofitting. What corresponds in our case, of existing oil tanker, is retrofit.
Cost from the Pride of Kent

Installation Cost

Retrofit

168 US $/kW installed

New Build

118 US $/kW installed

It is very important to mention here that these prices were stated on the August 2005 on the
Entec report (Environmental and Engineering Consultancy). Although, manufacturer company
estimates, that the installation cost for retrofit case, could be in the region of 120 US $/kW for
the near future.
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In our case of typical oil tanker of 147,000 DWT, we will install the Eco-Silencer on the exhaust
funnels of the main engine and the 2 boilers, since our 3 auxiliary diesel generator are using
MDO having a sulphur percentage of less than 1% which is in agreement with the new
regulatory system.
The output power in kW from Main Engine and Boilers are:
1) Main Engine: 18,630 kW
2) Boilers: 28,000 kW each
18,630 𝑥 168 𝑈𝑆 $ 𝑘𝑊 = 3,129,840 𝑈𝑆 $
2 𝑥 28,000 𝑥 168 𝑈𝑆 $ 𝑘𝑊 = 9,408,000 𝑈𝑆 $
Total: 12,537,840 US $
Lifespan Cost
The materials specifications of the Eco-silencer according to the manufacturer have a minimum
lifespan of 15 years. It is stated that Eco-silencer operation conditions are very hard in the
interior of oxidized environment. Apart from the adversity of the environment, the end of the
Eco-Silencer, is subjected to hot and dry conditions since from one end, the exhaust gases enters,
and is cold and humid in the other end, where the sea water and the exhaust gases are mixed
together. For this function of this study, we will assume that dividing the installation cost of an
Eco-Silencer by 15 years we can find the annual cost of this device. Hence,
𝐴𝑛𝑛𝑢𝑎𝑙 𝑐𝑜𝑠𝑡 = 12,537,840 𝑈𝑆 $ 15 𝑦𝑒𝑎𝑟𝑠 = 835,856 𝑈𝑆 $
Maintenance Cost
There is no need to any additional cost further to the initial installation cost for Eco-Silencer,
electricity supply cost to run the sea water pump and maintenance cost. Certainly, the sea water
is a ―Cost free‖ on the ship.
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The power required running the system and the pump of water is reasonably low to determine it,
we can neglect. We have already estimated the installation cost and the lifespan annual cost, so
at this time we will approximate the maintenance cost.
The maintenance cost is a usual expense, to ensure that system is working in good condition.
The operating and maintenance costs on the ―Pride of Kent‖ were determined to be minimal.
These costs related to costs from pump operation, maintenance and sludge disposal. The definite
sludge production in the trial was a rate of 0.2kg/MWhr (very small quantities of sludge) and so
the associated costs can be neglected. The cost estimates are ended as shown in the table below.

Vessel Size

Small

Medium

Large

Maintenance Costs

3% of the

2% of the

1% of the

per year

installation cost

installation cost

installation cost

Our typical Suez-max oil tanker of 147,000 DWT is considered as large size ship and therefore
for our calculations we will assume that the annual maintenance cost will be 1% of the
installation cost of the Eco-Silencer unit.
Maintenance cost = 125,378.4 US $
Installation Cost

12,537,840 US $

(US $)
Maintenance Cost
(US $)

125,378.4 US $

Total Annual CostLifespan

835,856 US $

(US $)
Total Cost:
To have the total cost of this proposal we have to add together the installation cost, the
maintenance cost and the operational cost of the Eco-Silencer.
Total Cost = 13,499,074.4 US $
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10.9. Comments for the Eco-Silencer
With regards to the foregoing technological abatement methods and tables outlined it can be
concluded that Eco-Silencer sea water scrubbing technology is more cost-effective than
switching to low sulphur fuels (this assumes permanent use of just one fuel i.e. 0.5% S fuel or
1.5% S fuel). This is the case since the entire combination of the operating costs, maintenance
costs, overall annual costs etc. for sea water scrubbing work out cheaper than the other two
abatement methods; this is verified in the various tables above. However, it must be noted that
capital costs have been unaccounted for in this respect and whereas switching permanently to a
lower sulphur residual oil incurs no capital costs, the purchase and installation of an EcoSilencer shows significant high costs. Nevertheless sea water scrubbing is the more cost
effective option as it is defined only by the non-capital costs discussed and demonstrated herein.
It can also be concluded that the perception of this cost effectiveness dilemma gives rise to two
scenarios:


For the short term (this would be in the range 2 to 5 years depending on ship
specification) the owner or operator should switch to lower sulphur fuel (any bunker
1.5% or less) to meet the regulations of SECA‘s. The reason is that, for the time period
stated) this option would be cheaper than sea water scrubbing.



Contrary to the short term scenario, the ship owner or operator should apply the sea water
scrubbing technology as over three years or so (again depending on various shipping
factors) the initial capital costs expended would be redeemed within this time period
when compared to using the technology of low sulphur fuel and its associated costs. So
for the long term situation the operator/owner would, by using the Eco-Silencer,
eventually be better off by demonstrating a lower overall expended finance when this
stage of the time scale is reached.

Since the application of the Eco-Silencer is relatively new, we have the aspiration that there
is even better success achieved somewhere in the near future.
We like only to mention that the disappointing reductions of NOx emissions that achieved
with this method doesn‘t quite match up to the standard of SOx and PM reduction, however,
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may be there is more room for sophisticated designs or even a pioneer ideas which could
make this option the best for complying with regulatory organizations. It is interesting to
look into the entirely of this subject and establish what could possibly be achieved.

(The Eco-silencer while it was installed on the ―Pride of Kent‖)
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11.0 DISCUSSION
Eventually, nowadays, we speak openly about climate changes, and especially in the shipping
world, we are trying to promote, among the consignees of MARPOL, regulations and rules that
can effectively and not superficially tackle the cause of the problem.
Thanks to technological enhancement, there is room for optimism; treatment of modern fuels can
be easily dealt with, in addition with renewable and alternative fuels and sources. New fuel
treatments have set the foundations of a rejuvenating era, which prevents any misuse of excess
fuel emissions being disposed towards the atmosphere independently and without any treatment
or filtration.
Further efforts should be done though, because apart from the environmental fatigue modern
society has to encounter and confront the threat of finalization of non-renewable resources.
Optimizing an already optimized solution sometimes is not the answer; what should be taken
into serious account is the usage of Bio-fuels. Bio-fuels could provide a very good solution and
further development, especially on marine engines, so as researchers and scholars to be able to
economically and efficiently reduce SOx emissions.
Bio-fuels are becoming more ―attractive‖ nowadays and soon we are going to witness in our
lifetime so many advancements that will awe us. We are not far away, even in our own guild, to
witness the first ever bio-fuelled vessel. Shipping has the amazing feature of being adaptive and
adopting.
Water scrubber systems can provide viable and vital solutions. SOx reductions are a fact by using
the aforementioned modernized method, where it can be considered a techno-economical
success, technical due to the fact that state of the art equipment are daily, tested and established
on the field of scrubbing techniques that more than efficiently reduce the SOx emissions by 95%.
Such a percentage is more than welcome inside the shipping industry, and capital cost of
installation is unquestionably low, with respect to the general good.
The scrubbing water technique is advantageous because of the low cost of installation, easily
produced, in comparison with other techniques, that sometimes can offer only confusion to such
delicate environmental issues.
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Here we need to add, that the method proposed through this project, has not been tested inside a
laboratory or a regular vessel. In order that we can understand the real contribution of this
method of SOx emissions reduction, a model must be developed in order that we have clear
results concerning the applicability of such efforts.
One of the biggest disadvantages of the system described through this thesis, is the large amount
of water required, in order a concentration of pH equal to four can be achieved. On the other
hand though this pH concentration is not so drastic against the metallurgy of the tank and the
piping system, therefore the cost can be controlled and sensible towards any future investor.
Bio-fuels, by default, are mainly comprised of vegetable oil, which during a normal internal
combustion engine of the latter fuel, while the combustion process ends and emissions are sent
to the atmosphere with relatively small quantities of SOx emitted, the NOx emissions are
increased in comparison with Heavy Fuel Oil. In order to avoid polluting the atmosphere we
should use an alternative method of NOx emission reduction, such as SCR or Direct Water
Injection; it would be diligent of having a thorough study on this field, with a scope of a totally
acceptable SOx and NOx emissions reduction.
Not all the vessels operate under the same conditions. Having that in mind, a selective
methodology, based on few analysis has been devised to assist the ship owners in achieving the
preferable answer.
11.1. OBSERVATION


Technologies such as particulate traps, oxidation catalysts, and exhaust gas recirculation
(EGR) are not applicable for large heavy fuel operated diesel engines.



Trap and catalyst are very sensitive to deactivation and EGR results in corrosion and
contamination risks due to sulphur and ash in fuel.



For NOx reduction, SCR system is the most effective, but the costliest. The most
balanced system is fumigation, followed by direct water injection.



Due to the current cost of fuel switching, the most cost effective technology for reducing
SOx and PM emissions is seawater scrubbing.
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11.2. AREAS FOR FUTURE STUDIES

This approach would hopefully allow the reader to grasp and understand how and why such an
abatement technology can be incorporated to form one complete system. Throughout this
project, we have already declared some areas that need further attention.

Low Sulphur Heavy Oil causes problems in the Existing Diesel Engine
Since IMO with the MARPOL Annex VI and Regulation 13 for SOx emission and the
worldwide reduction of sulphur percentage for the fuel oil to 4.5% and 1.5% at the SECAs
respectively came into force, that cause impact on cylinder lubrication system of the main
engine, since not all the existing diesel engines are suitable to be run using lower sulphur fuel.
Hence more extend investigation has to be made from engine designers, to come to a decision if
it is essential ships to be specific with a dual storage and piping system for cylinder oils. We
must consider according to the regulations and flexible future operation of the ship when
switching in and out of low sulphur fuel.
The Long Term Impact on Refineries
With stringent regulations in force today and most likely to tighten in the future, there is an
increasing amount of pressure on the oil refineries: this pressure is the result of the increasing
demand for low sulphur bunkers from various market players. The prospective regulations on
sulphur emissions may well become such a burden on the refineries that every effort expended
could eventually backfire. It would be necessary to implement an analytical study on current and
future availability of low sulphur crudes and, in addition, determine the general direction of the
trend in order to preclude the worst case scenario.
Scope for Engine Design Improvement
It has been proclaimed by many Diesel Engine Companies, that there is still a considerable
amount of potential for enhancing various combustion processes to further benefit the
environment, in an indirect sense. The remarkable technological developments achieved already
can provide the way forward to reducing emissions to perhaps something thought inconceivable.
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Eco-silencer & the Possibility of Modifications
Since the application of the Eco-silencer is relatively new, one would like to think that there is
even better success achieved somewhere in the near future. The disappointing reductions of NOx
attained doesn‘t quite match up to the standards of SOx and PM reduction, but maybe there is
room for a more sophisticated design or even a revolutionary concept which could make this
option the best for complying with regulatory organizations. It would be interesting to look into
the entirety of this subject and establish what could possibly be achieved.

12.0 CONCLUSION
The main scope of this project was to study existing technology and introduce, a methodology
for a cost effective solution to meet the new regulatory requirements and hence assist the shipowner and operators in selecting the most appropriate financial efficient solution, to meet IMO‘s
regulation, now where Annex VI protocol is in force. To do so, an example vessel was selected
and a techno-economical analysis was done. Furthermore, additional controlling factor took into
account as further organization policy about preventing environment pollution. Four economical
analysis was made, one when the vessel does not use SOx post combustion technique at all,
another while the ship use low sulphur heavy fuel oil, an additional when the ship use dual fuel
concept of heavy fuel oil and low sulphur heavy fuel oil and finally when the ship use post
combustion technique, a seawater scrubber Eco-Silencer. During the final economical analysis
calculations about installation and maintenance costs was made. After very careful examination
of these different scenarios we tried to come to a decision according to operability and financial
correct management of the vessel. Advantages & disadvantages of each situation were reviewed.
Finally, this project research as established of the following conclusions:
1) To ensure compliance with the regulatory controls on emissions within a short term
basis, ship operators and owners should run their vessels on low sulphur fuels. This is
assuming factors such as correct lubricating oils, capital costs and segregation of
different fuels etc. are accounted for.
2) For the average life of a merchant ship (thirty to forty years) the best solution to meet
emission regulations is to install an Eco-silencer (or some other existing sea water
scrubber technology). There is virtually no maintenance nor is there any influencing
effect from fuel-related issues.
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Some News Published in the Technical Journal

MAN B&W partners up in cleaner Shipping action plan
(Published in The Motor ship Journal, April 2009)
MAN Diesel recently hosted the launching of an action plan for cleaner shipping. The Danish
Minister of the environment, Troels Lund Poulsen, introduced the plan at a press conference
held in the research and development test centre at MAN Diesel in Copenhagen.
Environment and the Danish Ship owners‘ Association, which formed a partnership for cleaner
shipping in 2008, are the organisers of the action plan with the objective of cutting air pollution
from Danish shipping worldwide and to meet the requirements of emission regulations adopted
by IMO in 2008.
―The action plan focuses attention on the environment and technological product for the
protection of the environment‖, the minister explained. MAN Diesel has been selected as partner
on the project concerning the so-called low-NOx valve, which greatly reduces both NOx and
particulate emissions. The valve can be retrofitted on all vessels equipped with earlier type MAN
B&W two-stroke engines.
Thomas S. Knudsen, head of MAN Diesel low speed business, explained MAN Diesel‘s
dedicated efforts within environment improving technology, and gave a account of the positive
perspective for the shipping industry by retrofitting low NOx valves on older two-stroke
propelled vessels. ―A combination of improved fuel injection and engine setting adjustments can
cut NOx emissions by 10-15%, he said.
In connection with the cleaner shipping project, MAN Diesel is also cooperating with Aalborg
Industries on a project to install and test a scrubber that will clean the engine exhaust gas
particles and sulphur compounds.
MAN ends up in Tiers
(Published in RINA publication-The Naval Architect, April 2009)

Green & Lean:
Despite the vagaries of the current market, environmental concerns continue to prove a main
driver for future engine development. Last summer MAN Diesel announced that all its engines
meet the Tier II regulations of IMO, which will enter into force from year 2011, including
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sticker NOx emission limits. ―With electronically-controlled engines, MAN has focused on
advanced rate shaping of the injection process, while on the conventional engine types
combustion has been adjusted through design,‖ said MAN Diesel executive vice president Peter
Sunn Pedersen. ―With regard to Tier II, we have now identified all the possible means which can
be used to meet the needed level. We now know what to do and are now implementing our
knowledge on our different engine type. Foe each model we need to find the right combination.‖
Depending on the engine, the solution varies, but it is typically a combination of the tuning of
the combustion, chamber shape, scavenge air pressure, atomiser spray pattern and injection rateshaping.
Whereas Tier I limits NOx emission to 17g/kWh for two-stroke engines, the Tier II limits is
14.4g/kWh. Tier III, to enter into force from 2016, sets the limit to 3.14g/kWh in coastal water.
―We are now working at full speed on meeting Tier III‖ said Mr Sunn Pedersen. ―The projects
here are still more R&D related. Regarding Tier II, our goal has been to achieve the NOx
reduction without much increase in fuel consumption. With electronic control we can start the
injection with lower pressure and then increase it. This gives low NOx emissions with just a
slight increase in fuel consumption, which can be utilised in our series of low-speed engines with
electronic control.‖

All Ships May One Day Be Equipped With Some Kind of Scrubbing Technology
Source: Sustainable Shipping
"Eventually every vessel will have a scrub, or some kind of alternative technology," Capt.
Nicholas Mahony, Marine Manager of the ship owners' association, told Sustainable Shipping.

Capt. Mahony was speaking on the sidelines of the Sustainable Shipping Forum in Singapore.
But for now ship owners have yet to agree on the technology to be adopted, he added. The huge
diversity in trading patterns and vessel types makes it difficult for ship-owners to do so, he said.
"The important thing is for shipping companies and producers to jointly develop the technology,
but shipping has to move in unity. A single company can't go out taking all the risks and bearing
the costs alone."
Capt. Mahony also expressed reservations about slow steaming, which has been presented by
some - including Danish shipping giant AP Moller-Maersk - as an efficient way to reduce CO2
emissions.
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When an additional vessel has to be added to the trading route because of slow steaming,
operating costs increase, he said. This could eat into ship-owners' earnings.
"At the end of the day it's a fine line to tread. There are many criteria affecting what is most
optimal for addressing environmental concerns in shipping," he said.
BIMCO's owner-members represent 65% of the world's merchant fleet.
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