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SUMMARY

Executive summary: The annex to this document provides the full report on the
updated 2000 study on greenhouse gas emissions from ships, titled:
Second IMO GHG Study 2009

Strategic direction: 7.3
High-level action: 7.3.1
Planned output: 7.3.1.3
Action to be taken: Paragraph 6

Related documents:  MEPC 45/8; MEPC 55/23; MEPC 56/23; MEPC 57/4/18 and Add.1,
MEPC 57/21; MEPC 58/4/2, MEPC 58/4/4 and MEPC 59/4/7

Background

1 The first IMO study on emission of greenhouse gases from international shipping was
commissioned following a request by the Diplomatic Conference on Air Pollution that was held
at the IMO Headquarters in September 1997. The conference was convened by the Organization
to consider air pollution issues related to international shipping and, more specifically, to adopt
the 1997 Protocol to the MARPOL Convention (Annex VI — Regulations for the prevention of
air pollution from ships). The first IMO study of greenhouse gas emissions from ships used
figures for 1996 and was published in the year 2000 as document MEPC 45/8.
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Update of the 2000 IMO GHG Study

2 MEPC 55 agreed that the 2000 IMO GHG Study should undergo a general update and
MEPC 56 agreed on Terms of Reference for this work. Progress reports on the updating have
been provided to MEPC 57 (MEPC 57/4/18 and Add.10) and MEPC 58 (MEPC 58/4/2). A final
status report on the updating may be found in document MEPC 59/4/4.

3 The Steering Committee established in connection with the update agreed that the
updated 2000 IMO GHG Study should be titled: Second IMO GHG Study 2009.

Report to the Committee

4 The Committee will recall that the outcome of Phase 1 was reported to its fifty-eighth
session. MEPC 58 noted with appreciation the introduction given by the coordinator of the
international Consortium contracted to undertake the update of the Study, Dr. Buhaug of
MARINTEK, who provided a summary of the main findings in documents MEPC 58/4/4
(executive summary) and MEPC 58/INF.6 (full report) with information on Phase 1 of the
updated 2000 IMO Study on GHG emissions from ships (paragraph 4.23 of document
MEPC 58/23).

5 The full report of the Second IMO GHG Study 2009 (covering both Phase 1 and Phase 2)
is set out as annex to this document. The executive summary can be found in document
MEPC 59/4/7.

Action requested of the Committee

6 The Committee is invited to note the attached Second IMO GHG Study 2009 as a basis of
further consideration on the issue of greenhouse gas emissions from ships.

skoksk
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Second IMO GHG study 2009

DISCLAIMER
As at its date of issue, this report, in whole or in part, is subject to consideration by the IMO organ to which it has been
submitted.

The views and conclusions drawn in this report are those of the scientists writing the report.

CLIMATE CHANGE:

A CHALLENGE FOR IMO TOO!
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Preface

This study of greenhouse gas emissions from ships was commissioned as an update of
International Maritime Organization’s (IMO) Study of Greenhouse Gas Emissions from Ships
which was delivered in 2000. The updated study been prepared on behalf of the IMO by an
international consortium led by MARINTEK. The study was carried out in partnership with the
following institutions:

CE Delft, Dalian Maritime University, Deutsches Zentrum fiir Luft- und Raumfahrt e.V.,
DNV, Energy and Environmental Research Associates (EERA), Lloyd’s Register —
Fairplay, Manchester Metropolitan University, Mokpo National Maritime University
(MNMU), National Maritime Research Institute (Japan), Ocean Policy Research
Foundation (OPRF).

The following individuals were the main contributors to the report:

@yvind Buhaug (Coordinator), James J. Corbett (Task leader, Emissions and Scenarios),
Veronika Eyring (Task leader, Climate Impacts), @Qyvind Endresen, Jasper Faber,
Shinichi Hanayama, David S. Lee, Donchool Lee, Hakon Lindstad,
Agnieszka Z. Markowska, Alvar Mjelde, Dagmar Nelissen, Jorgen Nilsen,
Christopher Pélsson, Wu Wanquing, James J. Winebrake, Koichi Yoshida.

In the course of their efforts, the research team has gratefully received input and comments from
the International Energy Agency (IEA), the Baltic and International Maritime Council (BIMCO),
the International Association of Independent Tanker Owners (INTERTANKO), the Government
of Australia, the Government of Greece and the IMO secretariat.

The main objectives of the study were to assess: (i) present and future emissions from
international shipping; (i1) the potential for reduction of these emissions through technology and
policy; and (iii) impacts on climate from these emissions.

The work has been conducted in two phases. Results from the first phase, covering only part of
the scope, was presented in MEPC 58/INF.6. This report covers the full scope of work, hence
updates and supersedes the report on the first phase.

The views and conclusions drawn in this work are those of the scientists writing the report.

Recommended citation: Second IMO GHG study 2009; International Maritime Organization (IMO) London, UK,
April 2009; Buhaug, @.; Corbett, J.J.; Endresen, @.; Eyring, V.; Faber, J.; Hanayama, S.; Lee, D.S.; Lee, D.;
Lindstad, H.; Markowska, A.Z.; Mjelde, A.; Nelissen, D.; Nilsen, J.; Pélsson, C.; Winebrake, J.J.; Wu, W.-Q.;
Yoshida, K.
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ACS
AGWP
AIS
AFFF
AMVER
BC
CBA
CDM
CFC
CFD
CH4

CcO

CO,
COADS

CORINAIR

ECA
EEDI
EEOI
EJ

EIA
EGR
EU ETS
FAME
FTD
GCM
GDP
GHG
GT
GTP
GWP
HCFC
HFC
HFO
HVAC
ICF
IEA
IPCC
ISO
LNG
LRFPR
LRIT
MARPOL
MCFC
MCR
MDO
MEPC
METS
MGO
MSD
NOy
NMVOC

List of abbreviations

Air cavity system

Absolute global warming potential
Automatic identification system

Aqueous film-forming foams

Automated Mutual-assistance Vessel Rescue system
Black carbon

Cost—benefit analysis

Clean development mechanism
Chlorofluorocarbons

Computational fluid dynamics

Methane

Carbon monoxide

Carbon dioxide

Comprehensive Ocean—Atmosphere Data Set

Core Inventory of Air Emissions — Programme to establish an inventory of

emissions of air pollutants in Europe

Emission Control Area

Energy Efficiency Design Index

Energy Efficiency Operational Indicator

Exajoule (10" joules)

United States Energy Information Administration
Exhaust gas recirculation (NOy reduction technology)
European Union Emissions Trading Scheme

Fatty Acid Methyl Ester (a type of bio-diesel)
Fischer—Tropsch diesel (a type of synthetic diesel)
Global climate model

Gross domestic product

Greenhouse gas

Gross tonnage

Global temperature change potential

Global warming potential

Hydrochlorofluorocarbons

Hydrofluorocarbons

Heavy fuel oil

Heat, ventilation and air conditioning

International Compensation Fund for GHG emisssions from ships
International Energy Agency

Intergovernmental Panel on Climate Change
International Organization for Standardization
Liquefied natural gas

Lloyd’s Register — Fairplay Research

Long range identification and tracking system
International Convention for the Prevention of Pollution from Ships
Molten carbonate fuel cell

Maximum continuous rating

Marine diesel oil (distillate marine fuel with possible residual fuel traces)
Marine Environment Protection Committee

Maritime emissions trading scheme

Marine gas oil (distillate marine fuel)

Medium speed diesel

Nitrogen oxides

Non-methane volatile organic compounds
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OECD
OPRF
PAC
PFOS
PM
PM;,
POM
RF

RTOC
SCR
SECA
SEMP
SF
SFOC
SO
SOFC
SRES
SSD
TDC
TEU
UNCTAD
UNEP
UNFCCC
VOC
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Net standard volume

Ozone

Organisation for Economic Co-operation and Development
Ocean Policy Research Foundation

Polycyclic aromatic hydrocarbons

Perfluorooctane sulphonates

Particulate matter/material

Particulate matter/material with aerodynamic diameter 10 micrometres or less
Particulate organic matter/material

Radiative forcing

Revolutions per minute

Refrigeration, Air Conditioning and Heat Pumps Technical Options Committee
Selective catalytic reduction

SO, Emission Control Area

Ship efficiency management plan

Sulphur hexafluoride

Specific fuel oil consumption

Sulphur oxides

Solid oxide fuel cell

Special Report on Emissions Scenarios (IPCC)

Slow speed diesel

Top dead centre

Twenty foot equivalent unit

United Nations Conference on Trade and Development
United Nations Environment Programme

United Nations Framework Convention on Climate Change
Volatile organic compounds
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Definitions

International
shipping

Shipping between ports of different countries, as opposed to domestic
shipping. International shipping excludes military and fishing vessels. By
this definition, the same ship may frequently be engaged in both
international and domestic shipping operations. This is consistent with
IPCC 2006 Guidelines.

Domestic
shipping

Shipping between ports of the same country, as opposed to international
shipping. Domestic shipping excludes military and fishing vessels. By
this definition, the same ship may frequently be engaged in both
international and domestic shipping operations. This definition is
consistent with IPCC 2006 Guidelines.

Coastwise
shipping

Coastwise shipping is freight movements and other shipping activities
that are predominantly along coastlines or regionally bound
(e.g., passenger vessels, ferries, offshore vessels) as opposed to
ocean-going shipping. The distinction is made for the purpose of scenario
modelling and is based on ship types, i.e. a ship is either a coastwise or
an ocean-going ship.

Ocean-going

This is a term used for scenario modelling. It refers to large

shipping cargo-carrying ships engaged in ocean-crossing trade.
Total shipping | This is defined in this report as international and domestic shipping plus
fishing. It excludes military vessels.
CONTENTS
Chapter Page
1 EXECULIVE SUMIMATY . ciciviirnseicssarcssrisssarssssnesssesossssessssssssasssssssssssssssassssssssssasessasssssassssasssssssossassssass 7
2 Introduction to shipping and its legislative framework 18
3 Emissions from shipping 1990-2007 34
4 Reductions in emissions achieved by implementation of MARPOL Annex VI..........c..c.... 52
5 Technological and operational potential for reduction of emissions 60
6 Policy options for reductions of GHG and other relevant substances 81
7 Scenarios for future emissions from international shipping 122
8 Climate impact 151
9 Comparison of emissions of CO, from ships with emissions from other
MOAES Of trANSPOIL..ccccreicrcreicsreressrisssercssanesssersssasessssssssaressssssssassssssesssssossassssssssssasessnssossassssasese 172

Appendix 1 — Estimate of fuel consumption in 2007 by international shipping 183
Appendix 2 — Emission-reduction technology options.........cccceceeecveecenenee 221
Appendix 3 — Calculation of energy distribution on board ships 250
Appendix 4 — Estimation of CO, marginal abatement costs for shipping 262
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Chapter 1
Executive summary
Conclusions

o Shipping is estimated to have emitted 1,046 million tonnes of CO, in 2007, which
corresponds to 3.3% of the global emissions during 2007. International shipping
is estimated to have emitted 870 million tonnes, or about 2.7% of the global
emissions of CO; in 2007.

o Exhaust gases are the primary source of emissions from ships. Carbon dioxide is
the most important GHG emitted by ships. Both in terms of quantity and of global
warming potential, other GHG emissions from ships are less important.

o Mid-range emissions scenarios show that, by 2050, in the absence of policies, ship
emissions may grow by 150% to 250% (compared to the emissions in 2007) as a
result of the growth in shipping.

o A significant potential for reduction of GHG through technical and operational
measures has been identified. Together, if implemented, these measures could
increase efficiency and reduce the emissions rate by 25% to 75% below the
current levels. Many of these measures appear to be cost-effective, although
non-financial barriers may discourage their implementation, as discussed in
chapter 5.

. A number of policies to reduce GHG emissions from ships are conceivable. This
report analyses options that are relevant to the current IMO debate. The report
finds that market-based instruments are cost-effective policy instruments with a
high environmental effectiveness. These instruments capture the largest amount of
emissions under the scope, allow both technical and operational measures in the
shipping sector to be used, and can offset emissions in other sectors. A mandatory
limit on the Energy Efficiency Design Index for new ships is a cost-effective
solution that can provide an incentive to improve the design efficiency of new
ships. However, its environmental effect is limited because it only applies to new
ships and because it only incentivizes design improvements and not improvements
in operations.

o Shipping has been shown, in general, to be an energy-efficient means of
transportation compared to other modes. However, not all forms of shipping are
more efficient than all other forms of transport.

o The emissions of CO; from shipping lead to positive “radiative forcing” (a metric
of climate change) and to long-lasting global warming. In the shorter term, the
global mean radiative forcing from shipping is negative and implies cooling;
however, regional temperature responses and other manifestations of climate
change may nevertheless occur. In the longer term, emissions from shipping will
result in a warming response as the long-lasting effect of CO, will overwhelm any
shorter-term cooling effects.
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. If a climate is to be stabilized at no more than 2°C warming over pre-industrial

levels by 2100 and emissions from shipping continue as projected in the scenarios
that are given in this report, then they would constitute between 12% and 18% of
the global total CO, emissions in 2050 that would be required to achieve
stabilization (by 2100) with a 50% probability of success.

Background

1.1 The 1997 MARPOL Conference (September 1997) convened by the IMO adopted
resolution 8 on “CO, emissions from ships”. This resolution invited, inter alia, the IMO to
undertake a study of emissions of GHG from ships for the purpose of establishing the amount
and relative percentage of GHG emissions from ships as part of the global inventory of
GHG emissions. As a follow-up to the above resolution, the IMO Study of Greenhouse Gas
Emissions from Ships was completed and presented to the forty-fifth session of the MEPC
(MEPC 45) in June 2000, as document MEPC 45/8.

1.2 MEPC 55 (October 2006) agreed to update the “IMO Study of Greenhouse Gas
Emissions from Ships” from 2000 to provide a better foundation for future decisions and to assist
in the follow-up to resolution A.963(23). MEPC 56 (July 2007) adopted the Terms of Reference
for the updating of the study, which has been given the title “Second IMO GHG Study 2009”.
This report has been prepared by an international consortium, as set out in the preface to this
report.

Scope and structure

1.3 As set out in the terms of reference, this study provides estimates of present and future
emissions from international shipping. “International shipping” has been defined in accordance
with guidelines developed by The Intergovernmental Panel on Climate Change (IPCC). These
guidelines divide emissions from water-borne navigation into two primary categories: domestic
and international, where “international waterborne navigation” is defined as navigation between
ports of different countries. Total estimates that include emissions from domestic shipping and
emissions from fishing are also included in this report.

1.4 The study addresses greenhouse gases (CO,, CHa, N,O, HFCs, PFCs, SF¢) and other
relevant substances (NOx, NMVOC, CO, PM, SOy) that are defined in the terms of reference for
this study.

1.5 The report has been organized into the following main parts:

A Annual inventories of emissions of greenhouse gases and other relevant emissions
from shipping from 1990 to 2007 (chapter 3);

2 Analysis of the progress in reducing emissions from shipping through
implementation of MARPOL Annex VI (chapter 4);

3 Analysis of technical and operational measures to reduce emissions (chapter 5);
4 Analysis of policy options to reduce emissions (chapter 6);
5 Scenarios for future emissions from international shipping (chapter 7);
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.6 Analysis of the effect of emissions from shipping on the global climate
(chapter 8); and

7 A comparison of the energy efficiency and CO; efficiency of shipping compared
to other modes of transport (chapter 9).

Emissions 1990-2007

1.6  The analysis in this report shows that exhaust gas is the dominating source of emissions
from shipping. Additionally, emissions originating from leaks of refrigerant and release of
volatile organic compounds in conjunction with the transport of crude oil are quantified in this
study. Other emissions include diverse sources, such as emissions from testing and maintenance
of fire-fighting equipment. These are not considered significant and are not quantified in this
report.

1.7  Emissions of exhaust gases from international shipping are estimated in this study, based
on a methodology where the total fuel consumption of international shipping is first determined.
Emissions are subsequently calculated by multiplying fuel consumption with an emission factor
for the pollutant in question.

1.8  Fuel consumption for the year 2007 was estimated by an activity-based methodology.
This is a change in methodology compared to the first IMO study on greenhouse gas emissions
from ships, published in 2000, which relied on fuel statistics. The investigations that are
presented in this study suggest that international fuel statistics would under-report fuel
consumption. The difference between the fuel statistics and the activity-based estimate is
about 30%.

1.9 Guidebook emission factors from CORINAIR and IPCC were used for all emissions
except for NOy, where adjustments were made to accommodate the effect of the NOy regulations
in MARPOL Annex VI. Estimates of emissions of refrigerants were retrieved from
the 2006 United Nations Environmental Programme (UNEP) assessment of refrigerant emissions
from transport. The emissions of VOC from crude oil were assessed on the basis of several data
sources.

1.10  An estimate of the share of the total emissions of exhaust gases from ships that can be
attributed to international shipping was made on the basis of the estimate for total fuel
consumption by shipping and statistics for fuel consumption by domestic shipping in 2007.
An emissions series from 1990 to 2007 was generated by assuming that ship activity was
proportional to data on seaborne transport published by Fearnresearch. The estimate
of GHG emissions for 2007 is presented in table 1-1. Emissions of SF¢ and PFC are considered
negligible and are not quantified. Emissions of CO, from shipping are compared with global
total emissions in figure 1-1.
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Table 1-1 —Summary of GHG emissions from shipping* during 2007
International shipping Total shipping
million tonnes million tonnes CO, equivalent
Co, 870 1046 1046
Not determined* 0.24

CH, 6

N,O 0.02 0.03 9

HFC Not determined* 0.0004 <6

A split into domestic and international emissions is not possible.

m Other Transport

Figure 1-1 — Emissions of CO; from shipping compared with global total emissions
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Emission reductions achieved by implementation of MARPOL Annex VI

1.11

emissions that are regulated in MARPOL Annex VI.

1.12 Reductions in emissions of ozone-depleting substances (ODSs) from ships have been
achieved as a result of several international agreements, including the Montreal Protocol and
MARPOL Annex VI. Reductions in these emissions have been estimated on the basis of figures
in the 1998 and 2006 reports published by the UNEP Refrigeration, Air Conditioning and Heat
Pumps Technical Options Committee (RTOC). The base year for the 2006 RTOC report is 2003;
however, a base year is not available in the 1998 report. Nevertheless, these data indicate the

following:

1 CFC

2 HCFC — 10 900 tonnes reduction

3 HFC

[A\MEPC\S9\INF-10.doc
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1.13  Emissions of HFC have increased, because HFC are used as a substitute for CFC
and HCFC.

1.14  Where emissions of NOy are concerned, a reduction in emissions of about 12—-14% per
tonne of fuel consumed has been identified for regulated (Tier I) engines as compared to
pre-regulation (Tier 0) engines. In 2007, about 40% of the installed engine power of the world
fleet had been built since 1 January 2000 and was thus assumed to be Tier I-compliant. The net
reduction in international emissions of NOy from shipping in 2007 was thus about 6% compared
to a no-regulation baseline. However, NOy emissions from international shipping are estimated
to have increased from 16 million tonnes in 2000 to 20 million tonnes in 2007.

1.15 Reductions in SOy emissions have been estimated for 2008, since this is the first year in
which both of the sulphur emission control areas (SECAs) have been fully in force. Based on a
set of assumptions, including an average content of sulphur in the fuel that is used in SECAs, in
the hypothetical unregulated scenario it is estimated that emissions of sulphur oxides from
shipping in the SECA areas had been reduced by about 42%.

1.16 A reduction in emissions of VOC has not been quantified. The most tangible result of
implementing regulation 15 in MARPOL Annex VI is the introduction of standardized
VOC return pipes, through which tankers can discharge VOC to shore during loading.
Most tankers now have this capability, although the frequency of their use is variable.

Technological and operational options for reduction of emissions

1.17 A wide range of options for increasing the energy efficiency and reducing emissions by
changing ship design and ship operation has been identified. An overall assessment of the
potential of these options to achieve a reduction of CO, emissions is shown in table 1-2. Since
the primary gateway to reduction of CO, emissions is increased energy efficiency, these
reduction potentials generally apply to all emissions of exhaust gases from ships.

Table 1-2 — Assessment of potential reductions of CO; emissions from shipping by using
known technology and practices

. Saving of . .
DESIGN (New ships) CO, tonne-mile Combined Combined
Concept, speed & capability 2% to 50%"
Hull and superstructure 2% to 20%
Power and propulsion systems 5% to 15% o o+
Low-carbon fuels 5% to 15%* 10% to 50%
Renewable energy 1% to 10% o o+
Exhaust gas CO, reduction 0% 25% 0 75%
OPERATION (All ships)
Fleet management, logistics & incentives 5% to 50% "
Voyage optimization 1% to 10% 10% to 50%"
Energy management 1% to 10%

Reductions at this level would require reductions of operational speed.
*  CO, equivalent, based on the use of LNG.

1.18 A considerable proportion of the potential abatement appears to be cost-effective at

present. However, non-financial barriers may currently limit the adoption of certain measures, as
discussed in chapter 5.
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1.19 Renewable energy, in the form of electric power generated by solar cells and thrust
generated by wind, is technically feasible only as a partial source of replacement power, due to
the variable intensity and the peak power of wind and sunlight.

1.20  Carbon dioxide is the most important GHG emission from shipping, and the potential
benefits from reducing emissions of the other GHG are small in comparison.

1.21  Fuels with lower life-cycle CO, emissions include biofuels and liquefied natural gas
(LNG). The use of biofuels on board ships is technically possible; however, use of
first-generation biofuels poses some technical challenges and could also increase the risk of
losing power (e.g., due to plugging of filters). These challenges are, nevertheless, overshadowed
by limited availability and unattractive prices that make this option appear unlikely to be
implemented on a large scale in the near future. However, it is believed that LNG will become
economically attractive, principally for ships in regional trades within ECAs where LNG is
available.

1.22  Emissions of other relevant substances (NOy, SOx, PM, CO and NMVOC) as exhaust gas
pollutants will be reduced as the energy efficiency of shipping is improved. Long-term
reductions in emissions that are mandated or expected from implementation of the revised
Annex VI are shown in table 1-3. Significant reductions in emissions can be achieved by
increasing numbers or extending the coverage of Emission Control Areas.

Table 1-3 — Long-term reductions in emissions in the revised MARPOL Annex VI

Global ECA
NO, (g/kW-h) 15-20% 80%
SO,* (g/kW-h) 80% 96%
LPM (mass)" (g/kW-h) 73% 83%

Reduction relative to fuel that contains 2.7% sulphur.
Expected PM reduction arising from change of composition of fuel.

1.23  Future (sulphur) emission control areas ((S)ECAs) will limit the maximum sulphur
content of the fuels that are used within these areas to 0.1%. This is a radical improvement from
the present-day average of 2.7% of sulphur in residual fuel, although it will still be 100-times
higher than the levels of sulphur in automotive diesel fuels (10 ppm, 0.001%). Reductions in
emission levels that are significantly beyond the ECA levels indicated in table 1-3 would create a
need for stricter fuel-quality requirements.

Policy options for reduction of emissions

1.24  Many technical and operational measures that may be used to reduce GHG emissions
from ships have been identified; however, these measures may not be implemented unless
policies are established to support their implementation. A number of policies to reduce
GHG emissions from ships are conceivable. This report sets out to identify a comprehensive
overview of options. The options that are relevant to the current IMO debate are analysed in
detail. These options are:

1 a mandatory limit on the Energy Efficiency Design Index (EEDI) for new ships;

2 mandatory or voluntary reporting of the EEDI for new ships;
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mandatory or voluntary reporting of the Energy Efficiency Operational Indicator
(EEOI);

mandatory or voluntary use of a Ship Efficiency Management Plan (SEMP);
mandatory limit on the EEOI value, combined with a penalty for non-compliance;
a Maritime Emissions Trading Scheme (METS); and

a so-called International Compensation Fund (ICF), to be financed by a levy on
marine bunkers.

1.25 The analysis of the options is based on the criteria for a coherent and comprehensive
future IMO regulatory framework on GHG emissions from ships, developed by MEPC 57.
Based on these criteria, the following qualitative conclusions can be drawn with respect to
options being discussed within IMO at present:

1

A mandatory limit on Energy Efficiency Design Index (EEDI) for new ships
appears to be a cost-effective solution that can provide a strong incentive to
improve the design efficiency of new ships. The main limitation of the EEDI is
that it only addresses ship design; operational measures are not considered. This
limits the environmental effectiveness. The effect is also limited, in the sense that
it applies only to new ships;

mandatory and/or voluntary reporting of either the EEDI or the EEOI would have
no environmental effect in itself. Rather, environmental effectiveness and
cost-effectiveness would depend on incentive schemes being set up to make use of
the information. The assessment of the large number of conceivable incentive
schemes was beyond the scope of this report;

the Ship Efficiency Management Plan (SEMP) appears to be a feasible approach
to increase awareness of cost-effective measures to reduce emissions. However,
since this instrument does not require a reduction of emissions, its effectiveness
will depend on the availability of cost-effective measures to reduce emissions
(i.e. measures for which the fuel savings exceed the capital and operational
expenditures). Likewise, it will not incentivize innovation and R & D beyond the
situation of “business as usual”;

a mandatory limit on EEOI appears to be a cost-effective solution that can provide
a strong incentive to reduce emissions from all ships that are engaged in transport
work. It incentivizes both technical and operational measures. However, this
option is technically very challenging, due to the difficulties in establishing and
updating baselines for operational efficiency and in setting targets;

both the Maritime Emission Trading Scheme (METS) and the International
Compensation Fund for GHG Emissions from Ships (ICF) are cost-effective
policy instruments with high environmental effectiveness. They have the largest
amount of emissions within their scope, allow all measures in the shipping sector
to be used and can offset emissions in other sectors. These instruments provide
strong incentives to technological change, both in operational technologies and in
ship design; and
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.6 the environmental effect of the METS is an integral part of its design and will
therefore be met. In contrast, part of the environmental effect of the ICF depends
on decisions about the share of funds that will be spent on buying emission
allowances from other sectors. With regard to cost-effectiveness, incentives to
technological change and feasibility of implementation, both policy instruments
seem to be quite similar.

Scenarios for future emissions from international shipping

1.26  Future emissions of CO, from international shipping were estimated on the basis of a
relatively simple model, which was developed in accordance with well-established scenario
practice and methodology. The model incorporates a limited number of key driving parameters,

as shown in table 1-4.

Table 1-4 — Driving variables used for scenario analysis

Category Variable Related elements

Economy Shipping transport demand | Population, global and regional economic
(tonne-miles/year) growth, modal shifts, shifts in sectoral demand
Transport efficiency | Ship design, advances in propulsion, vessel

Transport (MJ/tonne-mile) — depends on | speed, regulations aimed at achieving other

efficiency fleet composition, ship | objectives but that have consequences for
technology and operation emissions of GHG

Energy Ezfcbi(;nusfergcl?;r;h;;fpigg (éu(i Cost and availability of fuels (e.g., use of

residual fuel, distillates, biofuels, or other fuels)

C/MJ of fuel energy)

1.27  In this study, carbon emissions are explicitly modelled as a parameter of the scenario.
Other levels of pollutant emissions are calculated on the basis of energy consumption and
MARPOL regulations. Scenarios are based on the framework for global development and
storylines that have been developed by the Intergovernmental Panel on Climate Change (IPCC)
in the Special Report on Emission Scenarios (SRES).

1.28 A hybrid approach, considering both historic correlations between economic growth and
trade as well as analysis considering regional shifts in trade, increased recycling, and new
transport corridors, has been employed, inter alia, to derive the projections of future demand for
transport.

1.29  No regulations regarding CO, or fuel efficiency have been assumed, and the improvement
in efficiency over time reflects improvements that would be cost-effective in the various
scenarios rather than the ultimate technological potential.

1.30  Assumptions about future use of fuel reflect that the availability of energy in the SRES
scenarios would permit the continued use of oil-based fuels until 2050 for shipping. Therefore, in
these scenarios, in which there is non-regulation of GHG emissions, the move from oil-derived
fuels would have to be motivated by economic factors. The effect of MARPOL Annex VI on the
fuel that is used is considered.
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1.31  Scenarios are modelled from 2007 to 2050. The main scenarios are named A1FI, A1B,
AIT, A2, Bl and B2, according to terminology from the IPCC Special Report on Emission
Scenarios (SRES). These scenarios are characterized by global differences in population,
economy, land-use and agriculture which are evaluated against two major tendencies:
(1) globalization versus regionalization and (2) environmental values versus economic values.
The background for these scenarios is discussed in chapter 7 of this report.

1.32  Annual increases of CO, emissions, in the range of 1.9-2.7%, are found in base scenarios,
with extreme scenarios indicating increases of 5.2% and —0.8%, respectively. The increase in
emissions is driven by the expected growth in seaborne transport. The scenarios with the lowest
emissions show reductions in CO; emissions in 2050 compared to emissions during 2007.
Results from the scenarios are shown in figure 1-2.

International shipping CO2 emission scenarios
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Figure 1-2 — Trajectories of the emissions from international shipping. Columns on the
right-hand side indicate the range of results for the scenarios within individual
families of scenario.

Climate impact
1.33 A detailed analysis of the climate impacts of emissions from ships was performed, using
state-of-the-art modelling and references to and comparison with other relevant research.

Emissions from international shipping produce significant impacts on atmospheric composition,
human health and climate; these are summarized below:
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increases in well-mixed GHGs, such as CO,, lead to positive “radiative forcing*,”
(RF) and to long-lasting global warming;

for 2007, the RF from CO, from shipping was calculated to be 49 mW m 2,
contributing approximately 2.8% of total RF from anthropogenic CO, in 2005;

for a range of 2050 scenarios, the RF of CO; from shipping was calculated to be
between 99 and 122 mW m %, bounded by a minimum/maximum uncertainty
range (from the scenarios) of 68 mW m > and 152 mW m 2;

the total RF for 2007 from shipping was estimated to be —110 mW m 2,
dominated by a rather uncertain estimate of the indirect effect (—116 mW m %) and
not including the possible positive RF from the interaction of black carbon with
snow, which has not yet been calculated for ship emissions. We also emphasize
that CO; remains in the atmosphere for a long time and will continue to have a
warming effect long after it was emitted. This has been demonstrated here by
showing how the residual effects of emissions from shipping prior to 2007 turn
from a negative effect on temperature to a positive effect. By contrast, sulphate
has a residence time in the atmosphere of approximately 10 days, and the duration
of response of the climate to sulphate is of the order of decades, whilst that of CO,
is of the order of centuries to millennia;

simple calculations of global means have been presented here for RF and
temperature response, and are in agreement with other studies in the literature.
As highlighted by others, global mean temperature response is only a first-order
indicator of climate change. Calculations presented here show that the radiative
forcing from shipping has a complex spatial structure, and there is evidence from
other, more general, studies of indirect cloud-forcing effects that significant
changes in precipitation patterns may result from localized negative RFs, even if
the localized temperature response is not so variable. Such alterations in
precipitation, even from negative forcing, constitute climate change. This is a
complex subject, and more work on this aspect is needed;

while the control of emissions of NOy, SO, and particles from ships will have
beneficial impacts on air quality, acidification and eutrophication, reductions of
emissions of CO, from all sources (including ships and other freight modes) will
be required to reduce global warming. Moreover, a shift to cleaner combustion
and cleaner fuels may be enhanced by a shift to technologies that lower the
emissions of CO,; and

climate stabilization will require significant reductions in future global emissions
of CO,;. The projected emissions from shipping for 2050 that have been developed
for this work — which are based on SRES non-climate intervention policy

A common metric to quantify impacts on climate from different sources is “radiative forcing” (RF), in units of
W/m?, since there is an approximately linear relationship between global mean radiative forcing and change in
global mean surface temperature. RF refers to the change in the Earth—atmosphere energy balance since the
pre-industrial period. If the atmosphere is subject to a positive RF from, for example, the addition of a
greenhouse gas such as CO,, the atmosphere attempts to re-establish a radiative equilibrium, resulting in a
warming of the atmosphere.
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assumptions — constitute 12% to 18% of the WRE450 stabilization scenario,
which corresponds to the total permissible global emissions of CO; in 2050 if the
increase in global average temperature is to be limited to 2°C with a probability
greater than 50%.

Comparison of emissions of CO; from ships with emissions from other modes of transport

1.34  The ranges of CO,; efficiency of various forms of transport were estimated, using actual
operating data, transport statistics and other information. The efficiency of ships is compared
with that of other modes of transport in figure 1-3. Efficiency is expressed as mass of CO, per
tonne-kilometre, where the mass of CO, expresses the total emissions from the activity and
“tonne-kilometre” expresses the total transport work that is done. The ranges that have been
plotted in the figure show the typical average range for each of them. The figure does not indicate
the maximum (or minimum) efficiency that may be observed.

Range of typical CO2 efficiencies for various cargo carriers

Crude
LNG |
General Cargo |
Reefer |
Chemical |
Bulk |
Container |
LPG |
Product |
RoRo / Vehicle |

Rail |  EE—

Road | —

0 50 100 150 200 250
g CO2 / ton*km

Figure 1-3 — Typical ranges of CO, efficiencies of ships compared with rail and
road transport
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Chapter 2
Introduction to shipping and its legislative framework

2.1 This chapter presents a short introduction to the structure of the shipping industry and its
legislative framework. The chapter also emphasizes fundamental background information that is
of relevance to present-day shipping and emissions as well as for the generation of future
emissions scenarios.

Seaborne trade and contribution to the economy

2.2 Pollutant emissions from shipping are linked to shipping activity, which is driven by the
world economy. Understanding this mechanism for seaborne transport and other shipping
activities is therefore vital to establishing emissions inventories and trends.

2.3 According to UNCTAD [2], about 80% of world trade by volume is carried by sea where
demand for seaborne transport is closely linked to the development of the economy. The activity
of the shipping industry is expressed in tonne-miles, which is the amount of cargo shipped
multiplied by the average distance that it is transported. The volumes of various categories of
cargo are shown in figure 2-1, which is based on data from Fearnleys, as printed in the 2007 ISL
Statistical Yearbook [1]. More detailed information reports on trade and shipping are published
annually by UNCTAD [2].

2006 World seaborne trade [billion tonne-miles]

m Crude oll

9608 Oil products
Coal

m Iron ore
Grain

Other

1436

4120 3372

Figure 2-1 — World seaborne trade in 2006

2.4  Seaborne transport services the global demand for food, energy, raw materials and
finished products. Ships carry essential food such as grains, rice, maize, meat, fish, sugar, and
vegetables, vegetable oils, etc., as well as fertilizers to produce more and better crops. Energy, in
the form of crude oil, refined petroleum products, coal and gas, is responsible for a significant
share of the tonne-miles transported. Furthermore, raw materials such as iron ore, minerals,
lumber, scrap iron, cotton, wool, rubber and more are transported, as are semi-finished and
finished products. Apart from trade and transportation, various other tasks are performed by
special ships. These include offshore service activities, infrastructure development (such as cable
laying, pipe laying and dredging), fishing, exploration and research, towing services, etc.

[A\MEPC\S9\INF-10.doc



MEPC 59/INF.10
ANNEX
Page 19

2.5  Seaborne trade has grown with the world economy. Average annual growth rates in
tonne-miles for the twenty-year period 1986-2006 are shown in figure 2-2 and total seaborne
trade, expressed in billion tonne-miles, is shown in figure 2-3. These data were originally
generated by Fearnresearch by tracking a subset of the world cargo fleet, using ship movement
data from Lloyd’s Marine Intelligence Unit and data on specific cargoes carried. These data are
published, inter alia, in the 2007 ISL Statistical Yearbook [1].

Annual growth in sea transport and world GDP 1986-2006

0 T T T T
Crude oil Oil Coal Iron ore Grain Other  All cargos  World
products GDP

Growth p.a. in tonne-miles or gdp [%]
w

Figure 2-2 — Average annual growth in world seaborne transport and world GDP
between 1986 and 2006 [Fearnresearch]|

World seaborne trade 1970-2007
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Figure 2-3 — Seaborne trade 1970-2007 in billion tonne-miles [Fearnresearch]

2.6 The overall average annual growth in tonne-miles has been 4.1%. Coal and “other”
cargoes have displayed the highest rates of growth (4.5% and 4.8% respectively), while grain has
had the smallest annual growth rate (2.3%). In the same period, world economic growth,
expressed as real GDP, rose by 3.4% each year on average [3].
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2.7  Due to its close connection to trade, international shipping also plays a vital role in
facilitation of trade as the most cost-effective means of transport. With economic growth, this
shipping industry expanded gradually, and total turnover of marine activities is estimated to be
roughly US$ 1.3 trillion in 2004 (Stopford [4]) with an 8% increase compared to 1999, as can be
seen in table 2-1. About one third is related to merchant shipping. The table also demonstrates
the growth of the contribution of merchant shipping (22%) over the timeframe.

Table 2-1 — Contribution of marine and shipping activities to the economy

USS millions Growth Share in

1999 2004 9904 (% pa) 2004 (%)
la. Merchant shipping 160 598 426 297 22 31
1b. Naval shipping 150 000 173 891 3 13
I¢.Cruise industry 8255 14 925 12 1
1d. Ports 26 985 31115 3 2
Total operations 345 838 646 229 13 47
2. Shipbuilding 133 170 173 482 5 13
3. Marine resources 95278 116 933 4 8
4. Marine fisheries 185 817 206 103 2 15
5. Other 179 466 243 898 6 18
Total — US$ millions 939 570 1 386 645 8 100
World GDP (current USS$) 31025816 41 732 430
GDP contribution — marine 3.03% 3.32%
GDP contribution — shipping 1.01% 1.11%

Source: based on Stopford (2009) [4] and figures from the World Bank [5]

2.8  Today, the industry employs about 1.23 million seafarers and about half of the total fleet
are cargo-carrying ships, operating in over 3,000 major ports [4]. Largest supporting industries
for the shipping industry are the shipbuilding and marine equipment industry, with a turnover of
USS$ 46.9 billion and US$ 90.6 billion in 2004 [4]. The total contribution of marine and shipping
activities to world GDP, based on GDP figures from the World Bank [5], can be calculated to be
roughly 3% and 1% respectively.

2.9  Other studies value the world marine market at US$ 2.7 trillion [6], with the shipbuilding
industry as the largest global market value. The United Nations Conference on Trade and
Development (UNCTAD, 2006) [2] estimates an economic contribution to the global economy of
USS$ 380 billion in freight rates deriving from the operation of ships.

2.10  The year-on-year changes in world seaborne trade shown in figure 2-3 have been used in
this study to backcast and forecast emissions where necessary. For instance, emissions
from 1990 to 2007 have been estimated from the 2007 inventory, assuming that emissions have
grown in proportion with world seaborne trade.

Geographical distribution of ship traffic

2.12  The geographical distribution of ship traffic has been investigated in the literature, based
on the International Comprehensive Ocean—Atmosphere Data Set (ICOADS), and the Automated
Mutual-assistance Vessel Rescue system (AMVER) dataset. ICOADS is a dataset of voluntarily
reported ocean and atmospheric observations with ship locations, which is freely available.
AMVER is a computer-based and voluntary global ship reporting system, sponsored by the
United States Coast Guard but used worldwide by search and rescue authorities to arrange for
assistance to persons in distress at sea. While each of these datasets can demonstrate biases, they
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clearly demonstrate that ship traffic is most prominent in the northern hemisphere and along

coastlines. A representation, based on ICOADS data, is shown in figure 2-4.

0 9501,900 3,800 5700 7,600 “—

e aaesss s Nautical Miles

Ship Traffic Pattern [[] Low [ IHigh
[ IVery Low [ IMedium [l Very High

Derived from 1983-2002 ICOADS.

Figure 2-4 — Approximation of ship traffic distribution, based on ICOADS data

2.13 A combined dataset of ICOADS and AMVER data of a total of 1,990,000 daily ship
observations at a 1° x 1° spatial resolution has been produced [7]. These data provide the

following indication of ship traffic with respect to distance from shore:

1 within 200 nautical miles from shore: 70%;
2 within 50 nautical miles from shore: 44%; and
3 within 25 nautical miles from shore: 36%.
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The world fleet

2.14 Some key figures regarding the world fleet, based on the Lloyd’s Register — Fairplay
(LRF) database, are shown in figure 2-5. Due to its link with the mandatory IMO registration,
LRF’s database can be relied upon to contain virtually all ships engaged in international trade
and also many ships that are not. When the IMO ship identification number scheme was
introduced in 1987, through the adoption of resolution A.600(15), Lloyd’s Register was chosen
by IMO to maintain the register on behalf of IMO. The IMO numbering scheme ensures that a
permanent number is assigned to each ship for identification purposes. That number remains
unchanged upon transfer of the ship to other flag(s) and is inserted in the ship’s certificates.
The IMO number became mandatory for all ships (with certain limitations) as of 1 January 1996.

2.15 As shown in figure 2-5, the world fleet in 2007 comprises more than 100,000 ships of
more than 100 GT, of which just less than half are cargo ships. However, cargo ships account
for 89% of total gross tonnage, clearly indicating the relatively large size of cargo ships.

Gross tonnage Number of ships
1% 1% 2.120
5%
4 % \ 23.848 .
° Cargo ships
44.971 Passenger
Senice
m Fishing
m Other
22.384
Rk 6.912

Total fleet: 100 243

Figure 2-5 — Composition of the world fleet [Lloyd’s Register — Fairplay, 2007]

2.16 A comparison of typical sizes of major cargo ship categories is shown in figure 2-6 and
the respective fleet growth per million dwt for major ship types is given in figure 2-7. Figure 2-8
visualizes the growth in numbers of the total fleet above 100 GT for the time period 1960
to 2007, based on various publications from Lloyd’s Register — Fairplay [8]. The graphs clearly
demonstrate the growth in world fleet of merchant vessels in numbers and ship sizes over
the years.

2.17  Ships are characterized by the type of cargo they are designed to carry. Table 2-2 lists the
definitions of primary ship categories that have been used in the emissions inventory for this
study. More detailed description of the various ship types can be found in general literature such
as [9] and [10] and other reference resources, such as on the internet [13 and14]. Ships that are
constructed to carry refrigerated or frozen cargo are commonly referred to as “reefer ships”.
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Typical cargo ship deadweight
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Figure 2-6 — Deadweight of major cargo ship types. High and low end represent average

millions of dwt

deadweight of the upper and lower ship size categories that were used in the
study, not of individual ships, which may be significantly larger or smaller
[Lloyd’s Register — Fairplay, 2007]

Fleet growth in dwt per ship type
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Figure 2-7 — Fleet growth in millions of dwt per major ship type, 1980 to 2008

[UNCTAD, 2008]
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Fleet growth in number of ships
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Figure 2-8 — Fleet growth, in numbers of ships, 1960 to 2007 [Lloyd’s Register — Fairplay]|

Table 2-2 — Definitions of the ship categories that have been used in the emissions inventory
for this study

Cargo | Crude carrier This category includes tankers which are intended for carrying
ships | crude oil.

Products tanker These are tankers that carry various types of refined petroleum
products.

Chemical tanker These are tankers that carry various types of industrial
chemicals.

LPG tanker Specialized tankers for the carriage of Liquefied Petroleum Gas and
often also other products, for example ammonia.

LNG tanker Specialized tankers for the carriage of Liquefied Natural Gas.

Other tanker This group includes a large number of bunker tankers and also those
that carry a wide range of liquid niche products such as orange juice, bitumen, wine
and water.

Bulk carrier These are ships designed to carry bulk goods such as grain, iron ore,
coal and more.

General cargo carrier This category includes a wide variety of cargo ships from
small one-hold vessels to highly advanced Multi-Purpose Vessels. Some of the
ships are designed to carry containers as well as break-bulk cargoes. Many of these
ships are equipped with their own lifting gear.

Other dry carrier These are carriers of refrigerated cargo and other special dry
cargo ships.

Container These are pure containerships that are built to carry containerized cargo
and nothing else, i.e. fully cellular ships designed to carry containers both on deck
and under deck.

Vehicle These are ships designed to carry (new) cars, trucks and sometimes other
special cargo on wheels.

Ro-ro These are ships that are loaded and discharged by driving the cargo
on board on wheels.
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Other | Ferry These ships carry cars and passengers on regular schedules. This also
includes overnight ferries.

Cruise These ships carry passengers on pleasure voyages.

Yacht These are large pleasure vessels.

Offshore This category encompasses a wide range of platform supply vessels and
offshore support vessels. Drilling rigs are not included in this figure.

Service These are mainly tugs but also work-boats, dredgers, research vessels and
more.

Fishing vessels Vessels designed to capture fish.

2.18 The age profile of the world fleet, also from Lloyd’s Register — Fairplay, is shown in
figure 2-9, where it can be observed that, by number of vessels, approximately half of the world
fleet is more than 20 years old (constructed before 1987). When gross tonnage, rather than
number of ships, is considered (see figure 2-10), we can see that ships older than 20 years
amount only to 25% of the total gross tonnage. In terms of gross tonnage, about half of the fleet
is 10 years old or less. Combined, these figures show that a large number of smaller vessels of
some age are in service. These ships represent a smaller share of the total transport capacity.

World fleet age profile
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Figure 2-9 — Age profile of the world fleet [Lloyd’s Register — Fairplay, 2007]
2.19 A comparison of the deadweight tonnage of the current fleet and the order book for dry
and wet bulk (tankers and dry bulk carriers) is shown in figure 2-11. Due in part to the current

global financial situation in 2009, there is reason to believe that a significant number of these
ships may not be built.
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World fleet age profile by gross tonnage
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Figure 2-10 — Age profile of the world fleet by gross tonnage
[Lloyd’s Register — Fairplay, 2007]

Dry and wet bulk fleet profile
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Figure 2-11 — Dry and wet bulk fleet and order books [Fearnleys, August 2008, and Lloyd’s
Register — Fairplay]
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Flag and ownership structures of the world fleet

2.20  The structures and mechanisms which govern the shipping industry are complex, due to
its international nature. While all ships are uniquely registered in a national register, it is not
always easy to identify the “country of domicile” of ships’ controlling interests since there are
many types of ownership structures in shipping. For instance, stockholding companies may be
owned by a large number of nationals from different countries. A company may be holding
shares of less than 100 per cent in companies in third countries, etc. In spite of these difficulties,
statistics on “country of domicile” of ships’ controlling interests are presented by UNCTAD [2].
Some key facts and figures are shown here and are also brought into relation to trading volumes.

2.21  The top ten ship registries by deadweight are shown in table 2-3. In addition, the number

of ships, the share of deadweight to total deadweight and their growth are given. Together, these
registers control about 69% of the global total deadweight tonnage.

Table 2-3 — Top ten ship registers [UNCTAD, 2008]

. . . Total tonnage Share of %o dwt

Flag of registration Number of ships (1,000 DWT) world total growth

’ DWT (%) 2008/07
Panama 7616 252 564 22.6 8.8
Liberia 2173 117 519 10.5 11.7
Greece 1477 61 384 55 11.3
Bahamas 1422 59 744 5.3 8.2
Marshall Islands 1097 59 600 5.3 9.1
Hong Kong, China 1238 59210 53 9.0
Singapore 2243 55550 5.0 8.8
Malta 1442 45218 4.1 12.5
China 3816 37124 3.3 6.3
Cyprus 982 29431 2.6 —0.7

2.22  For many years there has been a trend towards more and more ships being registered
under a foreign flag. UNCTAD [2] indicates that the percentage of foreign-flagged vessels grew
from 41.50% in 1989 to 66.35% in 2007. However, a very marginal decrease from 2006 to 2007
is a signal that a saturation point may have been reached. If second registries, such as the NIS
(Norwegian Shipping Register), as well as ships registered under the flag of the Netherlands
Antilles for the Netherlands are included, the share of “foreign-flagged” vessels becomes more
than 71% of the world fleet’s deadweight tonnage [2].

2.23 Table 2-4 presents the top ten controlling nations as of January 2008. In terms of
deadweight tonnage, these nations control 70.2% of the world fleet. Percentage changes
from 2007 to 2008 and the share of deadweight tonnage under national registry, as of 2008, are
also presented.

According to UNCTAD and based on the definition of Lloyd’s Register — Fairplay, the controlling nation is
represented by the country of ownership with the true controlling interest. Sometimes this is not straightforward
to distinguish in shipping.
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Table 2-4 —Top ten controlling interests by domicile [UNCTAD, 2008]

Controlling Share of % Dwt v Shal..e of
. . Number Total tonnage dwt in
lnterest. s country of ships (1,000 dwt) world total growth national
of domicile dwt (%) 2008/2007 .
registry
Greece 3115 174 570 16.8 —-0.6 31.9
Japan 3515 161 747 15.6 0.5 7.2
Germany 3208 94222 9.1 0.4 15.5
China 3303 84 881 8.2 1.0 40.5
Norway 1827 46 872 4.5 -0.5 30.3
United States 1769 39 828 3.8 -1.1 51.0
Korea, Republic of 1140 37703 3.6 0.3 50.7
Hong Kong, China 657 33424 3.2 -1.4 54.5
Singapore 869 28 632 2.8 0.1 57.4
Denmark 861 27 434 2.6 0.4 38.2

Table 2-5 —Top fifteen trading nations, with respective fleet and ownership profiles
[UNCTAD, 2008]; trade data are for 2007, fleet data are for 2008

Top trading nations % s.hare of world % of world fleetin | % o.f ownership of
trade in terms of value terms of dwt fleet in terms of dwt

United States of America 11.38 1.09 3.84

Germany 8.51 1.34 9.07

China 7.81 3.32 8.18

Japan 4.77 1.32 15.58

France 4.16 0.71 0.63

United Kingdom 3.76 0.42 2.5

Netherlands 3.72 0.56 0.83

Italy 3.55 1.19 1.71

Belgium 3.01 0.58 1.17

Canada 2.88 0.28 1.81

Republic of Korea 2.62 1.89 3.63

Hong Kong, China 2.56 53 3.22

Spain 2.18 0.25 0.43

Russian Federation 2.16 0.64 1.74

Mexico 2.04 0.14 n/a

Total — top 15 65.11 19.03 54.34

Total — top 25 78.02 28.16 64.93

2.24  In order to provide an overview of the international nature of shipping, table 2-5 presents
the top 15 trading nations and presents their respective fleet and ownership profiles. One can
easily see that the top 15 trading nations account for 65% of the world trade in terms of value and
their owning interest lies in 54% of the world fleet in terms of deadweight. However, their
corresponding share in registration lies only by 19% of the world fleet in terms of deadweight.

2.25 Furthermore, in comparing table 2-5 with tables 2-4 and 2-3, one can observe that the
biggest registries, such as Panama, Liberia and the Bahamas, do not appear in the top controlling
nations nor in the top trading nations. An exception is Greece with respect to controlling interest,
where 31.9% of the tonnage under Greek-controlled interests is also carrying the national flag.
In general, the motivation for a vessel owner to use a foreign flag may include more favourable
tax regimes, conditions to finance ships and the possibility of employing foreign seafarers.
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These are all common practices in shipping, and underline the international structure of the
shipping industry.

Regulation of shipping

2.26 Marine activities such as international shipping are regulated by a mixture of the
international law of the sea and the law of a particular State. The United Nations Convention on
the Law of the Sea (UNCLOS) is the cornerstone of international maritime law. UNCLOS
endorses the right of any sovereign State to have a ship register and thus become a flag State, and
it provides ships with the right to innocent passage through territorial waters and economic
zones. International law, such as UNCLOS, regulates the affairs between States but does not
apply directly to individual ships [10].

2.27  Ships are regulated by applicable laws and regulations of the country in which the ship is
registered, i.e. the flag State. Some countries may require specific criteria to be fulfilled before
granting a ship access to the registry. Such criteria could be that the ship is built in their territory,
that the shipowning company is registered in the country, that the owners are citizens of the
country and more. Other countries have few or no restrictions on access, and are commonly
referred to as “open registries”. If the ship is to engage in international shipping, i.e. entering
foreign or international waters, the flag State is obliged to ensure that the ship complies with
regulations set down in international conventions and agreements to which the flag State is party.

2.28 Regional and national regulations can be applied within areas of jurisdiction by coastal
States. Generally, such national regulations define legal boundaries for the operation of the
ships, since the provisions for innocent passage that are defined by UNCLOS mean that such
laws and regulations shall not apply to the design, construction, manning or equipment of foreign
ships unless they are giving effect to generally accepted international rules or standards.

2.29  Figure 2-12 provides an overview of the various players in the industry in shipping and
presents their respective roles with respect to enforcing the legislative framework.
The legislative framework for international shipping today consists of 50 conventions and
protocols created by the International Maritime Organization (IMO), of which 41 are in force,
and relevant legislative measures of the International Labour Organization (ILO) for seafarers.
It is the Contracting Government’s responsibility to transpose international law into their national
legislation and enforce it. The right-hand side of figure 2-12 presents the various other industry
interests around the shipowner, such as banks who finance ships, insurance companies who
insure ships and companies who are involved in the commercial and day-to-day operation of a
vessel (ship operator, manager).

2.30  The International Maritime Organization has been established “fo provide machinery for
cooperation among Governments in the field of governmental regulation and practices relating
to technical matters of all kinds affecting shipping engaged in international trade; to encourage
and facilitate the general adoption of the highest practicable standards in matters concerning
maritime safety, efficiency of navigation and prevention and control of marine pollution from
ships.” [11]. The Organization is also empowered to deal with administrative and legal matters
related to these purposes.
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Figure 2-12 — Players of the legislative framework for shipping [15]

231 IMO’s role is thus primarily to adopt legislation, while enforcement lies with the
Contracting Governments (the flag States). Governments decide whether or not to ratify
legislation negotiated by IMO Member States. When a Government ratifies an IMO convention,
the Government effectively agrees to make the regulation part of its own national law and
sometimes delegates survey activities to classification societies, which then act on behalf of the
flag State. Classification societies are companies who deal with the technical aspect of shipping
and sometimes also conduct surveys on behalf of the flag State. In this case, they are often called
a “recognized organization” (RO).” Classification societies also play an important role for the
construction of vessels, since ships are normally constructed according to classification rules.

2.32  Each convention includes appropriate provisions stipulating conditions which have to be
met before it enters into force. Typically, entry into force is conditional on a certain number of
countries, representing a certain share of the world fleet gross tonnage, ratifying the agreement.
When an IMO instrument has entered into force, it is considered to be generally accepted
international rules or standards, and UNCLOS no longer prohibits rules applying to the design,
construction, manning or equipment of foreign ships in innocent passage [12].

2.33  When an IMO instrument has entered into force, countries that have ratified the
instrument can apply it not only to ships of their own flag but to all ships, regardless of flag.
Therefore, ships wanting to enter the ports or waters under the jurisdiction of a county that has
ratified an IMO instrument will have to abide by that convention, regardless of flag. This is an
important principle, commonly referred to as the principle of “no more favourable treatment”.
It refers to port States enforcing applicable standards in a uniform manner to all ships in their
ports, regardless of flag.

2.34  Due to this principle and the international nature of shipping, an IMO regulation affects,
de facto, most ships, regardless of flag, once it has entered into force. On the other hand, there
are no legal barriers to prevent a ship from not conforming to a given IMO regulation provided it
operates solely outside the area of jurisdiction of countries that have ratified the convention in
question.

See IMO resolutions A.739(18) “Guidelines for the authorization of organizations acting on behalf of the
Administration”, and its amendment in MSC.208(81), and A.789(19) “Specifications on the survey and
certification functions of recognized organizations acting on behalf of the Administration”.
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2.35 Flag States are responsible for implementing and enforcing legislation on ships in their
registries. Additionally, many of IMO’s most important technical conventions contain provisions
to allow ships to be inspected when they visit foreign ports, to ensure that they meet
IMO requirements. This is referred to as “Port State Control” (PSC). Ships that fail to meet the
standards when subjected to PSC can be detained until repairs are carried out and the ship is
released from detention. In order to ensure a harmonized and coordinated approach for
PSC inspections, many countries have organized themselves into groups, based on memoranda of
understanding (MOUSs), and are therefore grouped in regional PSC regimes. There are currently
nine such port State control regimes, covering most coastal States, as follows:

1 Europe and North Atlantic (Paris MoU), signed in 1982;

2 Asia and the Pacific (Tokyo MoU), signed in 1993;

3 Latin America (Acuerdo de Vina del Mar), signed in 1992;

4 Caribbean (Caribbean MoU), signed in 1996;

5 West and Central Africa (Abuja MoU), signed in 1999;

.6 Black Sea (Black Sea MoU), signed in 2000;

7 Mediterranean (Mediterranean MoU), signed in 1997;

.8 Indian Ocean (Indian Ocean MoU), signed in 1998; and

9 Arab States of the Gulf (Riyadh MoU), signed in 2004.
2.36  In addition, the United States Coast Guard (USCG) has also established a foreign vessel
inspection service which is not part of any of the MOUs but which follows any of the
developments and harmonization efforts of the other PSC regimes.
2.37 In addition to inspections carried out by port State control officers, the industry also
carries out vetting inspections, primarily for tankers and dry bulk carriers. These vetting
inspections are driven by cargo interests or shipowners, depending on the scheme.
UNFCC, the Kyoto Protocol and shipping
2.38 The United Nations Framework Convention on Climate Change (UNFCCC) was signed
in 1992, entered into force in 1994, and in March 2009 has 192 Parties [16]. Under the
Convention, parties gather and share data, launch national strategies to address emissions and
cooperate for the adaptation to climate change. In December 1997, the Kyoto Protocol was

adopted and entered into force in February 2005; in March 2009, 184 parties [16] have ratified
the Protocol.
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2.39  While the Convention does not provide commitments to stabilize emissions, the Protocol
sets binding targets for the Annex I countries. These countries agreed to reduce their overall
emissions of six greenhouse gases by an average of 5.2% below 1990 levels between 2008
and 2012. In doing so, the Kyoto Protocol offers several mechanisms to reduce emissions, as
follows: (1) emissions trading, (2) the clean development mechanism (CDM) and (3) the joint
implementation (JI) mechanism. Joint implementation allows a country to earn
emission-reduction units (ERUs) from either an emission-reduction or an emission-removal
project while the CDM allows a developed country to earn saleable certified emission reductions
(CER) for emission-reduction projects in developing countries.

2.40  While emissions from aviation and maritime transport have been part of the UNFCCC
agenda, these emissions were not included under the Kyoto Protocol. Article 2.2 of the Kyoto
Protocol reads [16]:

“The Parties included in Annex I shall pursue limitation or reduction of emissions of
greenhouse gases not controlled by the Montreal Protocol from aviation and marine
bunker fuels, working through the International Civil Aviation Organization and the
International Maritime Organization, respectively.”

241 A topic of debate within IMO is how the wording of Article 2.2 of the Kyoto Protocol
should be interpreted and if the principle agreed under UNFCCC of “common but differentiated
responsibility” should apply to a GHG regime for international shipping rather than IMO’s basic
principle of “no more favourable treatment” explained earlier.

2.42  For clarification purposes, the principle of “common but differentiated responsibility”
recognizes the differences in the contributions of developed and developing countries in
addressing global environmental issues, such as addressing the emissions of greenhouse gases.
The principle is enshrined in Article 3.1 of the UNFCC Convention [16] as follows:

“The Parties should protect the climate system for the benefit of present and future
generations of humankind, on the basis of equity and in accordance with their common
but differentiated responsibilities and respective capabilities. Accordingly, the developed
country Parties should take the lead in combating climate change and the adverse effects
thereof”.

2.43  Following the discussions at IMO [17], a number of countries maintained the view that
any measures to reduce emissions of GHGs to be adopted by IMO should only be applicable to
Annex [ parties to the UNFCCC and its Kyoto Protocol, in accordance with the principle of
”common but differentiated responsibility”. Some delegations therefore have the view that
reduction of emissions related to international shipping should be on a voluntary basis for
developing countries.

2.44 As the legal advice from IMO’s Sub-Division for Legal Affairs in document
MEPC 58/4/20 clearly indicates, there is no potential treaty law conflict between the Kyoto
Protocol and the provisions that may be developed by the Organization on control of
GHG emissions from international shipping.

2.45 Other delegations have expressed the opinion that, given the global mandate of IMO as
regards safety of ships and the protection of the marine and atmospheric environment from all
sources of ship pollution, the IMO regulatory framework on GHG emissions should be applicable
to all ships, irrespective of the flags they fly.
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2.46 As demonstrated earlier, the ownership and management chain surrounding ship
operations can involve many players, located in various countries. In addition, the registration of
a ship can move between jurisdictions several times over its lifetime. It is worth noticing that
about three quarters of the world tonnage, by deadweight, of all merchant vessels engaged in
international trade is registered in developing countries (not in Annex I of the Kyoto Protocol),
hence making it a large portion of the world fleet; it would be ineffective for any regulatory
regime to act only on the remaining portion, namely one quarter of the world fleet.

2.47 Given IMO’s global mandate, given by the IMO Convention itself as well as from
UNCLOS, there is no precedence in any of the more than fifty IMO treaty instruments currently
in existence where measures are applied selectively to ships according to their flag. On the other
hand, there are several international environmental agreements which have a differentiated
approach, such as The Montreal Protocol (on substances that deplete the ozone layer), yet, when
IMO has dealt with the same issues, the principle of differentiated approach has not been taken
on board.
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Chapter 3
Emissions from shipping 1990-2007
Overview of methodology for quantification of emissions

3.1 This study provides estimates of present emissions from international shipping.
“International shipping” has been defined in accordance with the IPCC Guidelines, i.e. shipping
between ports of different countries irrespective of vessel’s flag. International shipping excludes
military and fishing vessels. By this definition, the same ship may frequently be engaged in both
international and domestic shipping. Total estimates that include also emissions from domestic
shipping and from fishing are also included in this report. Emissions from naval activities are not
included.

3.2 The study addresses greenhouse gases considered under the UNFCCC process (COy,
CH4, N,O, HFCs, PFCs, SF¢) and other relevant substances, as defined in the terms of reference
(NOyx, NMVOC, CO, PM, SOy). Emissions from ships can be categorized as:

A Emissions of exhaust gases;
2 Cargo emissions;

3 Emissions of refrigerants; and
4 Other emissions.

3.3 Exhaust-gas emissions covered in this study are emissions from main engines, auxiliary
engines and boilers. Exhaust from incinerators is regarded as a very small contributor and is not
included. Refrigerants are mainly used for refrigeration/freezers of cargo and provisions and in
air-conditioners. Refrigerants are emitted to the atmosphere through leaks that occur during the
operation and during the maintenance of refrigerating and air-conditioning equipment.
Refrigerant gas may also be released in the course of scrapping. Emissions of refrigerants from
scrapping are generally allocated to the country in which the ship was scrapped. Other emissions
arising from scrapping are not included in this report. Cargo emissions include various emissions
and leakages, including leaks of refrigerant from refrigerated containers and trucks, release of
volatile compounds (CH4 and NMVOCs) from liquid cargoes, etc. Other emissions arise from
diverse sources, including emissions from testing and maintenance of fire-fighting equipment.
These are not considered to be significant and are not further discussed here.

3.4  This study includes detailed calculations of emissions of exhaust gases. Cargo emissions,
refrigerant emissions and other emissions have been assessed on the basis of data obtained from
previous studies.

3.5 GHG and pollutant emissions in exhaust gases have been estimated by establishing
fuel-based emission factors for each of the relevant components of the exhaust gas and a fuel
consumption inventory. Fuel-based emission factors are values for conversion from consumed
fuel to the emissions that are derived from a combustion process. The emissions are
subsequently estimated by multiplying the fuel consumption by the emission factors.
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3.6  In order to perform the basic emissions inventory in line with recognized standards, the
default emission factors prepared by IPCC and by the UNECE/EMEP CORINAIR programme
are used, with the exception of NOy, where more detail is needed to account for the NOy
emission standard that was introduced with regulation 13 of MARPOL Annex VI. In line with
the above-mentioned guidelines for creating an inventory of emissions, the following pollutants
were considered for exhausts: NOy, SO,, PM;y, CO, CO,, N,O, CH4, and NMVOC.

3.7 The exhaust emissions inventories presented in this study cover consumption in main
engines, auxiliary engines and boilers on board all ships larger than 100 GT. Two inventories are
provided:

1 Total emissions, comprising emissions from domestic shipping and fishing; and
2 Emissions from international shipping, excluding fishing and domestic shipping.

3.8  Emissions inventories are established for the year 2007. Emissions for the years
from 1990 up to 2007 are estimated by assuming that emissions from shipping are proportional to
the estimates of seaborne trade published by Fearnresearch (see figure 2-3 in chapter 2).

Estimate of fuel consumption from 1990 to 2007

3.9  Fuel consumption by vessels was estimated for 2007 by means of two methodologies:
1 based on activity data (bottom-up approach); and
2 based on fuel statistics (top-down approach).

3.10 Results are compared and discussed, with the aim of identifying a consensus estimate for
fuel consumption in 2007 by international shipping and by shipping as a whole. This chapter
summarizes work on estimating fuel consumption between 1990 and 2007. More details can be
found in appendix 1.

3.11 In the activity-based approach, the fuel consumption is estimated for individual ship
categories. The main engine (ME) fuel consumption of a ship category is estimated by
multiplying the number of ships in each category with the average ME power to find the installed
power (kW) by category. The annual power outtake (kW-h) is then estimated by multiplying the
installed power with a category-specific estimate of the operating hours of the main engine and
the average engine load factor. Finally, the fuel consumption is estimated by multiplying the
power outtake with the specific value of fuel oil consumption that is applicable to the engines of
the given category (g/kW-h). The process of estimating the fuel consumption of a ship category
is illustrated in figure 3-1. The same principle is applied to estimate the fuel consumption of the
auxiliary engine. Emissions from boilers have been estimated for tanker ships, based on
assumptions regarding frequency of carrying heated cargoes, number and length of laden
voyages and the consumption of fuel per day to heat the steam boiler.

. Average
Average installed operating Averaoge load Average SFOC Fuel _
power days % consumption

Figure 3-1 — Activity-based calculation of fuel consumption
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3.12  Significant data are needed for this type of assessment, and not all of these data are
available for individual ships at this level of analysis. Comments on the confidence and
uncertainty of main inputs are shown in table 3-1 and table 3-2.

3.13  Fuel statistics have their limitations with respect to coverage, consistency of reporting and
accuracy in various parts of the world; this presents a risk of errors and under-reporting in fuel
statistics. In general, estimation of fuel consumption entails a significant degree of uncertainty,
as evidenced by the differences that have been observed in previous estimates (Corbett and
Koéhler, 2003 [1]; Eyring et al., 2005 [3]; Endresen et al., 2003, 2007 [5, 6]; Gunner, 2007 [8];
Olivier et al., 2001 [11]; Skjelsvik et al., 2000 [12]; Corbett and Fischbeck, 1997 [15]).
Estimates of fuel consumption from statistics as well as estimates in this and previous studies are
illustrated in figure 3-2. Corrections have been applied to enable comparison to be made, as
explained in appendix 1.

450 ~
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Figure 3-2 — World fleet fuel consumption (except military vessels) from different activity-
based estimates and statistics. Symbols indicate the original estimates for
individual years and the solid lines show the original estimates of trend.
Dashed lines show the backcast and forecast, calculated from the time
evolution of freight tonne-miles with the point estimates. The blue square
shows the activity-based estimate from this study and the blue range bar
indicates the high and low bound estimates
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Table 3-1 — Confidence and uncertainties of calculations of fuel consumption of main engines

Input Source Confidence Comment
Number of ships, | Fairplay database Very high, well | High accuracy of registered ships. Uncertainty regarding whether all ships are
by category known actively trading or if some ships in some categories are laid up, etc.
Average  main | Fairplay database Very high, well | High accuracy expected.
engine size known
Average  main | Calculated from AIS data | Moderate, but Accuracy depends on accuracy of AIS collection system, how representative are
engine operating | except for ship types with low | dominates ships that are moving between ports with AIS network coverage, assumptions
days AIS coverage uncertainty made for ship movement, cut-off and filtration of data, assumed average
ofthire/lay-up, port-to-port distance calculations, vessel design speed.
Average  main | Default values were calculated | Moderate; Calculations are sensitive to vessel design speed data from the extended Lloyd’s
engine load from AIS average speed and | secondary database and errors in estimating the AIS at-sea speed. Moreover, engine load
Fairplay design speed. Defaults | influence on will be over-estimated when ship is in ballast or lightly loaded. Where other
were replaced where other data | uncertainty data suggest that the results are unreasonable, calculated values are substituted
or special conditions suggested by expert judgement.
this to be appropriate.
Average Assumed Moderate; It is assumed for all ships that the effective calendar is 355 days
offhire/lay-up influences the | (on average, 10 days is spent out of active trade).
number of main
engine
operating days
Calculations of | Calculations were based on | Moderate Used for AIS calculations of average speed. Accuracy will be affected when
distances AIS coordinates there is a land mass within the shortest route between AIS receivers. Where
between AIS other data suggest that the results are unreasonable, calculated values are
observations substituted by expert judgement.
Vessel  design | Extended Fairplay database Moderate Used to determine cut-off between “normal” and “slow” (abnormal) voyages.
speed Also used to estimate power factor at sea.
Average  main | Estimated from a wide range of | High, well While there is some variation from engine to engine, the average figure is
engine SFOC test-bed and other data known expected to have comparatively high accuracy
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Table 3-2 — Confidence and uncertainties of calculations of fuel consumption of auxiliary engines

Input Source Confidence Comment
Number of Fairplay database Very high, well known High accuracy of registered ships. Uncertainty regarding whether all
ships, by ships are actively trading or if some ships in some categories are laid
category up, etc.
Average Extended Fairplay database High, but with data | Accuracy somewhat lower than main engine data; however, relatively
auxiliary gaps high accuracy is expected.
engine size
Average Expert judgement and consultations | Moderate,  dependent | Assessment is challenging due to variability in ship power demands
auxiliary with operators upon vessel operating | and operating practices. While confidence is moderate, the impact on
engine days and auxiliary | total inventory is small.
operating demand
days
Average Expert judgement and consultations | Moderate, dependent on | Assessment is challenging, due to variability in ship power demands
auxiliary with operators vessel operating | and operating practices.
engine load conditions and demand
Average Estimated from a wide range of | High, well known from | While there is some variation from engine to engine, the average
auxiliary test-bed and other measurement data | operators and figure is expected to have comparatively high accuracy.
engine SFOC manufacturers

The confidence of the estimated fuel consumption of steam boilers must be categorized as moderate; however, it has little impact on the overall
inventory.
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3.14  Activity-based estimates consistently predict values of fuel consumption that are higher
than what is indicated in fuel statistics. While these activity-based estimates share many common
inputs and assumptions, and as such are not fully independent, statistical data, on the other hand,
include apparent errors and other inconsistencies that could be expected to cause under-reporting
of consumption.

3.15 Following the discussions detailed in appendix 1 of this report, the international team of
scientists conducting this study (named in the preface to this report) concluded that activity-based
estimates provide a more correct representation of the total emissions from shipping than what is
obtained from fuel statistics. Our team agreed that the activity-based estimate (table 3-3) should
be used as the consensus estimate from this study, and prepared estimates of high and low bound,
using alternate inputs to quantify the degree of uncertainty. Since the activity-based model
cannot separate domestic shipping from international shipping, figures from bunker statistics for
emissions from domestic shipping have been used in the calculation of emissions from
international shipping. The estimates of upper and lower bounds that were agreed to by the team
are about 20% higher and lower than the central consensus estimate; these bounds do not
represent the full range of possible calculations under uncertain inputs, but the range that is best
supported by the available data. Table 3-4 shows the fuel consumption, divided by fuel type and
by combustion source. The ratio between residual and distillate fuel is, in reality, based on fuel
statistics, since this ratio was used to calibrate the assumptions of fuel type in the activity-based
model. Table 3-5 shows estimates of fuel consumption for the years 1990-2007. These data are
calculated by back-casting the 2007 estimate, using Fearnleys data on seaborne trade.

Table 3-3 — Consensus estimate of fuel consumption (million tonnes) in 2007

Low bound Consensus High bound
Total fuel consumption’ 279 333 400
International shipping” 223 277 344

Table 3-4 — Consumption of fuel

combustion source

(million tonnes)

in 2007, by fuel

type

and

Total fuel consumption International shipping
Low bound | Consensus High Low bound | Consensus High
bound bound

Residual fuel 215 257 308 172 213 265
Distillate fuel 64 76 92 51 64 79
Slow-speed engines 181 215 259 144 179 223
Medium-speed 92 110 132 73 91 113
engines

Boilers 7 8 9 5 7 8

This estimate is based on all non-military ships > 100 GT and includes domestic shipping and fishing.

Excluding domestic shipping, fishing, and military vessels.
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Table 3-5 — Fuel consumption (million tonnes) from 1990 to 2007
Year Total shipping International shipping
Low bound | Consensus | High bound | Low bound | Consensus | High bound
1990 150 179 215 120 149 185
1991 157 187 224 125 155 193
1992 160 191 229 128 159 197
1993 166 199 239 133 165 205
1994 172 205 246 137 170 212
1995 177 211 254 141 176 218
1996 181 216 260 145 180 223
1997 191 228 274 153 190 236
1998 189 226 271 151 188 233
1999 193 230 276 154 191 238
2000 208 248 298 166 206 256
2001 209 250 300 167 208 258
2002 212 253 304 169 210 261
2003 226 270 325 181 225 279
2004 242 289 347 193 240 298
2005 255 304 365 204 253 314
2006 269 321 385 215 267 331
2007 279 333 400 223 277 344

Fuel-based emission factors for exhaust gases

3.16 Fuel-based emission factors are conversion values that are used to calculate emissions,
based on consumed fuel. In order to build the basic emission inventory in line with recognized
standards, default emission factors prepared by IPCC and by the UNECE/EMEP CORINAIR
programme are used, with the exception of NOy, where the impact of the IMO NOy regulation
makes special analysis necessary. Emission factors that have been used for the 1990-2007
inventories are shown in table 3-6. Three NO, emission factors are shown:

1 for non-regulated engines (i.e. “Tier 0”, older than 1 January 2000);
2 for engines subject to “Tier I” NOy regulation (newer than 1 January 2000); and
3 a weighted fleet average that applies to the year 2007.

3.17 The weighting to determine the 2007 emission factor is based on the fraction of total
power in the world fleet installed on or after 1 January 2000. This figure, 40.4%, is based on
data from the Lloyd’s Register — Fairplay database. Combustion in a boiler is continuous and
occurs at a low pressure, very different from combustion in a diesel engine. Boilers generate
significantly less NOy per unit of fuel. Emission factors for boilers are not given by IPCC or
CORINAIR guidelines. Based on a limited set of data, an emission factor of 7 kg/tonne was
selected for emissions of NOy from boilers. Further background data and analysis of NOy
emission factors is presented in paragraphs 4.5 to 4.11 of this report.
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Table 3-6 — Fuel-based exhaust gas emission factors used in the 2007 inventory

Emission factor

Emission (kg emitted/tonne of fuel) Guideline reference

CO 74 CORINAIR

NMVOC 24 CORINAIR

CH,4 0.3 IPPC 2006/CORINAIR

N,O 0.08 IPPC 2006/CORINAIR

CO, Residual fuel oil 3130 IPPC 2006
Marine diesel oil 3190 IPPC 2006

SO, Residual fuel 0il (2.7% S) 54 CORINAIR
Marine diesel 0il (0.5% S) 10 CORINAIR

NOx | Slow-speed diesel engines 90\ 78 (85)* —
Medium-speed diesel engines 60\51 (56)* —
Boilers 7 —

PM,y | Residual fuel oil 6.7 CORINAIR
Marine diesel oil 1.1 CORINAIR

*

NO, Emission factors: non-regulated\subject to IMO NO, regulation (2007 average emission factor).

Emissions of exhaust gases from shipping, 1990-2007

3.18 Using the fuel estimates in paragraphs 3.9 to 3.15 and fuel-based emission factors in
paragraphs 3.16 and 3.17, emissions of exhaust gases can now be calculated by multiplication.
Results for shipping as a whole and for international shipping are shown in table 3-7 and
table 3-8 respectively. These estimates are based on the consensus estimate for fuel consumption.
The uncertainty in the estimate of the fuel consumption for shipping is carried over to the
estimates of emissions. The bounding range is approximately +20%. Figure 3-3 shows the
distribution of fuel consumption and hence, to a certain degree, also emissions by ship categories.

Table 3-7 — Exhaust emissions (million tonnes) from total shipping, 1990-2007

Year NO, SO, PM CO NMVOC CO, CH, N,O
1990 14 7.9 1.0 1.3 0.4 562 0.05 0.01
1991 15 8.2 1.0 1.4 0.4 587 0.06 0.02
1992 15 8.4 1.0 1.4 0.5 598 0.06 0.02
1993 16 8.7 1.1 1.5 0.5 624 0.06 0.02
1994 16 9.0 1.1 1.5 0.5 644 0.06 0.02
1995 16 9.3 1.1 1.6 0.5 663 0.06 0.02
1996 17 9.5 1.2 1.6 0.5 679 0.07 0.02
1997 18 10 1.2 1.7 0.5 717 0.07 0.02
1998 18 10 1.2 1.7 0.5 709 0.07 0.02
1999 18 10 1.2 1.7 0.6 722 0.07 0.02
2000 19 11 1.3 1.8 0.6 778 0.07 0.02
2001 19 11 1.4 1.8 0.6 784 0.08 0.02
2002 19 11 14 1.9 0.6 794 0.08 0.02
2003 21 12 1.5 2.0 0.6 849 0.08 0.02
2004 22 13 1.6 2.1 0.7 907 0.09 0.02
2005 23 13 1.6 2.3 0.7 955 0.09 0.02
2006 24 14 1.7 2.4 0.8 1008 0.10 0.03
2007 25 15 1.8 2.5 0.8 1054 0.10 0.03

Uncertainty in all emissions due to fuel consumption estimate: £20%
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Table 3-8 — Exhaust emissions (million tonnes) from international shipping, 1990-2007

Year NO, SO, PM Cco NMVOC CO, CH,4 N,O
1990 12 6.5 0.8 1.1 0.4 468 0.05 0.01
1991 12 6.8 0.8 1.2 0.4 488 0.05 0.01
1992 12 7.0 0.9 1.2 0.4 498 0.05 0.01
1993 13 7.3 0.9 1.2 0.4 519 0.05 0.01
1994 13 7.5 0.9 1.3 04 535 0.05 0.01
1995 14 7.7 1.0 1.3 0.4 551 0.05 0.01
1996 14 7.9 1.0 1.3 0.4 565 0.05 0.01
1997 15 8 1.0 1.4 0.5 596 0.06 0.02
1998 15 8 1.0 14 0.5 590 0.06 0.02
1999 15 8 1.0 1.4 0.5 601 0.06 0.02
2000 16 9 1.1 1.5 0.5 647 0.06 0.02
2001 16 9 1.1 1.5 0.5 652 0.06 0.02
2002 16 9 1.1 1.6 0.5 660 0.06 0.02
2003 17 10 1.2 1.7 0.5 706 0.07 0.02
2004 18 11 1.3 1.8 0.6 755 0.07 0.02
2005 19 11 1.4 1.9 0.6 795 0.08 0.02
2006 20 12 1.4 2.0 0.6 838 0.08 0.02
2007 20 12 1.5 2.0 0.7 870 0.08 0.02

Uncertainty in all emissions due to fuel consumption estimate: £20%

Fuel consumption by ship category

Tank _
Bulk |
Gen Cargo I
Container D
Vehicle / RoRo B
Oceangoing shipping
Ropax Cruise m Coastwise shipping
Other
6 1‘0 26 3‘0 4‘0 50 6‘0 %0 80

Fuel consumption (million tons / yr)
Figure 3-3 — Fuel consumption, separated into consumption by main categories of vessel

and assumed typical types of operation (Coastwise shipping is mainly
ships < 15 000 dwt, RoPax, Cruise, Service and Fishing)
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Emissions of refrigerants from shipping

3.19 Refrigerants are compounds, when used in a heat cycle, that undergo a phase change from
a gas to a liquid and back. The two main uses of refrigerants on board ships are for
refrigeration/freezers of cargo and provisions and in air conditioners. The most common
refrigerants used on board ships are [33]:

A HFCs (hydrofluorocarbons);

2 CFCs (chlorofluorocarbons);

3 HCFC-22, difluorochloromethane (which is also a CFC); and
4 R717 (ammonia).

3.20 HCFC-22 and CFCs are a cause of ozone depletion. Regulation 12 of MARPOL
Annex VI prohibits deliberate emissions of these and other ozone-depleting substances.
Regulation 12 also prohibits new installations using ozone-depleting substances, except that
HCFCs may be used until 1 January 2020. HCFC-22, HFCs and CFCs have strong
ozone-depletion potentials, but also have significant potential to cause global warming.

3.21 Refrigerants are emitted to the atmosphere through leaks that occur during the operation
and in conjunction with the maintenance of equipment. Refrigerant gas may also be released
when the unit is scrapped. Emissions of refrigerants from international shipping are related to
three main sources:

1 refrigeration plants on reefer ships;
2 air conditioning and refrigeration of provisions, etc. on all types of ships; and
3 refrigerated containers carried on board ships.

3.22 The most comprehensive and recent review of emissions of refrigerants from ships is
found in the 2006 assessment report of the United Nations Environment Programme (UNEP).
This report is prepared by the UNEP Refrigeration, Air Conditioning and Heat Pumps Technical
Options Committee (RTOC) [33]. The following section is based mainly on this report.

Reefer ships

3.23  Almost 90% of all reefer ships still use HCFC-22. The refrigeration systems of
about 10% of all reefer ship run on HFCs such as HFC-134a (mainly), R404A and R407C
or R410A, mostly in indirect systems, in which charges of 500 kg to 1000 kg of refrigerant are
employed. Some HFC-23 is used in freezer applications. Since 1993 there has been an increase
in the number of R717 systems, in new vessels. Emissions from older systems are still high, and
are estimated to be 20% per year, while emissions of 5-10% per year can be achieved by using
indirect systems that have a smaller initial charge [33].
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Containers

3.24 Transport of refrigerated goods in containers on board ships has been increasing rapidly
in recent years. The 2005 refrigerated container fleet is approximately 750,000, equivalent
to 1,270,000 TEU. These containers are used both on ships and on land. There are still
about 50,000 units using HCFC-22, but no new HCFC-22 systems are built. About 700,000 units
use HFC-134a with a small proportion of R404A. An estimate of emissions from containers as a
whole is provided in table 3-9. How much of these emissions occurs while the containers are on
board ships is not known.

Air-conditioning and refrigeration systems

3.25 Nearly all merchant vessels have refrigeration systems for their provision rooms and their
air-conditioning equipment. Seventy to eighty per cent of the fleet still use HCFC-22 as
refrigerant, while the rest use HFCs, with some R717 and R717/R744 cascade systems on fishing
vessels. There are also some remaining CFC-based systems.

3.26 HFC-134a, R404A and R507 are established in the market and readily available.
Estimated annual leakage rates vary between 1% and 100%, depending on the data source. It is
generally agreed in the industry that reduced leakage rates can be achieved, even in the rough
environment of seaborne transport, if appropriate equipment is used, and it is maintained and
controlled by trained personnel. However, appropriate equipment and proper maintenance
procedures are not always employed. This is particularly the case for equipment that is
considered to be non-essential, as is often the case for air-conditioning or refrigeration systems.

3.27 There is a clear drop in consumption of HFC refrigerant in the cruise industry due to
improved maintenance routines, as a consequence of the more stringent environmental rules that
have been applied in the US (EPA 608). There is also strong growth in sales of refrigerant
recovery equipment as well as a growing demand for inspections and repairs of refrigeration
systems. Changeover solutions for HCFC-22 to ozone-friendly HFCs are being implemented, in
order to encourage operating companies to prepare for the future.

Estimated emissions from ships

3.28 Emissions of refrigerants from shipping and other modes of transport have been estimated
in the 2006 assessment report of the United Nations Environment Programme. Some of the
results of this assessment are shown in table 3-9 and figure 3-4. These figures refer to 2003.
These emissions are more closely linked with composition/structure than activity. They cannot
therefore be forecast or backcast in the same way as can emissions of exhaust gases.

Table 3-9 — Emissions of refrigerants in 2003, UNEP [3333]

Refrigerant emissions (tonnes)
HCFC-22 HFC R717 CFC
Reefer ships 600 15 3 0
Merchant marine, naval, fishing
2500 400 4 15
Containers (including emissions from land and sea) 38 555 0 15
Road 1000 3780 0 1000
Rail 5 15 0 30
Total transport 4143 4765 7 1060
Total shipping (reefer + merchant) 3100 415 7 15
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Refrigerant emissions from transport
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Figure 3-4 — Emissions of refrigerants from transport in 2003, UNEP [3333]
Non-exhaust emissions of VOCs from ships

3.29 Volatile organic compounds (VOCs) may be emitted from cargo carried on board ships.
This study covers emissions of CHs and NMVOC that occur during transport of crude oil. VOCs
may also be emitted by product carriers. Emissions arising from transport of LNG are very
small, since these tanks are not vented to the atmosphere during operation.

3.30 Emissions of VOCs occur mainly during loading and in transit. The part of the
VOC emission that is generated during loading may be counted in inventories of national
emissions [37]. Paragraphs 3.29 and 3.30 assess the emissions of VOCs that occur during
transport of crude oil, by combining available data and existing literature.

Estimates of emissions of VOCs, based on volumes of cargo received and delivered

3.31 The Energy Institute Hydrocarbon Management Committee 4A (HMC-4A) collects and
analyses world-wide shipping data for oil. The database for 2006 contains complete loading and
discharge data for 40% of the global volume of crude oil that is transported by ships. A summary
of the received data has been published in the October 2007 issue of Petroleum Review [34].

3.32 The database presents data for loss of Net Standard Volume (NSV) ( = NSV at Bill of
Lading minus NSV at outturn), which is calculated from data for individual voyages. The NSV
is the volume of crude oil, corrected to 60°F, with quantities of sediment and of water deducted.
The global mean net loss of NSV for 2006 is 0.177% of the loaded volume. The loss of NSV is
small compared to the typical accuracy of 2% of each of the measurements of volume from
which NSV is calculated, and it is only by having a large number of samples that it is possible to
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calculate the loss of NSV. The standard deviation for the NSV loss that was reported in 2006
is 0.31%.

3.33  Since these data only provide data on the change in volume due to release of VOCs, it is
not possible from these data to specify how much occurs during different phases (loading, transit,
etc.), and it is not possible to specify what fraction of the loss is CH4 and what is NMVOC:s.

3.34 The loss of mass due to emission of VOCs is somewhat smaller than the loss of NSV.
It is the light ends of the crude oil that are lost as VOC emissions. The mean molecular weight of
the discharged crude oil will therefore become slightly higher than the molecular weight of the
loaded cargo. Referred to the same temperature, the density of the discharged crude oil will
therefore be slightly higher than that of the loaded cargo.

3.35 Calculation of some typical examples indicates that losses of mass are between 25%
to 40% smaller than the volumetric losses. Assuming that the mean loss of mass is 30% smaller
than the loss of volume, the NSV loss of 0.177% found in [34] corresponds to a mass loss
of 0.124%.

3.36 According to BP’s global energy statistics [36], transport of crude oil in 2006
was 1,941 million tonnes. The corresponding emission of VOCs (CH4 + NMVOCs) would then
correspond to ~2.4 million tonnes.

Estimates based on vapour pressure of crude oils at loading and discharge

3.37 Emissions of VOCs have been estimated by means of a methodology in which the
average vapour pressure of crude oils at loading and at discharge is used as the input to a model
cited by A.P.I. Bulletin No. 2518 to obtain an average VOC emission loss for the voyage alone.
The programme was mainly based on the reception of crude oil samples and data
from 32 participating vessels.

3.38 Using this methodology, the VOC emission loss for the voyage alone is estimated to
be 0.26 weight per cent of the loaded cargo [35]. This is about twice as high as the estimate
based on NSV reported in [34], where losses during loading and discharge are included.
This result is also not supported by direct measurements, as discussed below, or by a scientific
analysis, using standard emission factors [6].

Direct measurements of VOC/NMVOC emissions

3.39  Over the past 20 years, MARINTEK/SINTEF has carried out a number of measurements
of the emissions of VOCs that occur when loading different shuttle tankers on different offshore
oil-fields in the North Sea. These have been performed by direct measurement of flow, absolute
pressure, temperature and composition of gas flowing from the cargo tanks to the atmosphere.
Figure 3-5 shows VOC emission factors (defined as VOC emission in % of cargo) for
almost 70 individual measurements of emissions. For two of the oil-fields, there exist
around 20 measurements for each.

3.40 The emission of VOCs is very variable. Measured values vary from 0.04 mass per cent
to 0.27 mass per cent. Even for the same oil-field, there is a 1:2 variation in VOC losses.
One important factor that distinguish It is therefore probably the factor most responsible for the
large variation of emission of VOCs for the same oil-field. Different compositions and
temperatures of crude oil are also important parameters that contribute to variation in
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VOC emissions. Also, the amount of VOCs in the cargo tanks prior to loading may vary
significantly and therefore contribute differently to the loss of VOCs during loading.

Measured Emission of VOC on North Sea Offshore Fields
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Figure 3-5 — VOC emission factor measured during offshore loading in the North Sea

3.41 To date, there has been no attempt to calculate an average VOC loss factor from these
measurements. It would involve some kind of weighting of the individual values, which would
be a lengthy and uncertain process. Neglecting the weighting, the mean value of the values in
figure 3-5 becomes somewhere around 0.18 mass per cent. This is somewhat larger than the
mean VOC loss from the NSV approach in [34], even if the latter also includes losses during
transportation and discharge, which may be due to the fact that most of the data entries to
the [34] database are from loadings at onshore terminals.

342 Because MARINTEK does measure the composition of the emitted gas, it is possible to
separate the VOC loss into methane loss and Non-Methane VOC (NMVOC) loss. The mass
fraction of methane loss compared to total VOC loss does vary from 0 to 0.5. The latter is from
an oil-field with an unusually high content of methane in the crude. For most of the fields,
however, this fraction lies between 0.02 and 0.10.

3.43  For some of the cases shown in figure 3-5, the NMVOC emission on the laden voyage
was also measured. The voyages are short, typically between 0.5 and 4 days. The NMVOC
emission on the laden voyage varied between 0% and 10% of the emission of NMVOC during
loading, depending on such factors as the composition and temperature of the crude oil and the
sea state.

Published assessment based on standard emission factors

3.44 Endresen et al. [6] have modelled VOC emissions arising from transport of crude oil.
This study provides the geospatial distribution of VOC emissions from shipping, and it has been
used in the analysis of impact on climate in chapter 8.

3.45 Endresen ef al. [6] quantify the amount and location of the emissions of VOCs by means
of VOC emission factors for crude oil during loading, transport and unloading and an estimate of
the transport pattern. The VOC emission factors for unloading and for transport are based on
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emission factors from US-EPA known as the “AP-42 emission factors” [38] (129 mg/litre
and 150 mg/week/litre respectively). The VOC emission factor during loading is based on a
review of data for emission of hydrocarbons and factors presented by EMEP/CORINAIR
(0.1% of loaded mass). They also include some emissions of VOCs from the main propulsion
engine of the vessels (0.3 kg of methane and 2.4 kg of NMVOC per tonne of fuel).

3.46  With the estimated transport pattern, they get a round-trip VOC emission of 0.15% of
loaded mass. Their simulation model gives the distribution of VOC emissions as 70% during
loading, 27% at voyage and 3% during unloading.

Assessment of emissions of VOCs from transport of crude oil

3.47 Considering the available data, the Energy Institute database was selected as the best
basis for representative data on overall emissions. The estimated split between CHs and
NMVOC is based on MARINTEK measurements, which typically range from 0.02% to 0.1%.
This latter assessment is highly uncertain, since the data from MARINTEK for the North Sea
may not be representative of the global situation. The estimates are given in table 3-10.

Table 3-10 — Losses of VOCs from transport of crude oil during 2006

Million tonnes
NMVOC 2.3
CH,4 0.14
Total 2.4

Emissions of sulphur hexafluoride (SF¢) from ships

3.48 Sulphur hexafluoride (SF¢) is a synthetically produced gas with an extremely high global
warming potential (GWP 23 900). The main application is as an insulator and arc switching
medium in high-voltage components within the power sector. Although the main consumers
of SF¢ are power suppliers, network distributors and some large-scale industrial power
consumers, the gas is also used as a sound insulator in windows and as a tracer gas, commonly in
oil wells [30].

3.49  Sulphur hexafluoride is not used on board ships to any significant degree. Supplies of SFg
are distributed and transported in compressed gas cylinders. Significant emissions of SF¢ from
shipping are not expected.

Emissions of PFCs from ships

3.50 PFCs are highly potent greenhouse gases having global warming potentials in the
thousands. The chemical substance PFOS (perfluorooctane sulfonate) belongs to a large family
of compounds known as PFCs. PFOS-related substances have been used in a variety of industrial
applications and consumer products since the 1950s, mainly due to their ability to create
particular surface properties. Applications range from textile and paper treatment, and a variety
of other areas within the coating industries, to chromium plating, hydraulic fluids (for aviation)
and fire-fighting foam; in the latter, it enables film formation.
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3.51 The main application on board ships that is of relevance is considered to be fire-fighting
foams of the type AFFF (Aqueous Film-Forming Foam). Although the use of PFOS in new
AFFFs has been phased out by major manufacturers in recent years, stockpiles of foams
containing PFOS still exist on board ships and may be used. PFOS-containing AFFFs could, in
principle, be applied on board a range of ship types, but the larger volumes are usually installed
on ships carrying flammable fluids, and on vessels with a helicopter deck. Volumes normally
range from some 100 litres to 10,000 litres, depending on the type and size of the ship. The foam
is typically stored in one tank, serving a main system, potentially with additional smaller and
separate devices (for example 20 litres), usually in the machinery room(s). PFOS is normally at
concentrations within the range of 0.017-0.037 kg/litre of foam, which means that the amount of
PFOS on a single ship can range between 0.3 kg and 400 kg. The PFOS is enclosed in the
fire-fighting systems and is only released when the fire-fighting system is deployed. There are
no regular emissions of PFCs from ships, and the leakage is regarded as negligible. The emission
of PFOS is most relevant in the process of recycling the ship, where the fire-fighting system can
be emptied if it is not properly handled [31].

Summary of present-day emissions from shipping

3.52 Emissions of exhaust gases from ships have been estimated, using an activity-based
approach. Standard emission factors from inventory guidebooks have been used to the greatest
possible extent. Emissions of refrigerants are taken from UNEP assessment reports, while
emissions of VOCs from transport of crude oil have been estimated by combining data from
different sources. A summary of the estimated emissions from total shipping for 2007 is shown
in table 3-11. Ship exhaust is generally the more important source of emissions, although
emissions of VOCs from the transport of crude oil are an important source of CH4 and NMVOC.
Note that the figure for emissions of refrigerants refers to 2003 (this is the most recent figure
available).

Table 3-11 — Summary of emissions (million tonnes) from total shipping in 2007*

+

Ship exhaust Refrigerant Transpor? of Total
crude oil
CO, 1054 — — 1054
CH, 0.10 - 0.14' 0.24
N,O 0.03 - - 0.03
HFC — 0.0004 — 0.0004
PFC — — — —
SFe — — — —
NO, 25 - - 25
NMVOC 0.8 — 2.3 3.1
CO 2.5 — — 2.5
PM 1.8 — — 1.8
SO, 15 - - 15
HFC numbers are valid for 2003. Transport of crude oil: 2006 figures.

high uncertainty.
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Chapter 4
Reductions in emissions achieved by implementation of MARPOL Annex VI

4.1 This chapter discusses the progress in reducing emissions of greenhouse gases and other
relevant substances that has been achieved through implementation of IMO regulations. Due to
the increase in seaborne transport, absolute emissions have tended to increase over time.
However, in relation to transport work done, there have been reductions. Generally speaking,
exhaust emissions will be reduced when energy efficiency is improved. Therefore, the historical
development in vessel efficiency presented in chapter 9 indicates a reduction of emissions in
relation to transport work done additional to what is presented in this chapter.

Regulation 12 — Ozone-depleting substances

4.2 Regulation 12 of MARPOL Annex VI prohibits deliberate emissions of ozone-depleting
substances. Regulation 12 also prohibits new installations that use ozone-depleting substances,
except that HCFCs may be used until 1 January 2020.

4.3 Estimates of emissions of refrigerants from ships have been made by UNEP as part of
its 1998 [1] and 2006 [2] assessment reports. A comparison of the estimates in these assessments
is provided in table 4-1 and figure 4-1. These estimates are based on the amounts of refrigerant
that have been supplied to ships in order to replace lost refrigerant. A very significant reduction
in emissions of CFCs and HCFCs has been achieved during this period. Replacement of CFCs
and HCFCs, on the other hand, has resulted in increased use and emissions of HFCs.
The emissions data shown in the 2006 RTOC report [2] refer to 2003; however, a base year is not
available in the 1998 report [1]. Since ozone-depleting substances other than HCFCs are
prohibited with the coming into force of Annex VI, emissions of CFCs and HCFCs are expected
to be virtually eliminated.

Table 4-1 — Reduction in estimated annual emissions (tonnes) of refrigerants from ships*

1998 RTOC 2006 RTOC
Total Total Reduction
CFC 750 15 735 (98%)
HCFC-22 14 000 3100 10900 (78%)
HFC 100 415 =315 (-315%)

*

Merchant marine, naval, fishing and reefer.

4.4  The revised Annex VI [3] specifies that all ships must maintain a list of equipment
containing ozone-depleting substances and that every ship above 400 GT that has rechargeable
systems must maintain an Ozone-Depleting Substances Record Book. This will permit better
operational control and benchmarking of emissions, increase awareness and help to further
reduce emissions.
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ODS emissions from shipping
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Figure 4-1 — Estimated emissions of ozone-depleting substances [UNEP]
Regulation 13 — Nitrogen oxides (NOy)

4.5  Emissions of NOy are addressed in regulation 13 of Annex VI. The original Tier I limit
on NOy emissions applies to engines built on or after 1 January 2000. In line with interim
guidelines communicated through MEPC/Circ.344 [4], engine builders adhered to the regulation
prior to its enforcement.

4.6  To analyse the effect of this regulation, it is necessary to assess typical emission levels
before and after 1 January 2000. Emissions of NOy are very dependent on the conditions under
which the fuel is burned in the engine. The NOy emissions are therefore specific to engine type,
conditions and settings. NOy emissions also differ with fuel type and ambient conditions.
This results in a significant scatter in the data of NOy emissions. For the purpose of establishing
emissions inventories, it is usual to distinguish between slow-speed diesel (SSD) engines and
medium-speed diesel engines (MSD).

4.7  The introduction of a tax on NOy emissions from domestic shipping in Norway
since 1 January 2007 has resulted in emissions from a significant number of engines being
measured. These previously unpublished data were made available to the study by the
Norwegian Maritime Administration. These data, data from the Lloyd’s Marine Emissions study
and from other MARINTEK measurement campaigns were combined to produce a joint dataset
of NOy emissions from existing ships. This dataset contains a total of 121 measurements, 96 of
which are for medium-speed engines. Emission factors derived from this dataset are shown,
together with data from two other key references, in table 4-2. The data agree fairly well, except
that the MSD data derived from the combined Swedish Environmental Research Institute (IVL)
and Lloyd’s data seem slightly high.
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Table 4-2 — NOy emission factors (kg/tonne of fuel) for engines installed prior
to 1 January 2000

SSD MSD Source
87 57 Lloyd’s Marine Emissions study (1995) [5]
Combination of IVL and Lloyd’s data presented in “Quantification of emissions
89" 65" from ships associated with ship movements between ports in the European
Community” 2002 [6]
90° 60° Data compiled for this IMO study

It is possible that some engines were built after 1 January 2000.
25 engines, including seven engines from Lloyd’s Marine Emissions study.
96 engines, including 19 engines from Lloyd’s Marine Emissions study.

4.8  Onboard measurements of exhaust gas emissions are mainly performed on engines where
other data, such as test-bed certificate data, are not available. For this reason, the dataset of
onboard measurements contains primarily data on engines that were built before 2000. In order to
assess the emission factor of engines new-built after 1 January 2000 (and thus subject to Tier I
NOy emission limits), emission factors were calculated on the basis of engine certificate test data
obtained from the DNV certificate database. This database contains test-bed emissions data for
parent engines with DNV class that were installed on or after 1 January 2000. Data from this
database are shown in table 4-3.

Table 4-3 — Test-bed emission factors for NOy — engines newer than 1 January 2000*

SSD MSD
Average NO, emission factor (kg/tonne of fuel) 78.2 51.4
Standard deviation in data 11.0 7.6
Number of weighted measurements 1057 3093
EMEP/CORINAIR Guidebook NO, emission factor (kg/tonne of fuel) 87 57
Difference —-10% —-10%

Data based on EIAPP certificates and corresponding technical files.

4.9  As table 4-3 shows, the emission factor for engines subject to MARPOL NOy regulations
is 10% lower, on average, than current EMEP/CORINAIR guidebook wvalues. Test-bed
measurements of emissions from engines are made with distillate fuel and on load points that
differ from real engine operating loads. Specific emissions on board ships may be higher, for
instance due to nitrogen in the fuel. On the other hand, fuel consumption on board may also be
higher, which could counteract the other increase in terms of emission factor (emissions per unit
of fuel used). It is thus not clear in which, if any, direction test-bed data would be biased.
There is thus no obvious possibility to correct the test-bed data to an “onboard” equivalent, and
the test-bed values are used “as is” to represent engine emissions.
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Figure 4-3 — NO, emission factors from measurement and from EIAPP certificates

4.10 In order to establish emission factors for the fleet that would take into account the
difference between pre-2000 (Tier 0) and post-2000 (Tier I) engines, weighted average values
were established, using the total power in the fleet installed before and after 2000, based on data
from Lloyd’s Register — Fairplay. Due to the very rapid expansion of the fleet in the post-2000
period, the post-2000 share of engine power is quite significant, at 40.4% (see table 4-4). Linear
interpolation was used to establish emission factors for the years 2000-2006.

Table 4-4 — NO, emission factors used

SSD MSD
Tier 0 average NO, factor (kg/tonne of fuel) 89.5 59.6
Tier I average NO, factor (kg/tonne of fuel) 78.2 51.4
Power installed post-2000 (% total kW) 40.4%
2007 NO, (kg/tonne of fuel) 84.9 56.3
2000-2006 NO, emission factor Linear interpolation for each year*

See table 4-5

4.11 Using fuel consumption data presented in chapter 3, NOy emissions were calculated for a
hypothetical no-regulation scenario in which Tier 0 emission factors were assumed to apply also
after 1 January 2000. The results are shown in figure 4-3 and table 4-5. The annual reduction
rose every year due to a larger fraction of engines in the world fleet being subject to Tier |
regulation. It is estimated that the introduction of regulation 13 has resulted in a reduction
of about 6% of NOy emissions from shipping in 2007 compared to a no-regulation scenario.
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NOx reductions achieved by Regulation 13
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Figure 4-3 — NO, reductions achieved by regulation 13

Table 4-5 — NOy reductions (thousand tonnes) achieved by regulation 13

Year Total International %
2000 140 116 0.7
2001 282 235 1.5
2002 428 356 2.2
2003 610 508 3.0
2004 816 679 3.7
2005 1031 857 4.5
2006 1268 1055 5.3
2007 1504 1251 6.1

Total

2000-2007 5940 4941 34

Regulation 14 — SO,

4.12 Emissions of SOy are addressed in regulation 14 of Annex VI, which caps sulphur
emissions globally at 4.50%, and less in SOx Emission Control Areas (SECAs). In a SECA, the
sulphur content of fuel oil used on board ships must not exceed 1.50% by mass. As an
alternative, ships may use an exhaust gas scrubbing system. However, this is only done currently
in the form of prototype testing on a very limited number of ships.

4.13 The content of sulphur in marine fuels is monitored in IMO’s Sulphur Monitoring
Programme, which is mandated under MARPOL Annex VI. In this programme, data are
collected from test laboratories that analyse fuel samples on a commercial basis. Results from
the programme are reported to MEPC annually [7].
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4.14 It is widely acknowledged that the global limit of 4.50% of sulphur does not practically
reduce global sulphur emissions, since a sulphur content exceeding this level was very rarely
found in fuels before this regulation came into force. In the rare case that the sulphur level does
exceed 4.50%, it will only exceed the limit by a small margin, and hence the fuel can easily be
blended down, using a relatively low-sulphur fuel. However, the SECAs do have a significant
impact.

4.15 Two SECAs are in operation. These are:
.1 the Baltic Sea SECA, in force since 19 May 2006; and
2 the North Sea SECA, in force since 22 November 2007.
4.16  These regional regulations help reduce SOy emissions in these particularly sensitive areas,
where shipping is also very dense. In order to give an estimate of the reductions in emission that
are achieved, it is necessary to quantify:
A the amount of fuel used in the SECA (for estimating global average reduction);
2 the average sulphur content of the fuel that is used within the SECA; and
3 the probable sulphur content of fuel in the absence of MARPOL regulation 14.
4.17 2008 is taken as the base year for the estimates, since this is the first year in which both
SECAs were in force throughout the year. The following assumptions were used to calculate the
estimate:
A 2008 global fuel consumption (see table 4-6) is based on the 2007 consensus
estimate and the growth trend for the A1B scenario (A1B refers to scenarios as
discussed in chapter 7);
2 fuel consumption within SECAs, which is estimated as 8% of global fuel
consumption. This is based on an estimate that was made for the European
Commission. [7]; and

3 levels of sulphur in fuel, as shown in table 4-7.

Table 4-6 — Estimated fuel consumption (million tonnes) (2008)

HFO* MDO+ Total
SECA 21 6 27
Non-SECA 241 71 312
Total 262 71 339

HFO. Heavy fuel oil.

¥ MDO Marine diesel oil.
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Table 4-7 — Estimated average sulphur content of fuels (2008)
HFO MDO
SECA* 1.5% 0.5%
Non-SECA* 2.7% 0.5%
Non-SECA factors are also used in a hypothetical no-regulation scenario
Table 4-8 — Estimated emissions (million tonnes) of SO, (2008)
Hypothetical baseline MARPOL Annex VI Reduction
Global total 14.9 14.4 3.4%
SECA 1.2 0.7 42%
* 2008 SECA SOx emissions
2008 Global SOx emissions - 1.5
(V]
= 20,0 =
“E’ 2 1,0
§ 150 F
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Figure 4-4 — Reductions of emissions of SOy estimated for 2008
Regulation 15 — Volatile Organic Compounds (VOCs)

4.18 Emissions of Volatile Organic Compounds (VOCs) are addressed in regulation 15 of
MARPOL Annex VI. This regulation deals with how ports and terminals that are under the
jurisdiction of parties to the Annex should regulate emissions of VOCs from tanker loading. In
particular, where such regulations are employed, parties to Annex VI are to communicate such
regulation of activity to IMO. By the end 2008 no party had communicated the existence of such
regulation to IMO [9], although several plants for the recovery of VOCs are in operation in
various parts of the world, including the USA, Europe and Japan [10].

4.19 The most tangible result of regulation 15 is the introduction of standardized VOC return
pipes that enable tankers to deliver VOC discharges to shore during loading. According to
INTERTANKO, most tankers now have this equipment on board, although the frequency of use
is variable but not common [10].

420 The updated Annex VI requires crude oil tankers to have and to use a VOC Management
Plan. This is intended to focus the attention of crude oil tanker operators on the fugitive loss of
VOCs during loading and transit, and to provide instructions for operators on how to operate
their vessels in such a way as to minimize emissions.
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Chapter 5
Technological and operational potential for reduction of emissions

5.1 As shown in chapter 3, ships are a significant source of air pollution and emissions of
greenhouse gases. Chapter 4 clearly demonstrates that it is possible to achieve reduction of
emissions through international regulations. This chapter reviews potentials for reduction of
emission of GHG and other relevant substances from a technological perspective.

5.2 In principle, there are four fundamental categories of options for reducing emissions from
shipping:

1 Improving energy efficiency, i.e. doing more useful work with the same energy
consumption. This applies to both the design and the operation of ships;

2 Using renewable energy sources, such as the wind and the sun;

3 Using fuels with less total fuel-cycle emissions per unit of work done, such as
biofuels and natural gas; and

4 Using emission-reduction technologies — i.e. achieving reduction of emissions
through chemical conversion, capture and storage, and other options.

5.3 These options are discussed in the following sections. More detailed and complementary
information on specific emission-reduction solutions and technologies is provided in appendix 2
to this report.

Options for improving energy efficiency

5.4  Improved energy efficiency means that the same amount of useful work is done, but using
less energy. This in turn means less fuel burned and reductions in emissions of all exhaust gases.
A wide range of options are available for increasing the energy efficiency of ship design and ship
operation. Key areas of importance for energy saving are shown in table 5-1, where options are
categorized as “design” and “operation”.

Table 5-1 — Principal options for improving energy efficiency

DESIGN OPERATION

Concept, design speed and capability Fleet management, logistics and incentives
Hull and superstructure Voyage optimization

Power and propulsion systems Energy management

Improving energy efficiency by ship design

5.5  Paragraphs 5.5 to 5.20 deal with options to improve the energy efficiency by changes in
design. The development of the energy efficiency design index, EEDI, by MEPC (see chapter 6)
is an effort to exploit this option to increase efficiency. Most modifications of design are
primarily suitable for newbuildings. This means that the phase-in and the reductions achieved by
design-based improvements in energy efficiency will be slow, due to the long service life
expected for ships (chapter 2). Certain options may, however, be retrofitted to existing ships.
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Concept, design speed and capability

5.6  The energy efficiency of a ship is closely linked to the specification of the original design.
Speed, size, and key parameters such as beam, draught, and length have significant influence on
the potential energy efficiency of the design. Restrictions on draught, beam, length, etc.,
imposed by requirements to access harbours and canals, constrain the design, with possible
adverse effects on efficiency. Geared ships (i.e. ships with cranes to unload cargo) or ice-class
ships and ships with redundant propulsion systems may be less energy-efficient; however, such
ships also have extra capabilities [1].

5.7 Ships’ lifetimes may exceed thirty years, and the operating and business environment
may change significantly in the course of this time. Flexibility to allow upgrades and efficient
operation in different scenarios should be considered at the design stage. It is thus critical to
build the right ship for the job, which provides sufficient flexibility in operation. Specifying a
ship and subsequently designing to that specification is a highly complex task. Estimating the
potential for saving energy at this stage is equally complex; however, the influence of choices
that are made at this stage of the design process is very significant and should not be
under-estimated [2, 3]. For instance, while larger ships tend to be more efficient per tonne-mile
than smaller ships when loaded, smaller or better-adapted ships may achieve a higher utilization
factor, which may result in higher overall efficiency. The design speed also has a significant
impact on transport efficiency.

5.8  The emission-reduction potential of concept, speed and capability is closely linked to the
ship’s operations. Better planning at the design stage may lead to a higher potential for reduction
at the operational stage.

Hull and superstructure

5.9 Optimization of the underwater hull form is regularly applied to new ship designs. It is
likely that most new designs today are going through some systematic form of hull optimization
process, focusing on reduced resistance and improved propulsive efficiency. The actual
proportion of the world fleet that has undergone this process is not known. Such optimization is
challenging, and it is difficult to ensure that the final result from the “optimization” procedures
performed really does provide an optimum design as the end result. Ensuring optimal working
conditions for the propeller is a key issue in hull optimization, and hull and propeller
optimization is done as a single process.

5.10 A key issue is that the design point for optimization should be as relevant as possible to
the operation of the ship. In particular, full optimization for weather and waves is not always
achieved. This may be linked, in part, to the fact that the trial runs on which the performance of
the ship is measured with respect to the contracted performance are performed under still-water
conditions.

5.11 The superstructure of the hull represents a small fraction of the resistance; however, it is
still possible to save energy by optimizing the design so as to minimize air resistance and the
adverse effects of side winds, such as drifting. This is particularly important for ships with large
superstructures.
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5.12  Reducing the weight of the hull reduces the wetted surface area and the drag at any given
payload, thus saving energy. The potential for reducing weight is linked to strength and safety
requirements and how they are specified in design codes. To reduce weight, it will generally be
necessary to use high-grade steels and lighter materials. At present, lightweight materials such as
aluminium, carbon fibre or glass-fibre sandwich constructions are mainly used on planning
high-speed craft.

5.13  The first greenhouse gas study [4] analysed model tests from MARINTEK’s database in
order to estimate the potential for optimization. This analysis indicated a potential for savings in
the range of 5-20% for optimization of the behaviour of the hull in still water. The potential for
savings may be greater for smaller ships, where there are less resources for optimization and
ships are built in smaller series. Optimization of the hull must also consider its performance in
waves, which has also been shown to differ significantly between ships [5].

Power and propulsion systems

5.14  Power on board is generated either by low-speed or medium-speed diesel engines, except
in very special cases. Energy efficiency in the power-generation system can be increased in
many ways.

5.15 The efficiency of older engines can be improved through upgrading (modernizing)
engines and replacing old turbochargers or by de-rating engines, if lower power can be accepted.
This type of upgrade is not very common at present, probably due to the cost and complexity.
This type of upgrade of the engine may also be considered to be a major modification, in which
case it will be necessary to obtain and maintain a new certificate with respect to IMO NOy
regulations.

5.16  Energy can be recovered from exhaust by using power turbines, driven either directly by
an exhaust side-stream, by steam generated from the waste heat from the engine, or by both
methods. The power that is recovered can then be used to drive a shaft generator/motor to
generate electricity or to assist the main engine. Energy may also be recovered from the exhaust
gases from auxiliary engines. Future systems may see the use of fluids other than steam, since
these may permit smaller systems with higher efficiencies. Recovery of energy from exhausts can
generate additional power corresponding to about 10% of the total, and shaft efficiencies can be
increased from 50% to about 55% for large two-stroke engines. Recovery of energy from
exhausts can also be used on smaller engines. Two-stage turbocharging can be considered as
another means of capturing exhaust energy to increase energy efficiency [5].

5.17 In cases where the operating profile is variable, special arrangements may be installed to
optimize utilization and efficiency, e.g., “father and son” propulsion engine arrangements,
variations in number and size of auxiliary engines, shaft generator systems, etc. Diesel-electric
propulsion systems may also be considered for energy-saving purposes in these cases; however,
electric propulsion introduces additional transmission losses that must first be recovered before
any saving can be made. Diesel-electric propulsion provides other benefits, such as increased
design flexibility, which may indirectly translate to energy saving.

5.18 Thrust is generated in the propeller. High propeller efficiency is obtained with a large
propeller rotating at low speed. Ideally, the number of blades should be minimized, to reduce
blade area and frictional resistance. Typical design restrictions are limitations on diameter,
cavitation and loading. The size of the propeller may be limited by the design of the ship, by
restrictions on draught in expected areas of operation or by engine torque [1].
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5.19 In certain cases, energy efficiency can be gained through various enhancements such as
vanes, fins, ducts, high-efficiency rudders, vane wheels, asymmetric rudders, contra-rotating
propellers, etc. A number of such devices are described in appendix 2. Many of these devices
can be considered generically as alternative ways of recovering rotational energy of the propeller.
The typical potential savings of such systems are assessed to be in the order of 5-10% of the ship
propulsion power, although higher figures may be presented by industry for specific cases.

520 Not all of these propulsive devices are suitable for all kinds of ships. Special
propulsion-enhancing devices are not widely used, due to cost, reliability issues, etc.
The mechanical loading on the propeller is very high and the ability to withstand heavy seas is
critical. Moreover, it is difficult to measure the benefits of such devices in full scale, and the
benefits that are achieved in one ship may not be transferable to another. Therefore, investing in
such advanced propulsion devices may be regarded as being rather risky.

Energy saving by operations

5.21 Saving energy at the operational stage can be achieved by all ships. However, as
discussed in paragraphs 5.6 to 5.8, new ships may have more flexibility to exploit potential
operational improvements, e.g., such as better cargo-handling gear, ability to cruise efficiently at
different speeds, etc. Saving energy at the operational stage is presently addressed by the MEPC
by the development of the Energy Efficiency Operational Indicator (EEOI) and the Ship
Efficiency Management Plan (SEMP).

Fleet management, logistics and incentives

5.22  Energy efficiency can be improved by using the right ships in a transport system.
Generally speaking, efficiency will increase if we concentrate cargoes in larger ships wherever
possible, as demonstrated in paragraphs 5.6 to 5.8. While using large ships tends to reduce
energy consumption in the shipping leg itself, the total impact on overall door-to-door logistics
performance may be negative unless such a move is complemented by smaller ships that can
assist in the onward distribution of cargoes. Naturally, larger ships are not efficient if not enough
cargo is available and they have to sail only partly loaded. Net energy efficiency may be better
for a small ship, with access to more ports and cargo types, being able to fill its cargo hold to
capacity [7].

5.23 Reductions in scheduled speed (i.e. accepting longer voyage times) will increase
efficiency, but result in more ships being needed. Reductions in scheduled speed can be
expensive, since they directly affect the amount of freight carried and hence the income of a ship.
However, there is a trade-off between freight rates and fuel cost: when freight rates are low and
fuel prices are high, it may be profitable to reduce speed.

5.24  Traffic management and control systems, including queue prioritization on criteria other
than “first in”, may also play a role. Reducing time in port through more efficient cargo
handling, berthing and mooring can also help to reduce emissions.

5.25 While there may be many opportunities to optimize and improve operational efficiency
(e.g., as discussed in paragraphs above and in paragraphs 5.29 to 5.38 as well as the description
of the SEMP [30]), at some level, doing so requires the cooperation of several parties. It is
essential that each of these has the incentives and flexibility to join the energy-saving effort, and
it is particularly important that they do not have incentives to contribute to inefficient behaviour.
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As an example of the latter, ship upgrades and major maintenance activities depend on the
high-level strategies of the operating companies. In cases where ships are operated by a different
company than the commercial operator, the technical operator may tend to minimize time in dry
dock (to minimize off-hire cost) and other maintenance costs (e.g., painting costs) while at the
same time handing the fuel bill to the commercial operator. In another example, a ship operator
may arrive in a busy harbour, only to wait for days or weeks to unload, while receiving
compensation (demurrage) for each day of waiting. It is evident that contractual arrangements
and incentives have a significant influence on operations and hence on efficiency.

5.26 Typically, contracts are agreed between two parties only, and aim to safeguard the
(economic) interest of the parties under various conditions. In the typical time charterparty the
charterer both controls the speed and the fuel bill, as well as the consequences of delay. Under
a typical voyage charterparty the ship operator sets the speed, but is also entitled to an economic
compensation — demurrage — in case of a delay in port due to congestion. If the port is able to
handle the ship, the ship operator can take on a new cargo; if not, the ship operator is
compensated by the demurrage. Often the demurrage rate is higher than the extra fuel cost and
then, in both cases, the incentive for the ship operator is to sail at high speed to arrive as early as
possible.

5.27 The net result may be low flexibility for efficient operation and, in the worst cases,
incentives for inefficient operation. While it is easy to point to areas where the present system
falls short, it is more difficult to find solutions that would resolve these issues to the satisfaction
of all parties. Indeed, there are many parties involved in shipping that directly or indirectly affect
transport efficiency. The relationship between these actors is regulated by a number of contracts.
Depending on the type of shipping, the list of involved parties may include:

A owner (including bareboat charterer/operator);
2 charterer;

3 multi-modal transport operators (MTOs);

4 shipper and receiver of the goods;

5 cargo buyer/seller (the original source of the transport demand);
.6 transport agents/brokers;

i port authorities; and

8 terminal operators.

5.28 Transport efficiency is affected by time spent in port: Additional to the parties listed
above, other parties (including shipping agents, stevedores, tug operators, pilots, bunkers
suppliers and other service providers) may have a role to play in minimizing port time.
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Voyage optimization

5.29 Voyage optimization is the optimization of ship operation that the master can achieve
within the constraints that are imposed by logistics, scheduling, contractual arrangements and
other constraints. These include issues such as:

A selection of optimal routes with respect to weather and currents in order to
minimize energy consumption (weather routeing);

2 just-in-time arrival, considering tides, queues, and arrival windows. As discussed
above, incentives and contractual arrangements are very important in this respect.
For instance, severe penalties for late arrival encourage safety margins on the ship
side. Extra payment for time spent waiting (demurrage) discourages just-in-time
arrival;

3 ballast optimization — avoiding unnecessary ballast. Determining optimal ballast
is sometimes a difficult consideration, as it also affects the comfort and safety of
the crew; and

4 trim optimization — finding and operating at the correct trim.

5.30 The potential improvements in efficiency that can be gained by voyage optimization are
highly variable and difficult to assess on a general basis, since this depends on how ships are
presently operated. In the 2000 study of greenhouse gas emissions from ships, the fleet average
potential saving by optimization of trim and ballast in operation was estimated as small (0-1% of
total fuel consumption) [4]. In a recent specific case study of tanker operations done by DNV,
savings of 0.6% were estimated for trim and ballast optimization. Higher figures may be relevant
for specific ship types that carry significant ballast during much of the operation.

5.31 Weather routeing can result in substantial savings for ships on certain routes. However,
weather routeing systems are not uncommon, and the incremental saving that can be expected
from improvements in such systems and from their more widespread use has not been assessed.
The potential for just-in-time arrival was assessed at 1-5% in the 2000 study [4]. The highest
potential saving would be expected where economic considerations (incentives from contractual
arrangement) presently favour inefficient operational arrival. More recently, the potential for
energy saving by just-in-time arrival has been estimated to be 1% [32], based on the Japanese
domestic fleet.

5.32 Several types of weather routeing systems, technical support systems, performance
monitoring systems and other systems can be used to help achieve optimal voyage performance.
These systems must be used and understood, and the skills and motivation of the crew are
critical. Incentive schemes, whereby crew members profit from efficient operation, are one
approach to improving motivation.

Energy management

5.33  Besides the power needed for propulsion, electric power is needed to sustain the crew (the
hotel load) as well as various ancillary systems, such as cooling-water pumps, ventilation fans,
control and navigational systems, etc. Most merchant ships have transverse thrusters, for

manoeuvring at low speed, which need significant power but are used only for short periods.
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Some ships also carry cargo gear that requires high power when loading and unloading.
Passenger ferries and cruise ships will have significant power demands for passenger
accommodation, ventilation and air-conditioning. Significant heat demands may also be required
for passenger comfort and for production of fresh water.

5.34 In certain cases, the cargo requires cooling to maintain quality; e.g., refrigerated or frozen
cargo. Certain cargoes, such as special crude oils, heavy fuel oils, bitumen, etc., require heating.
Some of this heat can be supplied by generating steam, using heat from the exhaust. However, in
many cases an additional steam boiler is needed to supply sufficient steam. Steam from exhaust
gas is generally sufficient to heat the heavy fuel oil that is used on most ships; in port, however,
steam from an auxiliary boiler may be needed.

5.35 It is often possible to reduce energy consumption on board by working towards more
conscious and optimal operation of ship systems. Examples of measures that can be taken
include:

1 avoidance of unnecessary consumption of energy;

2 avoidance of parallel operation of electrical generators;
3 optimization of steam plant (tankers);

4 optimization of the fuel clarifier/separator;

5 optimized HVAC operation on board,
.6 cleaning the economiser and other heat exchangers; and

7 detection and repair of leaking steam and compressed-air systems, etc.

536 This may require investments in training and motivating the crew, and in
monitoring/benchmarking consumption. In parallel, upgrades of automation and process control,
such as automatic temperature control, flow control (automatic speed control of pumps and fans),
automatic lights, etc., may help to save energy. The energy-saving potential of
energy-management measures is difficult to assess, as this depends on how efficiently the vessel
was already being operated and on the share of auxiliary power consumption in the total energy
picture. A saving of 10% on auxiliary power may be realistic for many vessels. This corresponds
to ~1-2% of total fuel consumption, depending on circumstances.

5.37 Optimal maintenance of main engines and ensuring that these are operating at the most
effective (highest) pressures is also important. Savings of 1-2% of the fuel consumption of the
main engine through “tuning” have been observed, with even more in extreme cases, although
the average potential may be around 1%.

5.38 Maintaining a clean hull and propeller is important for fuel efficiency. Many shipowners
have made substantial savings by increasing the frequency of cleaning operations on the hull and
propellers or by implementing condition-based cleaning. Selection of more effective hull
coatings may reduce resistance and result in longer intervals between dry-dockings. Surface
finishing, hull coating and friction reduction are all very important in determining resistance.
As discussed in appendix 1, the appropriate choice of hull coating and hull maintenance alone
can amount to a 5% difference in energy requirements.
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Renewable energy sources

5.39 Renewable energy can be used either directly on board ships (by utilizing wind, solar and
wave energy) or energy can be generated on-shore and converted into an energy carrier such as
hydrogen or electricity.

Wind power, onboard use

5.40 Wind power can be exploited in various ways as the motive power for ships, for example
by:

B! Traditional sails;

2 Solid wing sails;

3 Kites; and

4 Flettner-type rotors.

5.41 These systems have different characteristics. Wind conditions differ between regions, so
that wind power is more attractive in certain regions and routes than in others. In a study carried
out at the Technical University of Berlin [8], three different types of sail were modelled on two
types of ships on three different routes. The objective of the study was to assess the potential
savings of energy and of fuel obtainable over a five-year period, using actual weather data.
This study indicated that the potential for sail energy was better in the North Atlantic and
North Pacific than in the South Pacific. Fuel savings were slightly greater at higher speeds.
However, in terms of percentages, the fuel savings were greater at low speed, due to the low total
demand for propulsion power. In percentage terms, savings were typically about 5% at 15 knots,
rising to about 20% at 10 knots.

5.42 Present-day experience of all of these technologies on board large vessels is limited, and
modelling results are therefore difficult to verify. Nevertheless, wind-assisted power appears to
have potential for fuel-saving in the medium and long term.

Solar power, onboard use

5.43  Current solar-cell technology is sufficient to meet only a fraction of the auxiliary power
requirements of a tanker, even if the entire deck area were to be covered with photovoltaic cells.
Naturally, at certain times and in certain areas, solar radiation will be above average and the
auxiliary demands for power could be met. Moreover, since solar power is not always available
(e.g., at night), backup power would be needed. Therefore, solar power appears to be of interest
primarily as a complementary source of energy. With present technology it could be possible to
save only a few percent of total energy requirements, even with extensive use of solar power.
However, present-day cost levels and efficiency place solar power towards the lower end of the
cost-effectiveness list [9].
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Wave power, onboard use

5.44 This includes concepts for utilizing wave energy and/or ship motion. Examples include
internal systems (gyro-based) and external systems such as wavefoils, stern flaps or relative
movement between multiple hulls (trimarans). These systems have high technical complexity,
limited potential energy efficiency and are not regarded as being very promising.

Renewable energy from shore

5.45 Renewable energy is generated onshore from wind turbines, hydroelectric schemes,
geothermal plants, solar energy plants, etc. Potentially, energy from such sources could be used
to power ships if a suitable energy carrier was available. However, as long as there is a shortage
of renewable energy onshore, there is little to be gained by directing shore-based renewable
energy to ship propulsion. A notable exception is the use of shore power when a ship is berthed.

Fuels with lower fuel-cycle CO; emissions

5.46 Emissions of CO; can be cut by switching to fuels with lower total emissions through the
full fuel cycle (i.e. production, refining, distribution and consumption). The switch from using
residual fuels to distillate fuels that is implied by the sulphur regulation in the revised MARPOL
Annex VI has already been agreed; hence, there is no reason to discuss the potential merits and
demerits of this move on the emission of CO; here. Other fuel options with potential benefits for
reducing the production of CO, include biofuels and natural gas.

Biofuels

5.47 Present-day biofuels (often referred to as “first-generation” biofuels) are produced from
sugar, starch, vegetable oil, or animal fats. Many of these fuels can readily be used for ship
diesels with no (or minor) adaptation of the engine. Depending on source, there are certain
technical issues, such as stability during storage, acidity, lack of water-shedding (potentially
resulting in increased biological growth in the fuel tank), plugging of filters, formation of waxes,
increased engine deposits, etc., which suggest that care must be exercised in selecting the fuel
and adapting the engine. Care must be exercised to avoid contamination with water, since
biofuels are particularly susceptible to biofouling. Blending bio-derived fuel fractions into diesel
fuel or heavy fuel oil is also feasible from the technical perspective; however, compatibility must
be checked, as with bunker fuels [25, 26, 27]. It should be noted that, although many of the
technical challenges related to biofuels may look trivial, the consequence may be engine
shutdown, which may be more critical with respect to the safety of a ship than, for instance, in
the case of a car or a stationary combustion source on land. First-generation biofuels can be
upgraded (hydrogenated) in a refinery. In this case, the resulting fuel is of high quality and the
aforementioned practical problems do not apply. This upgrading costs energy, and hence results
in additional emissions.

5.48 The net benefits on emissions of CO, differ among different types of biofuels. Not all
biofuels have a CO; benefit [25, 28]. The benefit is related to how the fuel is produced; hence
the CO, benefit is not necessarily a function of the type of fuel alone. Biofuels have different
combustion characteristics than traditional diesel. Use of biofuels has in certain cases resulted in
a 7% to 10% increase in the NOy emissions; however, the effect of NOy could be different if the
engine was optimized (e.g., fuel injection rate and timing) for biofuel in these cases.
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5.49  First-generation biofuels have been criticized for diverting food away from the human
food chain, leading to food shortages and higher prices. Additional issues relate to deforestation,
soil erosion, impact on water resources and more. Sustainability issues related to biofuels are
discussed in the UN-Energy paper “Sustainable Biofuels: a framework for decision makers” [29].

5.50 Biofuel produced from residual non-food crops, non-food parts of current crops (leaves,
stems), and also industry waste such as wood chips, skins and pulp from fruit pressing is
sometimes referred to as ‘“second-generation” biofuels. These fuels are considered more
sustainable. The conversion process that is needed to facilitate production of second-generation
biofuel on an industrial scale and economically viable is still in development. Biofuels based on
using algae are sometimes referred to as “third-generation” biofuels. This technology is presently
at an early stage of development.

5.51 In summary, the present potential for reducing emissions of CO, from shipping through
the use of biofuels is limited. This is caused not only by technology issues but by cost, by lack of
availability and by other factors related to the production of biofuels and their use. Additionally,
the biofuels are, at present, significantly more expensive than petroleum fuels. Possible future
use of biofuels towards 2050 is discussed in chapter 7 within the context of IPCC scenarios.

Liquefied natural gas (LNG)

5.52  Liquefied natural gas can be used as an alternative fuel in the shipping industry. The fuel
has a higher hydrogen-to-carbon ratio compared with oil-based fuels, which results in lower
specific CO, emissions (kg of CO,/kg of fuel). In addition, LNG is a clean fuel, containing no
sulphur; this eliminates the SOy emissions and almost eliminates the emissions of particulate
matter. Additionally, the NOy emissions are reduced by up to 90% due to reduced peak
temperatures in the combustion process. Unfortunately, the use of LNG will increase the
emissions of methane (CH4), hence reducing the net global warming benefit from 25% to
about 15% [24].

5.53  LNG-propelled ships will be particularly attractive in future emission control areas since
they can meet Tier III emission levels and the SOy requirements without any treatment of the
exhaust gas.

5.54  One of the main challenges for the use of LNG as a fuel for ships is to find sufficient
space for the onboard storage of the fuel. At the same energy content, LNG has
a volume 1.8-times larger than diesel oil. However, the bulky pressure storage tank requires
a large space, and the actual volume requirement is in the range of three times that of diesel oil.
In addition, the availability of LNG fuels in bunkering ports is a challenge which needs to be
solved before LNG becomes a practical alternative. Conversion from diesel propulsion to LNG
propulsion is possible, but the LNG is mainly relevant for newbuildings since substantial
modification of engines and allocation of extra storage capacity is required.

5.55 At present, the LNG technology is only available for four-stroke engines. For two-stroke
engines, a different gas-engine concept, based on direct injection, may be more attractive.
The NOy benefit of this technology is less than the premixed lean-burn concept that is used in
four-stroke engines.
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5.56 In summary, the present potential for reduction of emissions of CO, from ships through
the use of LNG is somewhat limited, since it is mainly relevant for newbuildings and because, at
present, LNG bunkering options are limited. The forthcoming NOy and SO, ECAs will provide
significant additional incentives for the use of LNG propulsion in short sea operations, since
ECA requirements can easily be met by LNG-propelled ships. The price of LNG is presently
significantly lower than that of distillate fuels, making an economic incentive for a move to
LNG.

Emission-reduction technologies

5.57 Various emission-reduction technologies are available. Although it is possible to remove
CO; from exhaust gases, e.g., by chemical conversion, this is not considered feasible. Indeed,
considering the list of pollutants in the scope of this report, emission-reduction technologies are
mainly relevant to pollutants within exhaust gases, i.e. NOy, SOx, PM, CHs, NMVOC.
Technological options for reducing these emissions are discussed in appendix 2, and only a brief
introduction is given here.

Emission-reduction options for NOy

5.58 Emissions of NOy from diesel engines can be reduced by a number of measures,
including:

B! fuel modification, e.g., water emulsion;

2 modification of the charge air, e.g., humidification and exhaust gas recirculation
(EGR);

3 modification of the combustion process, e.g., miller timing; and

4 treatment of the exhaust gas, e.g., selective catalytic reduction (SCR).

5.59  The sulphur content and the deposit-forming tendency of a fuel influence the possibilities
for other emission-reduction technologies, such as exhaust gas recirculation (EGR) or selective
catalytic reduction (SCR). Consumption and purity of water are issues with all options that use
water.

5.60 A certain trade-off exists, as the emissions of CO; and of PM increase when those of NOy
are reduced. This does not mean that future engines, with lower NOy levels, must have higher
levels of CO,, HC, CO and PM emissions than current models. Simultaneous improvement in
several areas is possible, as demonstrated in [5]. What remains is that, if the improved engine
was re-optimized, NOy could still be traded against other pollutants. Miller cycling, in
combination with two-stage turbocharging, has resulted in reductions in NOy emissions of >40%
and improved fuel consumption in four-stroke engines [5].

5.61 The use of LNG as a fuel is both a switch of fuel and a change in the combustion process.
LNG operation can bring about very large reductions in NOy emissions (~90%) in four-stroke
engines [10]. The potential for reduction of NOy emissions for large two-stroke engines has not
been demonstrated. Use of LNG as a fuel is discussed in paragraphs 5.52 to 5.56.
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5.62  Tier II NOy limits, i.e. 15-20% reduction from the current levels, can be achieved with
modifications of the internal-combustion process. At present, reduction of emissions of NOy to
Tier IIT limits (~80% reduction from Tier I) can only be achieved by selective catalytic reduction
(SCR) post-treatment or by using LNG and lean premixed combustion. These technologies are
proven for four-stroke engines; however, experience with large two-stroke engines is limited.

5.63 By using SCR and LNG technology, it is possible to achieve reductions of emissions even
beyond Tier III limits on some load points. However, achieving further reductions at low load is
problematic with SCR, principally because the temperature of exhaust gases from marine engines
is not sufficiently high for effective operation of the catalyst. Achieving reduction of emissions
to a very low level consistently, for extended time periods, may prove problematic with
a catalyst, due to its possible deactivation. Technology for reduction of NOy emissions at low
load in marine engines is presently being forced by IMO through the modified Tier III test-cycle
requirements in the revised NOy Technical Code.

Emission-reduction options for SOy

5.64 Emissions of SOy originate in sulphur that is chemically bound to the fuel hydrocarbon.
When the fuel is burned, the sulphur is oxidized to SOy (mainly SO;). In order to reduce SOy
emissions, it is necessary to use a fuel with lower sulphur content or to remove the SOy that is
formed in the combustion process.

5.65 The revised MARPOL ensures that significant reductions of SOy emissions will be
achieved through limitations on the sulphur content of fuel. As an alternative to using
low-sulphur fuels, an exhaust-gas scrubbing system can be employed to reduce the level of
sulphur dioxide (SO,). Two main principles exist: open-loop seawater scrubbers and closed-loop
scrubbers. Both scrubber concepts may also remove PM and limited amounts of NOx [16, 17].
Scrubbing of exhaust gases requires energy, which is estimated to be in the range of 1-2% of the
MCR [18].

5.66  Scrubbing to remove SOy reduces the temperature of exhaust gas. On the other hand,
SCR technology requires high temperatures of exhaust gas and at the same time creates low
sulphur and PM content in the exhaust gas. Combining SCR with scrubbing to remove SOy is
thus not considered feasible.

5.67 Pollutant material that is removed from the exhaust is carried in the wash water.
Sulphur oxides react with the seawater to form stable compounds that are normally abundant in
seawater and not believed to pose a danger to the environment in most areas. On the other hand,
particulate matter in the exhaust that is trapped in the seawater may be harmful to the
environment. The revised IMO Scrubber Guidelines [31] provide limits for the effluent,
including limits for Polycyclic Aromatic Hydrocarbons (PAH), turbidity, pH, nitrates and other
substances. Port State requirements for effluent discharges will have a significant impact on the
possible use of seawater scrubbers. To fulfil these requirements, it will be necessary to install a
treatment system to clean the effluent. Generally, the more SO and PM that is removed from the
exhaust by the scrubber, the more pollutant will have to be removed from the effluent.
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Emission-reduction options for PM

5.68  Unlike other emissions, which are chemically defined, particulate matter (PM) is defined
in international standards (ISO 8178) as the mass that is collected on a filter under specified
conditions. However, the mass of PM does not define the chemical composition and the size
distribution of the PM; these are important to health and in causing environmental effects.

5.69 The extent of generation of Particulate Organic Matter (POM) is related to the
consumption of engine lubricating oil, which may potentially be reduced. Changes in the base
stocks and the additives of lube oil may also reduce PM mass. Emissions of elemental carbon are
related to the amount of soot that is formed during combustion, some of which may be removed.
Amounts of organic material and of elemental carbon that are generated may therefore be
considered to be fuel-independent. Amounts of sulphate, associated water and ash are mainly
determined by the fuel. When the sulphur content of a fuel is high, the PM emissions are mainly
fuel-dependent, while other PM fractions are comparatively insignificant. When the sulphur
content of a fuel is reduced, fuel-independent PM is less prominent.

5.70  Some emissions of PM from high-sulphur fuels can be reduced by scrubbing with
seawater. Claims for the potential reduction of PM levels range from 90% to 20%, depending on
source [16, 17]. With low-sulphur fuels, emissions of PM can be further reduced by optimizing
combustion to achieve increased oxidation of soot and of PM, minimizing consumption of lube
oil and minimizing the use of additives in lube oil. The burning of fuel-water emulsions can also
reduce emissions of PM to a certain extent.

5.71 Post-treatment technologies that have been considered or are used in the automotive
sector, such as particulate traps, are not regarded as being suitable for marine fuels due to the
high sulphur content in these fuels [18]. Even future levels of 0.1% of sulphur in the fuels that
are used in a SECA are 100-times the current sulphur limit for automotive diesel that is used in
the European Union.

Emission-reduction options for CHy; and NMVOC

5.72  Engine exhaust emissions of methane (CH4) and NMVOC are comparatively low. Some
reductions may be achieved by optimizing the combustion process. NMVOC may also be
oxidized with a catalyst. Oxidation catalysts are not uncommon in conjunction with
SCR installations, where they oxidize unused ammonia, thus eliminating emissions of ammonia.
Levels of CHy4 in exhaust are more difficult to reduce by using a catalyst.

5.73  Emissions of CHy4 from gas engines are due to unburned methane arising from the process
of premixed combustion. The level of CH4 emissions depends on the layout of the combustion
chamber. By careful design to avoid crevices, emissions can be significantly reduced. However,
there will be a remaining level of CH4 emissions. This CHy4 can be oxidized by using a catalyst,
although this is not as simple as reducing the levels of NMVOC, and this is an area for research
and development.

5.74 Emissions of CH4 from gas engines can be virtually eliminated by replacing the concept
of lean premixed combustion with high-pressure gas injection. This latter concept is believed to
be beneficial for large two-stroke engines. The disadvantage of this option is that the reduction
of NOy emissions that is achieved through direct injection is less than can be achieved with lean
premixed combustion.
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Options for reducing emissions of HFC and other refrigerants

5.75 Emissions of HFC are related to leaks during the operation and maintenance of
refrigeration plants. Technical measures to reduce leaks include designs that are more resistant
to corrosion, vibration and other stresses, reducing the impact of leaks by reducing the refrigerant
charge (i.e. by indirect cooling), and compartmentalizing the piping system, so that a leakage
may be isolated. It is also important that facilities are available to allow safe and not
unreasonably burdensome recovery of refrigerants during maintenance. Operational measures
include planned maintenance and monitoring of the consumption of refrigerant in order to
prevent and detect leaks [19, 20].

Assessment of potential reduction of emissions
Potential for reduction of CO, emissions

5.76 A number of options for improvements in efficiency have been discussed in previous
paragraphs. The potential for saving energy by combining these options is very significant.
On the other hand, costs, lack of incentives and other barriers prevent many of them from being
adopted. Therefore, when making an assessment of the potential saving, we also make implicit
assumptions regarding the degree of compromise, effort and extra costs that would be required.
An assessment of energy-saving potentials, using known technology and practices, is shown in
table 5-2. The ranges in the figures in this table express the variation in potential for different
ship types and the degree of commitment to making savings.

5.77 Assumptions of future improvements in efficiency are used in the future emissions
scenarios presented in chapter 7. The high figures shown in table 5-2 correspond fairly well to
the scenario with the highest improvement in energy consumption, in which net improvements,
excluding the use of low-carbon fuels, range from 58% to 75%, depending on the ship type,
in 2050. This assumption, as well as indicators of historic transport efficiency for different ship
types, is illustrated in figure 5-1. The background of the generation of historical efficiency data
is presented in chapter 9.

Table 5-2 — Assessment of potential reduction of CO; emissions from shipping by using
known technology and practices

37 o,
DESIGN (New ships) CS g‘zllltl(l)%"(lﬁ:n(;fe Combined Combined
Concept, speed & capability 2-50"
Hull and superstructure 2-20
Power and propulsion systems 5-15 o+
Low-carbon fuels 5-15%* 10-50%
Renewable energy 1-10
Exhaust gas CO, reduction 0 25-75%"
OPERATION (All ships)
Fleet ' management, logistics & 550"
mcentives o)+
Voyage optimization 1-10 10-50%
Energy management 1-10

Reductions at this level would require reductions of speed.
CO; equivalent based on the use of LNG.

*
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Efficiency improvement in historic prespective
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Figure 5-1 — Indicated historical efficiency and “high-efficiency” scenarios

5.78 Another perspective on the potential for reduction is that of marginal abatement cost
curves (MACC). These add information to the reduction potential, as given in table 5-2, by also
assessing the costs of measures. A MACC plots the maximum achievable reductions against
estimated cost-effectiveness. Assuming that the most cost-effective measures for reduction of
emissions are implemented first, the subsequent options will be more expensive and less
effective. For example, if an improved design of hull reduces the energy requirement by 5% and
a better propeller achieves a reduction of 3%, implementing both will not necessarily yield a
reduction of 8%. A MACC always considers the cost of reducing the emissions by the next
tonne of CO,, given the reduction that has been achieved by the options that have already been
implemented [22].

5.79 A MACC can inform policymakers about the costs of meeting certain reductions in
emissions or the environmental effect of a tax or levy. It has to be noted, however, that the
MACC does not capture all of the possible reactions to a certain policy. The effects of change of
demand are absent, for example, so a thorough analysis of the costs of a policy should also use
economic models.

5.80  The generation of MACC curves is very demanding in terms of data. This is especially
true for the MACC that is presented here, as little data on the cost-effectiveness of
emission-reduction measures in shipping was available hitherto. In this study, only a subset of
measures (a total of 25 individual measures) was available for inclusion. In certain cases, the
criterion for exclusion has been the availability of data rather than the relevance of those data.
Nevertheless, sufficient options are included to provide a meaningful indication of costs and the
reduction potential for the world fleet. A better coverage of measures would show that the
potential to reduce emissions is larger. As some of the measures that have not been considered
here are currently implemented, it seems reasonable to assume that the cost-effective potential to
reduce emissions would also be larger.
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5.81 Since, for most options, it is not possible to estimate a single value for costs and the
potential for abatement, we decided to present ranges rather than single values. Assumptions,
data and further information on the cost-effectiveness of specific measures are provided in
appendix 4. The marginal abatement cost curve for CO, is shown in figure 5-2. In considering
this curve, the following should be noted:

1

The curve adopts a social perspective. In other words, it answers the question of
what it would cost the world economy to reduce emissions. It does not represent
the expenditures that ship operators would have to make to do this;

The model assesses the fleet-average potential for abatement and the
cost-effectiveness of measures. Some measures may be very cost-effective for
some ship types, but would have high costs if applied to the world fleet. In that
case, they would not seem to be cost-effective in this graph;

The model uses a subset of improvement options. The inclusion of more options
would increase the total potential for reduction;

The maximum abatement potential is what can be implemented in the world fleet
in 2020. It is not directly comparable to table 5-2. Moreover, market constraints,
such as limited availability of certain measures, have not been taken into account;

Some options have negative cost and would be profitable to use. There may be
non-financial barriers that prevent their use, or they might be cost-effective from a
social perspective but not from the perspective of a ship operator;

In general, higher discount rates will increase the investment annuity costs and
shift the curve upwards (measures become less cost-effective);

In general, higher fuel prices increase the benefits of measures in terms of the fuel
that is saved, and this shifts the curve downwards (measures become more
cost-effective); and

In 2020 the maximum abatement potential ranges from about 210 to 440 Mt of
CO,, i.e. about 15-30% of projected emissions in the A1 scenario family.
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Marginal CO, Abatement Cost Curve, 2020, Fuel Price 500$/ton
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Figure 5-2 — Indicative marginal CO, abatement costs for 2020
Potential for reduction of other GHG emissions

5.82 A detailed analysis of impacts of emissions from shipping on climate is provided in
chapter 8. Somewhat simplified, the relative importance of the individual greenhouse gases that
are emitted from ships can be indicated in terms of their global warming potential (GWP) [21].
A comparison of the GWP on a 100-year horizon, based on 2007, is shown in table 5-3.
This table shows that CO, is the primary GHG emitted by shipping, and that the potential for
reduction of emissions from other sources is comparatively small.

5.83  The N,O and the CHy fraction of the exhaust gas can be reduced in proportion to energy
consumption. The reduction potentials indicated in table 5-2 can thus be applied also to these
emissions. Note that some emissions of CHy also originate in the transport and handling of crude
oil, and that these emissions are not reduced by increasing ship efficiency. With respect to HFC,
these emissions are leaks. The theoretical potential to reduce their emissions is thus very high,
although it may be very difficult to achieve.

Table 5-3 — Relative importance of GHG emissions from ships in 2007

million tonnes GWP CO, equivalent GWP %
CO, 1054 1 1054 98%
CH, 0.24 25 6 0.6%
N,O 0.03 298 8 0.7%
HFC * 0.0004 1300 0.5 0.6%
SFe 0 23900 0 0
PFC Negligible 6500-9200 Negligible Negligible

The GWP values vary greatly between the different HFCs. The refrigerant HCFC-22 is the most
commonly used refrigerant on board ships; hence the corresponding value of GWP is used in the above
calculations.
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Potential for reduction of other relevant substances

5.84 Emissions of other relevant substances (NOyx, SOy, PM, CO and NMVOC) in exhaust
gases will be reduced as the energy efficiency of shipping increases. Therefore, the potentials
that are indicated in table 5-2 can be applied for these emissions also, although the fraction of
emissions of NMVOC that originates in the transport and handling of crude oil is not affected.
Paragraphs 5.84 to 5.90 discuss the potential for additional reductions.

5.85 The reductions in emissions that are mandated or expected from the revised Annex VI are
shown in table 5-4. The potentials for reduction are based on a sulphur content of 2.7% in fuel

and PM compositions as shown in paragraphs 7.53 and 7.54.

Table 5-4 — Maximum reductions in emissions in the revised Annex VI

Global ECA
NO, (g/kWh) 15-20% 80%
SO* (g/kWh) 80% 96%
PM (mass) *(g/kW-h) 73% 83%

Reduction relative to 2.7% sulphur content in fuel.
Expected reduction of PM from fuel change.

NO;

5.86 Reduction of NOy emissions to Tier III limits (~80% reduction from Tier I) can only be
achieved at present by SCR after-treatment or by using LNG as the fuel and lean premixed
combustion. These technologies are proven for four-stroke engines; however, experience with
large two-stroke engines is limited. A reduction of around 40-50% from Tier I is has been
demonstrated for four-stroke engines, with a simultaneous improvement in energy efficiency and
reduction of emissions of CO, compared to current engines [5].

5.87 Using SCR and LNG technology, it is possible to achieve reductions of emissions even
beyond Tier III limits at high loads. However, achieving further reductions at low loads and
achieving the reduction consistently for extended time periods may be more difficult.
Furthermore, the potential for reductions for two-stroke engines is less well documented.
Therefore, a primary gateway to reduce emissions of NOy could be to extend or introduce new
ECAs and/or reduce the global NOy limit. The potential for extending the coverage of ECAs has
not been analysed.

SO, and PM

5.88  The revised MARPOL Annex VI requires significant reductions in emissions of SOy and
of PM, as shown in table 5-4. While there have been few discussions as to the possibility of
reducing emissions of SOy from individual vessels, there has been debate among experts on the
total impact on emissions of CO, when these reductions are applied to the world fleet. This is
also the case when considering the potential for further reductions. Technically, from the
perspective of the ship, further reductions in sulphur are clearly feasible. Indeed, a lower sulphur
content in the fuel is purely an advantage for the engine. However, other aspects of the fuel
(such as, e.g., lubricity, ignition and combustion properties) are critical to the performance of the
engine. Reductions in the sulphur limits of marine fuel may cause marine fuels to be blended in
new ways, using different components, which could positively or negatively influence other
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parameters of the fuel. Therefore, more comprehensive and narrower specifications of marine
fuels may be needed in the future.

5.89 A potential for reducing emissions of SOx and of PM below the levels that are indicated
in table 5-4 by using scrubbing technology has been claimed. Alternative fuels, such as LNG,
will also enable emissions of SOy to be reduced, although such fuels must be expected to be
relevant for only part of the fleet. Possible future application of LNG as a fuel for ships is
discussed in chapter 7. The potential for reducing emissions of SOy through increasing
ECA coverage has not been analysed.

CO and NMVOC

5.90 Carbon monoxide and NMVOC are by-products of incomplete combustion. These
emissions show a certain trade-off with NOy, as technologies aimed at reducing NOy, other than
SCR, tend to increase these emissions. Typical levels of these emissions are very low, in the
range of 0.1-0.3 g/kW-h, and little effort has been made to reduce them further.

Summary

5.91 Paragraphs 5.91 to 5.94 discuss the potential options for reduction of emissions of
greenhouse gases and other relevant substances from the shipping sector, from a technological
perspective. In principle, there are four fundamental categories of options for reducing emissions
from shipping:

1 Improving energy efficiency, i.e. doing more useful work with the same energy
consumption. This applies to both the design and the operation of ships;

2 Using renewable energy sources, such as the wind and the sun;

3 Using fuels with less total fuel-cycle emissions per unit of work done, such as
biofuels and natural gas; and

4 Using emission-reduction technologies — i.e. achieving reduction of emissions
through chemical conversion, capture and storage, and other options.

5.92  The potential for saving energy by combining these options is very significant, as shown
in table 5-2. It has been assessed that, by application of known technology and practices,
shipping could be 25-75% more energy-efficient, depending on the ship type and the degree of
compromise.

5.93 Renewable energy, in the form of wind and solar energy, can be used on board ships as
additional power; however, the total share of energy that can be covered in this way is limited
both by the availability and variable intensity of wind and solar energy and the present-day
ability to make use of it.

5.94 LNG is a marine fuel that delivers very significant reduction of NOy and SOy and PM
emissions and at the same time also a reduction in CO, equivalents. Where available, LNG is
expected to remain a less expensive fuel than distillate fuels. This combination makes it
particularly interesting for use within future ECAs. Emission-reduction technologies can be
applied to reduce SOy, NOy and PM emissions.
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Chapter 6
Policy options for reductions of GHG and other relevant substances
Introduction
6.1 Scenarios for future emissions from ships are presented in chapter 7 of this report.

These scenarios show that emissions of GHG from shipping are likely to increase in the future,
principally due to an anticipated increased demand for transport. Chapter 3 has identified CO; as
the most important GHG emission from shipping. Therefore, this chapter emphasizes reduction
of emissions of CO,. Chapter 8, which addresses climate impacts, puts the future emission from
shipping in a global context. This is done by comparing scenarios for future emissions of CO,
from ships with the total global emission of CO, that is believed to result in an increase in
temperature of 2°C. It is clear from this comparison that reductions in emissions of CO, from the
shipping sector are needed beyond what is anticipated in the scenarios. Chapter 5 provides
examples of technical and operational measures that can be taken to reduce emissions. As some
of these measures are costly, policies will be needed to support their implementation.
This chapter analyses the policy options that may be applied to achieve reductions of emissions.

6.2  The chapter is structured as follows. Paragraphs 6.4 to 6.33 discuss progress and current
work within IMO on this topic. Paragraphs 6.34 to 6.47 provide an analytical overview of policy
options while paragraphs 6.48 to 6.71 describe the design of the policy options to be analysed.
Paragraphs 6.72 to 6.130 discuss criteria for analysis of policy options and present a qualitative
analysis of these options. Conclusions are provided in paragraph 6.131.

6.3  General background information that is relevant to the discussion is provided in chapter 2
of this report. This background includes, inter alia, introduction to The United Nations
Framework Convention on Climate Change (UNFCCC), differences in interpretation of the
wording of Article 2.2 of the Kyoto Protocol, and a general overview of regulation and the
legislative framework for shipping.

Progress and current discussions in IMO

6.4  In 1997, the MARPOL Conference adopted a resolution on “CO, emissions from ships”,
inviting the IMO to undertake a study on the quantity of GHG emissions from ships and to
consider “feasible GHG emission reduction strategies”. MEPC commissioned a study which was
completed in 2000. This study provided an examination of emissions of greenhouse gases from
ships as well as possibilities for the reduction of these emissions through different technical,
operational and market-based approaches.

6.5 To further address the issue of GHG emissions from ships, the IMO Assembly adopted
(December 2003) resolution A.963(23) on “IMO Policies and practices related to the reduction of
greenhouse gas emissions from ships”, which, inter alia:
1 Urges the MEPC to identify and develop the mechanism or mechanisms needed to
achieve the limitation or reduction of GHG emissions from international shipping

and, in doing so, to give priority to:

- the establishment of a GHG emission baseline;
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- the development of a methodology to describe the GHG efficiency of a
ship in terms of a GHG emission index for that ship. In developing the
methodology for the GHG emission indexing scheme, the MEPC should
recognize that CO, is the main greenhouse gas emitted by ships;

- the development of Guidelines by which the GHG emission indexing
scheme may be applied in practice. The Guidelines are to address issues
such as verification; and

- the evaluation of technical, operational and market-based solutions.

6.6  Results from the extensive work within MEPC in response to this challenge are briefly
summarized in the following sections. Paragraphs 6.7 to 6.12 discuss progress towards the
establishment of a GHG emission baseline. Paragraphs 6.13 to 6.28 focus on methodologies to
describe the GHG efficiency of a ship. Paragraphs 6.29 and 6.30 address the development of
guidelines by which the GHG emission indexing scheme may be applied in practice.
Paragraph 6.31 briefly describes the evaluation of technical, operational and market-based
solutions, although this is also captured by paragraphs 6.48 to 6.71.

The establishment of a GHG emission baseline

6.7  When referring to a baseline for GHG emissions, resolution A.963(23) calls for an overall
baseline for total emissions of CO; from ships for a given year, with the purpose of illustrating
the trends in total emissions. The same resolution also requests that the MEPC consider the
methodological aspects related to the reporting of emissions of GHG from ships that are engaged
in international trade.

6.8  Establishing a baseline for shipping is a challenging discussion for MEPC, since the
scope of the baseline may or may not be subject to flag, i.e. the still-to-be-resolved question of
whether “common but differentiated responsibility” should apply to a GHG regime for
international shipping rather than IMO’s basic principle of “no more favourable treatment”.

6.9  Moreover, there are methodological difficulties in establishing such baselines. This can
be appreciated by the discussions in chapter 3 and appendix 1 of this report, in which, inter alia,
it is concluded that statistical data presently available are likely to under-report the consumption
of marine fuel. The emissions inventory for this study relies on an activity-based estimate
for 2007. As can be seen in chapter 3, there is a considerable uncertainty in the estimate. In this
study, the estimated annual changes in emissions in years prior to 2007 are based on trending
with seaborne trade estimates from Fearnresearch. While this was found to be the best possible
approach for this study, it is inappropriate to rely on data from Fearnresearch to calculate future
emissions in a framework where direct activity data are instrumental in determining whether or
not goals have been achieved.

6.10  Chapter 3 and appendix 1 of this study exemplify the use of shipping activity input to
establish current-year emissions, and demonstrate how to use explicit scenario drivers to
articulate future estimates under various interventions and economic signals. This discussion is
relevant, since establishing baselines is an important element of some policy options that will be
discussed in forthcoming sections.
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6.11 The number of days at sea for the various ship types is the parameter in the activity-based
inventory that contributes the largest uncertainty. Long Range Identification and Tracking
(LRIT) systems may provide data that could provide trends in ship activity that are suitable for an
activity-based baseline. The related provisions of the 1974 SOLAS Convention have entered into
force on 1 January 2008; the phased-in implementation started on 31 December 2008 and will be
completed for passenger ships (including high-speed craft), cargo ships of 500 gross tonnage and
above (including high-speed craft), and mobile offshore drilling units (when they are not on
location), when engaged on international voyages, by 30 December 2009 (for the SOLAS
Contracting Governments which are also Parties to the 1988 SOLAS Protocol, this will be
completed by 30 March 2010).

6.12  The cost of LRIT information has to be paid for by those requesting such information,
and in essence the total cost of the LRIT system is paid by SOLAS Contracting Governments as
flag States. As a result, there are certain caveats in relation to the use and sharing of
LRIT information, and thus it will be necessary to discuss certain issues within the Maritime
Safety Committee, including amending the current decision so as to allow the use of
LRIT information for purposes of protection of the environment. Nevertheless, while some
uncertainty is inevitable, it is considered to be technically feasible to generate rigorous baselines,
using activity-based data, in the near future.

Methodologies to describe the GHG efficiency of a ship

6.13  Resolution A.963(23) calls for the development of a methodology to describe the
GHG efficiency of a ship in terms of a GHG emission index for that ship. Recognizing that CO,
is the most important greenhouse gas that is emitted from ships, MEPC has mainly emphasized
emissions of CO; in their discussions. MEPC has explored three principal pathways to indexing
emissions:

A Indexes expressing the GHG efficiency of the design of the ship;
2 Indexes expressing the GHG efficiency of the operation of the ship; and
3 Combinations of the above.

6.14 Emission indexes are designed to benchmark design or performance of ships. This
information can potentially be used by shipowners and ship operators for self-improvement.
Potentially, emission indexing could be used in voluntary incentive systems or in mandatory
schemes, as is discussed in paragraphs 6.48 to 6.71. The remainder of this section describes the
two indexes that are currently discussed in IMO, viz. the Energy Efficiency Design Index
(paragraphs 615 to 6.23) and the Energy Efficiency Operational Indicator (paragraphs 6.24
to 6.28).

Energy Efficiency Design Index (EEDI)
6.15 MEPC has considered indexes expressing the GHG efficiency of the design of a ship in
great detail. The fundamental principle that has been agreed is that the emission index expresses

the ratio between the cost (i.e. emission) and the benefit that is generated, which is expressed as
transport work capacity.
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6.16 MEPC 58 approved the use of the draft Interim Guidelines on the method of calculation
of the Energy Efficiency Design Index for new ships, for calculation and trial purposes with a
view to further refinement and improvement, as set out in annex 11 of its report [1]. Since the
EEDI has not been finalized at the time of writing (March 2009), it is possible that changes could
be made to the EEDI as compared to what is presented here. It is likely, however, that such
changes will apply only to details of the EEDI, which will have little impact on the overall
concept that is discussed here.

6.17 The EEDI expresses the emission of CO, from a ship under specified conditions
(e.g., engine load, draught, wind, waves, etc.) in relation to a nominal transport work rate.
The unit for EEDI is grams of CO; per capacity-mile, where “capacity” is an expression of the
cargo-carrying capacity relevant to the cargo that the ship is designed to carry. For most ships,
capacity will be expressed as deadweight tonnage.

6.18 The EEDI formula takes into consideration special design features and needs, including
the use of energy recovery, the use of low-carbon fuels, performance of ships in waves and the
need for ice strengthening of certain ships. The handling of certain design features, such as
electric propulsion, is still subject to evaluation. The EEDI has a constant value that will only be
changed if the design is altered.

6.19 The EEDI provides, for each ship, a figure that expresses its design performance.
By collecting data on EEDI for a number of ships within a category, it will be possible to
establish baselines that express typical efficiencies of these ships. Figure 6-1 shows the effect of
deadweight of a ship on the CO, design index for some categories of ship [2]. The formula that
was used to calculate the CO, design index is similar to the EEDI, and the EEDI is expected to
show the same behaviour.

6.20 Based on this type of analysis, EEDI baselines have been proposed for different ship
categories that are functions of ship size [3], where size is expressed, e.g., as deadweight tonnage
or gross tonnage. EEDI baselines could be part of different policies using the EEDI. It is clear
from this figure, however, that, when the ship size gets very small, the curve showing EEDI trend
becomes steep for these small containerships and dry cargo ships shown. Therefore, small
variations in ship size may result in very large variation in EEDI baseline. This could potentially
encourage non-optimal design practices where ship size is selected by the EEDI baseline
allowance rather than by operational need, which may not be a desirable outcome. Therefore, a
size threshold could be considered for the application of an EEDI baseline of this type.
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Figure 6-1 — The effect of ship deadweight on CO; design index [2]

6.21 Establishing an EEDI baseline, using different datasets, will result in different baselines
being calculated. Presently, the EEDI is not finalized and baseline data have been approximated
by using data from existing ship databases rather than being obtained through the process of
establishing the EEDI for individual ships. Also, the introduction of Common Structure Rules
(CSR) has increased the steel weight of new ships, which may need to be taken into account.
Presently, some work remains within MEPC to finalize the development of EEDI baselines.

6.22 Some ships are not primarily designed to transport cargo. Examples include tugs,
ice-breakers, dredgers, fishing vessels and cruise ships. In these cases, transport work is not
suitable to express the benefit they provide [4]. Therefore, there are some ship types where the
EEDI, in units per kilometre, may be considered less meaningful or relevant. This, and the
possible need for a minimum size threshold, suggests that the units in which EEDI is measured
may need modification to address some ship types and sizes, and that the EEDI may not be
practically applicable to all ship types. However, large cargo ships can be covered and, as shown
in chapter 3, these ships account for a significant share of emissions.

6.23  Potential policies, using the EEDI as a basic parameter, are discussed in forthcoming
sections.

Energy Efficiency Operational Indicator (EEOI)

6.24  The fundamental principle for the EEOI is the same as agreed for the EEDI, i.e. that the
emission index expresses the ratio between the cost (i.e. the emission) and the benefit that is
generated.

6.25 The EEOI was previously referred to as the (operational) “IMO CO, index”. The Interim
Guidelines for voluntary ship CO; emission indexing for use in trials were adopted by MEPC 53
in July 2005 and published as MEPC/Circ.471. MEPC urged interested parties to facilitate trials
and report results. In the work leading to the adoption of MEPC/Circ.471, alternative formulas,
approaches and use of the index were discussed, as presented in MEPC 53/WP.3 and
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MEPC 49/4. At the time of writing (March 2009), IMO is in the process of finalizing an updated
version of the EEOIL. The final EEOI could, therefore, be somewhat different if compared to the
EEOI as discussed here.

6.26 The EEOI expresses actual CO,-efficiency in terms of emissions of CO, per unit of
transport work, using the following formula (MEPC/Circ.471):

ZF C. xC

EEOI = 3

chargo,i X Di

carbon

where:
FC; denotes fuel consumption on voyage i;
Cearbon 18 the carbon content of the fuel used;
Meargo,i 1S the mass of cargo transported on voyage i; and
D; is the distance of voyage i.

The unit for EEOI is grams of CO, per capacity-mile, where “capacity” is an expression of the
actual amount of cargo that the ship is carrying. For most ships, capacity will be expressed as
tonnes of cargo moved; however, other units (such as passengers, TEU, cars and more) may also
be used. Unlike the EEDI, the EEOI changes with operational conditions. The EEOI may thus be
calculated for each leg of a voyage and reported as a rolling average or periodically.

6.27 MEPC/Circ.471 specifies that “the guidelines are applicable for all ships performing
transport work”.

6.28 From the trials conducted to date, it appears that the value of the EEOI will, amongst
others, depend on the average utilization of the cargo-carrying capacity that can be achieved in
actual operation. The Ilatter is affected by the cyclical “business climate” for the various
trades [5]. Hence the average indicator for a ship category may vary from one year to the next,
given changes to demand and competition, and among trade routes. Some transport tasks appear
to offer the possibility for high average utilization (e.g., return cargo, or trade triangles), while
other trade patterns (e.g., distribution of smaller cargo parcels) may result in inherent low
efficiency that is related to the nature and geography of the transport demand, not to the
operation or choice of ship [6]. All of these issues may make it hard to establish a baseline for
the EEOL

Applying the GHG emission indexing schemes in practice

6.29 In order to promote best practices for fuel-efficient operation of ships, MEPC is
considering the introduction of a Ship Efficiency Management Plan (SEMP). The shipping
industry has put significant effort into the development of the technical details of how this could
be done, as presented in MEPC 58/INF.7 [7].

6.30 The SEMP presents a framework for a ship to address energy-efficient operation by
monitoring performance and considering possible improvements in a structured fashion. A
SEMP could be developed by the ship operator or other relevant party, such as a ship charterer.
Its successful implementation would include four phases:

1 Planning;

2 Implementation;
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3 Performance monitoring; and
4 Self-improvement.

The EEOI could be utilized for performance monitoring within the SEMP. The SEMP should
not be seen in isolation. Provisions already exist in the ISM Code for owners and operators to
monitor environmental performance and to establish a programme for continuous improvement.
The proposed Ship Efficiency Management Plan may be considered an amplification of the
requirements of the ISM Code. It provides a possible mechanism for monitoring ship and fleet
efficiency performance over time (based on the EEOI) and some options to be considered when
seeking to optimize the performance of the ship [7].

The evaluation of technical, operational and market-based solutions

6.31  One of the tasks that IMO Assembly resolution A.963(23) urges the MEPC to undertake
is “the evaluation of technical, operational and market-based solutions”. The MEPC has indeed
discussed technical, operational and market-based policy instruments. These discussions have
not yet resulted in the adoption of a policy. The proposals that were made during these
discussions are the basis for paragraphs 6.48 to 6.71, on the design of GHG policies for shipping.

Work plan for IMO GHG work

6.32 As a follow-up to resolution A.963(23), MEPC 55 (October 2006) approved a “Work
plan to identify and develop the mechanisms needed to achieve the limitation or reduction of CO,
emissions from international shipping”, inviting Member Governments to participate actively in
the work. The work plan culminates at MEPC 59 (July 2009) and contains, inter alia,
improvement of the method of operational efficiency indexing that is described in
paragraphs 6.13 to 6.28 above, establishment of CO, emission baseline(s), and consideration of
technical, operational and market-based methods for dealing with emissions of GHG from ships
in international trade.

6.33  Results from this work will be important to the considerations that will take place within
the UNFCCC at the fifteenth session of the conference of the parties (COP-15, December 2009).
The overall goal for this conference is to establish an ambitious agreement on global climate.

Identification of policy options
6.34 A large number of policies to reduce ships’ GHG emissions are conceivable. This section
sets out to identify a comprehensive overview of options, abstracting from concrete proposals
that have been made to IMO. The next section will discuss the options that are relevant to the
current IMO debate in more detail.
6.35 There are various ways to classify policies. We list two:

A policies can be classified according to the basic parameter that the policy uses.

In the case of climate policies, the basic parameter can be absolute emissions, an
efficiency indicator, life-cycle carbon emissions arising from a fuel, etc.; and
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2 policies can be classified according to the type of policy instrument.
In environmental policies, a classification of market-based instruments,
command-and-control* instruments and voluntary instruments is often used.

This study identifies policy instruments according to the basic parameter.” Paragraphs 6.42
to 6.44 present a matrix where policy instruments are categorized according to both the basic
parameter and the type of instrument.

Factors determining maritime emissions of CO;

6.36  Figure 6-2 presents a stylized overview of the principal factors that influence the
magnitude of emissions from seaborne transport. The purpose is to provide a policy-analytical
framework to evaluate options to reduce emissions. Each factor and its direct or indirect relation
to maritime emissions will be described in more detail below. Please note that this is a general
illustration, not capturing all possible factors and interrelations. This framework is presented
here and used in this section because it allows the identification of policy options to reduce
maritime emissions of GHG.

’ Factor costs H Organisation of production

4‘ Geography raw materials

’ Economic activity H Geography final consumption

Transport demand

Transport work

Modal split

’ Maritime infrastructure Relative price of

maritime transport Maritime CO, emissions

’ Maritime factor costs

Efficiency and
infrastructure of other
modes

[
’ Fleet size ‘ ’ Fuel price ‘ l

l l l Fuel lifecycle carbon emissions }—

Fleet operation

’ Fleet design energy efficiency }—
+

Fleet operational CO, efficiency

’ Logistics ‘ ’ Speed ‘ ’ Maintenance ‘

’Technology ‘ ’Fleetcharacteristics ‘

Figure 6-2 — Stylized representation of factors determining maritime emissions

6.37 The volume of maritime CO, emissions for most ships depends, by definition, on the
operational CO, efficiency of the fleet (in terms of CO, emissions per tonne-mile) and the
transport work (in tonne-miles). For non-transport ships, the service-work units could be different
(e.g., fishing days, towing/non-towing operating hours, passenger-miles); these are not addressed
in this discussion.

*  The term “command-and-control” generally comprises all prescriptive regulations, be they prohibitions,

technology-based discharge standards, performance standards, etc. (Russell and Powell, 1999 [26]).

> For a list of policies classified according to the type of policy, see, e.g., Torvanger et al. (2007) [29].
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6.38  Transport work of the maritime sector depends on two main factors: (overall) demand for
transport and the split between modes of transport. Logistic efficiency is also a factor of the
actual tonne-miles, although this is not shown in figure 6-2. In turn, demand for transport is
determined by the general economic activity and the geography of raw materials, final
consumption and the organization of production. Production tends to be concentrated in areas
with low factor costs (“factor costs” being the costs of input factors, such as labour, energy, raw
materials, etc.). Both factor costs and geography of final consumption are correlated with
economic indicators such as GDP per capita in different parts of the world. Overall GDP level is
positively correlated with overall demand for transport. Thus, economic activity (indicated by,
e.g., GDP) and geography of raw materials, production and consumption constitute the main
driving forces of demand for transport.

6.39 The modal split depends primarily on the availability of alternative modes of transport
(not illustrated) and the relative price of maritime transport. The latter depends on the fleet
operational CO, efficiency, the maritime infrastructure, the factor costs of maritime transport and
the prices of competing modes.

6.40 Turning to the operational CO; efficiency in the lower half of figure 6-2, this depends on
the fuel life-cycle carbon emissions, on the operation of the fleet and on the fleet design energy
efficiency (note that “fleet operational CO, efficiency” in figure 6-2 applies to the fleet, not to
individual ships, as the EEOI does. The fleet operational efficiency would be the weighted
average of each ship’s EEOI). Fuel life-cycle carbon emissions can be changed by a move to
fuels such as natural gas and biofuels. The fleet operational aspects that have the largest impact
on the CO, efficiency are (voyage performance) logistics, maintenance, and speed. All three
aspects are influenced by the price of fuel and the size of the fleet relative to demand for
transport.

6.41 The fleet design energy efficiency depends on the type of ships in the fleet (e.g., type of
engine, size, and shape of a ship) and the use of various energy-saving technologies as outlined in
chapter 5; it is related to the state of the art in shipbuilding at the time when the ships in the fleet
were built. (Again, note that “Fleet design energy efficiency” in figure 6-2 applies to the fleet,
not to individual ships, as the EEDI does. The fleet design energy efficiency would be the
weighted average of each ship’s EEDI.)

Overview of policy options

6.42 In principle, policies can be aimed at each of the factors that determine the maritime
emissions of CO, as presented in figure 6-2. In practice, some policies would obstruct free
maritime movement or trade, e.g., policies that would directly influence the amount of transport
work. The remaining policies can be grouped in four categories, depending on the indicator that

1s used:

1 Policies directly aimed at reducing maritime emissions of CO, without regard to
design, operations, or energy source;

2 Policies aimed at improving the operational fuel efficiency of the fleet;

3 Policies aimed at improving the design efficiency of the fleet; and
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4 Policies aimed at reducing the fuel life-cycle carbon emissions, such as policies
that favour the use of natural gas or biofuels.

For each of these basic parameters, a number of policy instruments can be designed. Maritime
emissions of CO; can be addressed by market-based instruments; operational or design efficiency
and the life-cycle carbon emissions can be addressed by market-based instruments or by
command-and-control instruments or by voluntary measures. Table 6-1 provides a
non-exhaustive overview of policy options.

Table 6-1 — Overview of policies to limit or reduce emissions of GHG from ships

Market-based Command-and-

Voluntary measures

instruments control instruments
Emissions trading, e.g.,
Maritime GHG METS."
emissions Emissions levy, e.g.,
ICF.f
EEOI lev Mandatory EEOI limit. | Voluntary agreement to
. . v Mandatory EEOI improve EEOL
Operational efficiency | EEOI levy/benefit reporting Voluntary agreement to
scheme. Mandatory SEMP. implement SEMP.
EEDI levy. . Voluntary agreement to
Design efficiency EEDI levy/benefit ?ﬁfﬁiifsﬁ ESEDI limit improve EEDI, meet
scheme. ps- voluntary standards.
. Fuel life-cycle carbon
f:;;slilzz-scyde carbon Differentiated fuel levy. | emissions standard.
Biofuel standard.

METS — Maritime emissions trading scheme.

" ICF - International Compensation Fund.
6.43  Within IMO discussions, policies are commonly grouped in three categories:
A Technical policy options, i.e. aimed at improving the design efficiency of the
fleet;
2 Operational policy options, i.e. policies aimed at improving the operational

efficiency of the fleet; and
3 Market-based policy options, i.e. instruments addressing CO, emissions directly.
Note that, in the IMO, the phrase “market-based policy options” is generally applied to
market-based policy options addressing CO, emissions. Market-based options addressing
operational or design efficiency are hardly discussed. Throughout this chapter, we will stick to
the IMO terminology.
6.44 The above categories are used in the subsequent discussions.

Technical and operational measures in a policy context

6.45 Chapter 5 identifies technical and operational measures that can be taken to reduce the
emissions of CO;, from ships. Depending on the fuel price, some measures are expected to be
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cost-effective for the operator. It is likely that these measures will be taken on the basis of
business-economic considerations by actors in the shipping sector. Other measures are expected
not to be cost-effective even when assuming comparatively high fuel prices. These measures
will not be taken if business-economic considerations are the sole driver; they have to be
incentivized by policies.

6.46 Table 6-2 shows how the principal policy options relate to the emission-reduction options
that are presented in chapter 5. The table shows that technical policy options target design
measures in new ships. Operational policy options will, in principle, cover both design options in
new ships and operational options in all ships. Market-based instruments cover design measures,
operational measures and may imply mechanisms to use emission-reduction options in other
sectors.

Table 6-2 — Relationship between principal policies and principal emission-
reduction options

Technical policy Operational policy Market-based
options* optionst instruments i
DESIGN (New ships)
Concept, speed & capability Key aspects can be
Hull and truct accounted for in the
u” and Superstructure EEDI or technical
Power and propulsion systems standard '
All design and All design and
Low-carbon fuels Capability can be g operational elements

operational elements may
implicitly be covered, as
the resulting performance

included, but not
necessarily used

may implicitly be

Renewable energy covered, as the

OPERATION (all ships) is the basis for the resulting CO, .
instrument emissions are the basis

Fleet management, logistics & No strument. for the instruments.

incentives

Voyage optimization No

Energy management No

OTHER

Purchasing reductions from

Y
other sectors No No s

Policy aiming to reduce EEDI, or other specific technical standard.
Policy aiming to reduce EEOI, implementation of Energy Efficiency Management Plan.
Emissions trading system (ETS), International GHG Fund (Compensation Fund).

6.47 A more detailed discussion of the measures that are rewarded by different policies is
provided in the discussion on environmental effectiveness and cost-effectiveness of the different
policies in paragraphs 6.72 to 6.130.

Selection and definition of policy options for further analysis

6.48 As shown in paragraphs 6.34 to 6.47, a large number of policies to reduce ships’
GHG emissions are conceivable. This section will describe the high-level design of the principal
policy options that are discussed within IMO. The purpose of the design is to allow an
evaluation of these policy instruments. This evaluation will be based on criteria agreed by
MEPC 57 (paragraphs 6.72 to 6.130).
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Technical policy options
6.49 The discussion about technical policy options in IMO focuses on options that are based
on what is now known as the Energy Efficiency Design Index (EEDI). As noted, MEPC 58
approved the use of the interim method of calculation for trial purposes, with a view to further
refinement and improvement; hence the EEDI is still being developed. This section discusses a
mandatory limit on the value of EEDI for new ships, a mandatory reporting of the EEDI for new
ships, and a voluntary reporting of the EEDI for new ships.
Policy design features: mandatory EEDI limit value for new ships
6.50 A technical policy option that has been proposed in IMO is a mandatory limit on the
value of EEDI for new ships (see, e.g., annex 6 to MEPC 58/4; MEPC 58/4/17; and
MEPC 58/4/18). The main design of a mandatory limit on the value of EEDI would be:

1 the IMO sets a formula for the EEDI,

2 the IMO agrees on a baseline for the EEDI. The baseline could be established,
based on trials with the index. It could be a function of ship type and ship size.

The baseline could have the general formula Baseline value = a - Capacity ©,
where a and ¢ would be ship-type-specific parameters. The baseline could be
determined for seven different ship types (MEPC 58/23; MEPC 58/4/8), but
extension to other ship types could be possible at a later stage:

— dry bulk carriers;

— tankers;

— gas carriers;

— containerships;

— general cargo ships;

— ro—ro cargo ships;

— passenger ships, including ro—ro passenger ships, but excluding high-speed
craft;

3 the IMO sets a target, e.g., a certain percentage below the baseline. Thus, the
target would be type- and size-specific. All ships built after a certain date would

have to demonstrate that their EEDI is better than the target; and

4 the IMO decides to tighten the target over time.
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Policy design features: mandatory reporting of EEDI for new ships
6.51 This policy would require each ship for which an EEDI can be calculated to report the
EEDI upon registration of the vessel. Since the EEDI would be known for every newly built ship,
it could be used in schemes like voluntary actions, differentiation of harbour dues, labelling, etc.
6.52  The main design of a mandatory EEDI reporting scheme would be:
A the IMO develops guidelines for calculation and verification of the EEDI; and
2 the IMO requires flag States to register the EEDI of newly built ships.
Policy design features: voluntary reporting of EEDI for new ships
6.53  This policy would allow each newly built ship for which an EEDI can be calculated to
report the EEDI. It could then be used in schemes like voluntary actions, differentiation of
harbour dues, labelling, etc.
6.54 The main design of a voluntary EEDI reporting scheme would be:
1 the IMO develops guidelines for calculation of the EEDI; and

2 optionally, IMO could consider developing guidelines for verification of EEDI to
avoid different criteria in different incentive schemes.

Operational policy options

6.55 Possible use of the EEOI and its predecessor has been discussed by the MEPC on several
occasions. Proposals that have been made include:

1 mandatory recording/reporting of EEOI;
2 mandatory use of the EEOI/SEMP;

3 mandatory limit on the value EEOI of combined with a penalty for
non-compliance;

4 voluntary recording/reporting of EEOI; and
5 voluntary use of the EEOI/SEMP.

The design of each of these options will be briefly discussed below.
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Policy design features: Mandatory recording/reporting of EEOI

6.56  This policy places an obligation on ships to record their EEOI value. The EEOI would
then be available for use within the industry and for incentive systems set up by third parties,
such as ports. If the values of EEOI were used to trigger benefits in incentive systems, it would
be necessary to have a degree of verification of the EEOI values.

6.57 Reporting EEOI data to a central entity has also been proposed as a means to establish
baselines for ship efficiency and total emissions. It could then be used in schemes, such as
voluntary actions, differentiation of harbour dues, labelling, etc. This is, however, not in itself a
policy to reduce emissions; hence this is not discussed here.

Policy design features: mandatory use of the EEOI/SEMP

6.58 A mandatory requirement for a SEMP would imply that ships would be required to
document what is done to manage the operational efficiency of each ship. This could be
implemented on ships in a fashion similar to the VOC management plan (as mandated by
regulation 15 of the revised MARPOL Annex VI). Mandatory use of the EEOI for monitoring
performance could be part of this policy. A mandatory use of the EEOI could pave the way for
its use in other policies, such as a differentiation of harbour dues, labelling schemes, etc. It is
beyond the scope of this report to assess the multitude of possible policy instruments and
voluntary actions.

6.59 Verification of the EEOI by an independent third party would only be required if the
EEOI were used in incentive schemes.

Policy design features: mandatory EEOI limit value

6.60 In 2008, the GHG working group of the MEPC recommended that the EEOI should not
be mandatory, but recommendatory in nature, although it left open the possibility that the EEOI
could be made mandatory in the future (MEPC 58/4). A mandatory on the limit on the value of
the EEOI could have the following design:

1 the IMO would determine EEOI baselines after the collection of sufficient data on
EEOI of ships. Like the EEDI baseline mentioned above, the EEOI baseline
could, in principle, be the best fit of the EEOIs that are reported to IMO. It should
be noted that, since the EEOI is not a static figure, this task may be significantly
more difficult for the EEOI than for the EEDI (see paragraphs 6.24 to 6.28);

2 the IMO could set a target for reduction of EEOI, specifying, for example, that the
EEOI would have to improve by a certain amount in a certain time period,

3 ships would be required to calculate their EEOI regularly, according to
appropriate guidelines;

4 ships would be required to report their EEOI to their flag State. In order to prevent
fraud, a report should be verified by an independent verifier; and
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5 flag States would take appropriate action if a ship’s EEOI did not comply with the
limit value. Since the only way in which ships can improve their EEOI is by
improving the efficiency of their operation, the penalty for not meeting the limit
value could be a financial penalty. This would penalize non-compliant ships while
at the same time allowing them to improve their EEOI in the next time period.

Policy design features: voluntary recording/reporting of EEOI
6.61  This policy would allow each ship to calculate and report its EEOI on a voluntary basis. It
could then be used in schemes like voluntary actions, differentiation of harbour dues, labelling,
etc. Requirements for baselines and for verification of EEOIs could be decided by the schemes
where this information would be used.
6.62  The main design of a voluntary EEOI reporting scheme would be:

1 the IMO develops guidelines including a formula for the EEOI; and

2 pptionally, IMO could consider developing guidelines for verification of EEOI, to
avoid different criteria being used in different incentive schemes.

Policy design features: voluntary use of the SEMP

6.63 A voluntary use of a SEMP would imply that IMO develops a SEMP that is disseminated
to shipowners and ship operators, to be used at their discretion.

6.64 The main design of a voluntary use of a SEMP would be:
1 the IMO develops a Ship Efficiency Management Plan; and

2 the SEMP would be disseminated amongst shipowners and operators, to be used
at their discretion.

Market-based instruments

6.65 The debate on market-based instruments within IMO focuses on market-based
instruments that address maritime emissions of CO,, and not, for example, on the market-based
instruments that address an efficiency indicator. The two market-based instruments that have
received most attention are a maritime emissions trading scheme (METS) and an International
Compensation Fund for GHG Emissions from Ships which is based on a global levy on marine
bunkers; the Fund is referred to in this document as “ICF”.

6.66 The market-based instruments under discussion in IMO share a number of characteristics:

1 both schemes could, in principle, be applied globally and to all ships;

2 both schemes would raise the costs of using fuel, thus creating an additional
incentive to improve the fuel efficiency of each vessel,

3 both schemes would need a central organization to manage the scheme;
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4 as proposed, both schemes would raise funds, which could be used for a number
of purposes. It has to be noted, however, that, in general, raising revenue is not a
central element to an emissions trading scheme while, of course. it is a central
element to a levy;
5 both schemes would need to set up an organization that manages the fund; and
.6 both schemes would require careful legal analysis. The legal aspect has generally
not been considered in this report; however the basic framework is outlined in
chapter 2.

6.67 The main differences between the two instruments would be:

1 the METS would limit the net contribution of the maritime sector to global
emissions of CO,. If emissions in the maritime sector would increase, this could
only be realized when emissions in other sectors are simultaneously reduced; the
ICF would not have this design feature;

2 the METS would contribute to a reduction of global emissions of GHG by
increasing the incentive to improve the efficiency and by requiring responsible
entities that emit more than the cap to buy allowances from other sectors;

3 the ICF would contribute to a reduction of global GHG emissions by increasing
the incentive to improve the efficiency and by buying offsets from other sectors
from the Fund; and

4 the ICF would have constant levies for four-year periods; the price of emission
allowances in the METS is set by the market and may be volatile.

Design features of an international compensation fund (ICF)

6.68 The design of an international compensation fund, based on a global levy on marine
bunkers, is presented in several submissions to IMO (MEPC 56/4/9; MEPC 57/4/4;
MEPC 57/INF.13; GHG-WG1/5/1; MEPC 58/4/22). Note that the name of this option that is
used in the MEPC does not highlight the main difference between this market-based option and
the METS. After all, both proposed options have the feature of raising revenue for an
international compensation fund (see paragraphs 6.70 and 6.71). Their difference in this respect
lies in the way in which revenues are raised: the ICF raises revenues by a fuel levy, whereas the
METS raises revenue by auctioning allowances.

6.69 The design that is presented here is based on these submissions. The main design features
are:

1 all ships in international trade would become subject to a levy on bunker fuel,
established at a given cost level per tonne of fuel bunkered. Such a levy should

apply to all marine fuels, taking due account of different emission factors;

2 the levy could either be paid by the ships, by the suppliers of bunker fuel or by oil
refiners. All three are discussed in GHG-WG 1/5/1. We add the following:
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in the first case, it could be enforced on ships flying a flag of a non-party
by port State control of parties when a ship is in the port of a party;

in the latter case, suppliers of bunker fuel in non-parties would not be
required to pay the levy. In order to avoid evasion, a provision would have
to be made that ships would have to pay the levy instead, which then could
be enforced through flag and port State control;

since requiring suppliers of bunker fuel to pay the levy would need a
provision that, in some cases, ships would have to pay, the scheme could
be simpler to understand and easier to implement if ships would be liable
to pay the levy;

3 a central organization would assign a unique account to each ship, keeping track
of all of its purchases of bunkers and payments of levies. Such a system would
rely on the ship itself (i.e. its owner/company) paying the levy into the ship’s
account immediately following bunkering. The ship would have a receipt for such
a payment to show in a port State control;

4 the levy is channelled to an International Maritime Greenhouse Gas Emission
Fund, managed by parties/organizations yet to be determined;

5 contracting parties will set clear guidelines for the specific use of the funds.
In general, the Fund could distribute the money for the following purposes:

acquisition of emission allowances generated in other industrial sectors,
such as, for example, CDM credits or other project-based credits;

funding of non-vessel-specific reduction of GHG emissions and/or
adaptation projects (CDM and/or J1);

funding R & D in shipping; and

funding of an IMO Technical Cooperation programme to improve the
efficiency of the world fleet.

Design features of a maritime emissions trading scheme (METS)

6.70 The design of a METS is presented in several submissions to IMO (GHG-WG 1/5/3;
GHG-WG 1/5/5; GHG-WG 1/5/6; GHG-WG 1/5/7; MEPC 58/4/19; and MEPC 58/4/25).
It should be noted that many of these submissions have the element of an international fund, like
the International Compensation Fund described above. The difference between the two is the way
in which the fund is financed. In the case of a METS, it is done by auctioning the emission
allowances, whereas in the case of an ICF it is by imposing a levy on bunker fuels.
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6.71 The design that is presented here is based on the submissions that are cited above.
The main design features are:

1

The scope of the scheme would be global and cover emissions of CO, from all
ships above a certain size threshold. However, the instrument would allow
modifications to its scope in order to avoid undesirable negative impacts;

A cap on global maritime emissions would be set, based on historical emissions
and a target for their reduction. In line with the findings of the IPCC that global
emissions need to be limited in absolute terms in order to reduce, delay or avoid
impacts on climate change (IPCC 2007 [20]), the cap could be an absolute
emissions target. As the cap would apply to global maritime transport, it seems
logical that it should be established by an appropriate international organization;

Apart from trading between ships within the scheme, the scheme would be open
for trade with other emissions trading schemes. The advantages would be that this
would enable the shipping sector to buy allowances from other sectors, which may
allow the shipping sector to reduce emissions at a lower price compared to the
abatement costs in the shipping sector. By opening the METS to allow the use of
allowances from other sectors, the price volatility would be significantly reduced,
because more sectors, with different business cycles, would be included.
Moreover, by allowing the use of project credits from developing countries (such
as CDM credits), the METS could finance mitigation in developing countries;

The responsible entity, i.e. the entity that will be responsible for monitoring and
reporting emissions and surrendering allowances, will be the ship. This ensures
that the ship can be held liable if it is not compliant. However, since the ship
cannot surrender allowances itself, in practice it is the ship operator, the charterer
or the consignee who may surrender allowances for the ship’s emissions. From
the regulator’s point of view, it is not important who surrenders the allowances, as
long as they are surrendered, so it is left to the parties who are involved in
shipping to contractually arrange the responsibility for surrendering the allowance.
Ships will have to monitor their fuel consumption in a verifiable way;

The responsible entity will report emissions annually to the flag State and
surrender the corresponding amount of allowances.  Ships registered in
non-parties should be given the possibility to surrender allowances to another
party or entity. Port States could inspect whether ships have surrendered
allowances;

There are several options to allocate allowances initially to the individual ships:

— Selling or auctioning allowances;

— Free allocation, based on former emissions or activity (tonne-miles) of
individual ships;

— Free allocation, on the basis of a benchmark;

- A combination of the above;
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Each of the above options has a different impact on the sector, a different reward
for early action and a different efficiency. In choosing a way, a balance can be
struck between economic efficiency, administrative burden and impact on the
sector;

If it is decided that allowances will be auctioned, the proceeds of the auction may
be used to finance a fund that can be used to support adaptation in developing
countries and/or R & D in the shipping sector; and

An administrative organization would have to be set up to manage the fund in case
of full or partial auctioning of allowances.

Assessment of policy options

Assessment criteria

6.72 At MEPC 57, it was agreed that a coherent and comprehensive future IMO regulatory
framework on GHG Emissions from ships should be (MEPC 57/21):

1

.8

9

effective in contributing to the reduction of total global emissions of greenhouse
gases;

binding and equally applicable to all flag States, in order to avoid evasion;
cost-effective;
able to limit — or, at least, effectively minimize — competitive distortion;

based on sustainable environmental development without penalizing global trade
and growth;

based on a goal-based approach and not prescribe specific methods;

supportive of promoting and facilitating technical innovation and R & D in the
entire shipping sector;

accommodating to leading technologies in the field of energy efficiency; and

practical, transparent, fraud-free and easy to administer.

However, the second principle was not accepted by all delegations.

6.73 In the following, we condense the nine criteria into four in order to improve the
readability of the analysis. We do so on the following arguments:

1

2

MEPC 57°s second criterion — equal applicability to all flag States — can be
applied to all policies discussed here;

MEPC 57’s fourth criterion — minimization of competitive distortion — is assessed
when evaluating environmental effectiveness and cost-effectiveness. After all,
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markets would be distorted if the policy affects certain parts of the market
differently from other parts. This could mean that the environmental goal would
affect only parts of the shipping market, so that the reduction or limitation of
emissions would be less. Alternatively, it could mean that the burden of reaching
the goal would weigh more heavily on some parts of the market than on others.
In that case, the cost-effective measures in the parts of the market that are not
affected will not be taken, so that the average cost-effectiveness deteriorates.
Thus, competitive distortion reduces both the environmental effectiveness and the
cost-effectiveness;

the environmental effectiveness and cost-effectiveness together indicate the
degree to which MEPC 57’s fifth criterion is met — sustainable environmental
development without penalizing global trade and growth; and

MEPC 57’s sixth criterion is met by all policies under consideration, as neither of
them prescribes specific methods.

6.74  Please note that we do not discard any of the criteria set by MEPC 57 but rather condense
them in order to reduce repetition of arguments. The criteria that will be used in this report are:

1

4

the environmental effectiveness, i.e. the extent to which the policy is “effective in
contributing to the reduction of total global greenhouse gas emissions” (first
criterion of MEPC 57);

the cost-effectiveness (third criterion of MEPC 57);

the incentive to technological change (seventh and eighth criteria of MEPC 57 as
technical change is understood to be the development and adoption of new
technologies — R & D and innovation — and the accommodation of current

technologies); and

practical feasibility of implementation (ninth criterion of MEPC 57).

Assessment of environmental effectiveness

6.75 The environmental effectiveness of policies depends on the supply of measures that
reduce emissions and the demand for reduction of emissions. While the demand is set by the
target, cap or level of a levy (which is a political decision), this section focuses on the four
factors that determine the supply:

1

the amount of emissions under the scope of the policy — the larger the amount, the
more effective the policy can be;

impacts on emissions in non-shipping sectors;

the measures that actors can take in order to be rewarded by the policy — the larger
the potential emission reductions of the measures, the more effective the policy
can be; and

applicability of the policy instrument — policies that can be evaded or that suffer
from a rebound effect or free riders are less effective.
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Each of these factors will be discussed below. They will only be applied to policy instruments
that go beyond a reporting requirement, as the effectiveness of these instruments depends on the
use that is being made of the reported data in other policies, such as, for example, a scheme of
differentiated harbour dues or labelling. It is beyond the scope of this report to assess the
effectiveness of these schemes.

Amount of emissions under the scope of the policy

6.76  The amount of emissions under the scope of a policy depends on possible limitations with
respect to which types or groups of ships are affected by the policy. Such limitations can be
technically motivated. For instance, EEOI and EEDI and/or respective baselines may not be
defined for all ship types. Limitations to the scope of a policy may also be administratively
motivated; for instance, a size threshold to limit the number of ships that are covered by the
policy. It is also possible to impose geographical limitations to the application of a policy.
Each of these will be discussed below.

6.77 Technical policy options that have been considered by MEPC are based on the EEDI.
Currently, the EEDI is applicable to dry bulk carriers, tankers, gas carriers, containerships,
general cargo ships, ro-ro cargo ships; and passenger ships, including ro—ro passenger ships, but
excluding high-speed craft (MEPC 58/4/8). The number of ship types may be expanded in the
future, but this would require changing the formula or drafting additional formulae for other ship
types. Taken together, these types are estimated to have emitted about 81% of the maritime
emissions of CO; in 2007 (see chapter 3). So the environmental effectiveness of policies that are
based on the EEDI in its current form would be about 19% less than the effectiveness of policies
that apply to the entire fleet.

6.78 The EEOI, in its current form, is applicable to all ships carrying cargo (MEPC/Circ.471).
In 2007, emissions from these ship types amounted to about 84% of total emissions from ships
(see chapter 3). Consequently, the environmental effectiveness of policies that are based on the
EEOI in its current form would be about 16% less than the effectiveness of policies that apply to
the entire fleet.

6.79 The SEMP and the market-based instruments that are based on emissions of CO, can, in
principle, cover all ship types. Hence, their environmental effectiveness is not limited in this
respect. It should be noted that MEPC’s debate on the possible scope of market-based
instruments has not been concluded.

6.80 A size threshold will limit the amount of emissions that are under the scope of the policy.
The data on emissions per size category in chapter 3 suggest that, for most ship types, the relation
between size and emissions is an inverted U. In other words, while small ships emit less per
ship, there is a large number of small ships, so that the total emissions in a size category have a
maximum value for mid-sized ships. So, excluding the categories of smallest ship size has little
impact on total emissions. But the impact increases quickly with the size threshold.

6.81 The geographical scope of all of the policies that are discussed here could be global, in
which case it would not limit the environmental effectiveness. This would be in line with the
existing IMO treaty instruments and with resolution A.963(23), which was drafted by MEPC 49.
In the drafting, the MEPC “agreed that the draft Assembly resolution on IMO Policies and
Practices related to reduction of greenhouse gas emissions from ships should be based on a
common policy applicable to all ships, rather than based on the provisions of Kyoto Protocol
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which states that the reduction of greenhouse gas emissions is under the responsibility of the
Annex I countries of the Protocol” (MEPC 49/22, paragraph 4.9).

6.82 However, it is also conceivable to apply a regional differentiation to the policy, in line
with the principle of “common but differentiated responsibilities” in the UNFCCC. One of these
options would be differentiation according to the flag of a ship. In that case, because of the ease
with which the flag can be changed, the environmental effectiveness of any policy would be
severely reduced (CE Delft ef al. 2007 [15]). After all, any policy will lead to increases in cost,
and, if only ships that are registered in certain countries face these increases while the cost of
registering in other countries is low, it would be rational to register in countries that are not
covered by the policy. A similar argument may be made for the country of ownership of a
vessel, as it is relatively easy to set up a legal entity which owns a ship in a country that is not
covered by the policy.

6.83 In contrast, differentiation according to the route of a vessel or a cargo route would
reduce the amount of emissions under the scope, but, provided that shipping routes are not
affected significantly, a significant share of global emissions would remain under the scope of
the policy. Thus the environmental effectiveness would be reduced less severely.

6.84 In summary, an analysis of emissions that are within the scope of different policy
instruments leads to the following conclusions:

1 the amount of emissions covered by market-based instruments that are based on
emissions of CO; are not restricted by the ship types within the scope of the
instruments;

2 the amount of emissions covered by EEOI, as presently defined, is roughly

estimated to be about 84% of the global total,;

3 the amount of emissions covered by EEDI, as presently defined, is roughly
estimated to be about 81% of the global total;

4 the environmental effectiveness of policy instruments that are differentiated
according to the route of the vessel or the route of the cargo is less than the
effectiveness of uniform policies, but this report could not assess how much
smaller the scope would be; and

5 the environmental effectiveness of policy instruments where application is
differentiated according to the flag or the owner of a vessel is likely to be very
low.

Impacts on emissions in non-shipping sectors

6.85 The environmental effectiveness of a policy depends not only on the reduction of
emissions in the shipping sector but also on possible effects in other sectors. Depending on the
policy instruments, these effects can either be an increase in the emissions by other sectors or a
decrease. The first is most likely to be caused by a modal shift away from maritime transport.
The second is most likely to be caused by offsetting emissions. Both are discussed below.
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6.86  Shifting to alternative modes of transport is likely to be an issue primarily in short sea
shipping. This assumption is supported by evidence on price elasticities and cross-price
elasticities. While the price elasticity of demand for shipping is generally low (see above), it is
much higher for short sea shipping and inland shipping. Beuthe ef al. (2001) [13] estimate the
price elasticities for inland shipping in Belgium to be between —1.3 for longer distances and —2.6
for shorter distances. Oum et al. (1990) [25] found that the demand for inland shipping of coal is
inelastic, while the demand for inland shipping of wheat and oil is much more elastic. While
these studies focused on inland shipping, the same may apply to short sea shipping. In Australia,
the price elasticities of domestic shipping are estimated to be —0.8 on average, much higher than
the price elasticity of international shipping (Bureau of Transport and Communications
Economics, 1990 [12]). While there is scant evidence on cross-price elasticities, it seems
reasonable to assume that the much higher price elasticities in inland and short sea shipping are
due to competition with other modes of transport, such as rail and road transport.

6.87 The analysis of the available evidence of own- and cross-price elasticities in short sea
shipping indicates that, if the price of sea transport increases relative to road transport and rail,
there would be a shift away from the maritime mode of transport. Conversely, if road transport
and rail become more expensive, e.g., because of fuel excise duties or because of the inclusion of
power generation in an emissions trading scheme, there would be a modal shift towards short sea
shipping. If the costs of shipping and land-based transport rise simultaneously and to the same
extent, no modal shift will occur.

6.88 Hence, policies that increase the cost of shipping may induce a modal shift in short sea
shipping only if the costs of other transport modes are not increased simultaneously.
As voluntary policies are unlikely to increase the cost of shipping, the risk of modal shift is
highest for the mandatory EEDI and EEOI limits, for the METS and for the ICF.

6.89 Of the policy instruments that have been considered in this chapter, two have an
offsetting mechanism in their design:

1 the ICF can use some of the funds that are generated by the fuel levy to buy
emission allowances from other sectors or generated by other sectors; and

2 the METS will link to other emissions trading schemes, thus bringing emissions
from different sectors and regions under one cap; in addition, a fund could be
created by auctioning allowances and a share of this may be used to buy emission
allowances from other sectors or generated by other sectors.

So, while the offsetting mechanism of the ICF depends on the share of funds that are made
available to buy emission allowances from other sectors, the METS has, as a central design
element, the feature that any emissions of the shipping sector above the cap will have to be offset
by reductions of emissions in other trading schemes to which the METS is linked. In other
words, in the ICF the offsetting is determined by the fund, while in the METS it is determined by
the cap and the emissions in the shipping sector.
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6.90 In summary, an analysis of the impacts on emissions in non-shipping sectors by modal
shift and offsetting leads to the following conclusions:

1 modal shift is most likely to occur in short sea shipping and depends on the
increase of cost price of shipping relative to other transport modes, such as rail
and road transport. All policies that increase the cost of short sea shipping may
give rise to modal shift; and

2 both market-based instruments allow for offsetting emissions in other sectors.
The METS design ensures that the amount of offsetting corresponds to the
environmental goal, while the amount of offsetting in the ICF is not explicitly
linked to an environmental goal.

Measures awarded under the policy

6.91 Not all measures that reduce emissions can be used for compliance. The range of
available measures depends on the type of policy. As noted in table 6-1, technical policy options
that are based on the EEDI reward improvements on newly built ships. Operational options that
are based on the EEOI also reward operational options on existing ships. Market-based
instruments reward all options, including options in other sectors.

6.92 The quantification of these differences can only be tentative, as the marginal abatement
cost curve that is presented in chapter 5 does not cover all technical and operational measures to
reduce emissions (notable measures that have not been included in the marginal abatement cost
curve are recovery of waste heat, diesel-electric propulsion, azipod systems, and solar power).
Table 6-1 provides a more comprehensive overview. Nevertheless, figure 6-3 attempts to
illustrate the difference between EEDI-based and EEOI-based options.

6.93  Figure 6-3 shows the cost-effectiveness and abatement potential of measures assessed in
the marginal abatement cost curve in this report (see appendix 4). As stated in chapter 5, a
MACC plots the maximum achievable reductions against estimated cost-effectiveness.

6.94 In figure 6-3, the green line reflects measures that could be used for compliance with
EEDI-based policies, assuming that the EEDI would also reward retrofit measures to the hull
shape, to the propeller and propulsion system and to the main engine. Note that, since it has been
assumed that retrofits would also be rewarded, the EEDI that is shown by this curve would also
apply to existing ships and would not change much when more newly built ships enter the fleet.
The red line reflects the measures that could be used for compliance with EEOI-based policies.
As can be seen in figure 6-3, these include the previous set but add operational and maintenance
options.

6.95 In both cases, the maximum abatement potential of each measure (its width on the x-axis)
assumes that the measures are implemented in each ship type to which they can be applied and
that would be included in the policy instrument.

6.96 The graph shows that the cost-effective abatement potential of EEDI-based policy
instruments is about half of the cost-effective abatement potential of EEOI-based policy
instruments. The total potential of measures assessed in an EEOI-based policy instrument is
indicated to be over 2.5-times the total potential of measures assessed in an EEDI-based policy
instrument. Since the EEDI would only apply to new ships, the difference is much larger in the
short term. The differences between the EEDI and the EEOI marginal abatement cost curves
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originate in the fact that the EEDI only rewards technical measures whereas the EEOI also
rewards operational measures to reduce emissions (see table 6-2).

EEDI based policy instruments
Main engine improvements [

Propeller/ propulsion upgrades I
_M cavity system

Retrofit hull measures EEOI based policy instruments

Cost Effectiveness ($/tC02)

Maximum Abatement Potential (tonne CO2)

Figure 6-3 — Marginal abatement cost curves for 2020, with fuel at US$500 per tonne

6.97 Market-based instruments based on CO, emissions reward all of the measures to reduce
emissions that are rewarded in an EEOI-based policy. Hence, their abatement potential would be
at least as large. Moreover, as noted in paragraphs 6.85 to 6.90, market-based instruments allow
for measures to be taken in other sectors.

6.98 One measure to reduce emissions that is not included in the marginal abatement cost
curve is a reduction in demand. All policies that require ships to take measures that are not
cost-effective increase the cost of shipping, and may therefore reduce demand. The impact of the
price on demand is given by the price elasticity of demand. In shipping, this elasticity appears to
be low, with the exception of short sea shipping (see paragraphs 6.85 to 6.90) — although the
number of estimates is limited. In a review study, Oum et al (1990) [25] find values
between —0.06 and —0.25, implying that a 10% increase in the cost of shipping would reduce
demand by 0.6% to 2.5%. Meyrick and Associates et al. (2007) [23] report similar figures.
Hence, the effect of demand is considered to be small.

6.99 In summary, an analysis of the measures that can be used for compliance with different
policy instruments leads to the following conclusions:

1 METS, ICF and policies based on the EEOI are not restricted by the measures that
can be used for compliance; and

2 the EEDI is restricted by the measures that can be used for compliance, and the
short-term potential is limited due to its application to new ships only.
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Applicability of the policy instrument

6.100 In addition to the scope of the emissions under a policy instrument and the measures that
can be used for compliance, the environmental effectiveness is affected by the possible rebound
effects of a policy, and by the possibilities for evasion and free riders. These will be discussed in
this section.

6.101 In general, policies aiming at improving the efficiency, whether it is operational or design
efficiency, may suffer from a rebound effect [8]. The “rebound effect” is the effect that an
improvement in the efficiency often translates into a much smaller reduction in emissions.
The reason is that, as the efficiency improves, the marginal costs often decrease (shipping
becomes cheaper), which in turn increases demand. The rebound effect is larger if the demand is
price-sensitive, i.e. if the price elasticity of demand is high. In shipping, the scarce evidence that
is available suggests that the price elasticity is low. Reported price elasticity is in the range
from —0.06 to —0.25 [9]. The only exception seems to be transport of general cargo in short sea
shipping, as noted in paragraphs 6.85 to 6.90. For all other types of maritime transport, the
rebound effect is likely to be small.

6.102 In general, policies can be evaded if their scope is limited. Please note that “evasion” is
not used here in the sense of something illegal — it is distinct from fraud in the sense that
“evasion” makes use of the legal possibilities not to comply with it that a policy instrument
offers. In the context of climate policies for shipping, we see three possibilities for evasion:

1 If policies apply to certain ship types and not to others, and if the function of these
ship types overlaps, operators could evade the policy by using the ship types that
are not included in the scope of the policy:

— Technical policy instruments based on the EEDI and operational policy
instruments based on the EEOI apply to a limited number of ship types.
However, since the ship types that are included in the EEDI and EEOI are
essentially all cargo ships, and since there is little overlap in function
between cargo ships and non-cargo ships, the scope for evasion seems to
be small;

2 If policies have a certain size threshold, operators could evade the policy by using
a ship just below the size threshold instead of a ship that is just over the threshold:

— The proposals for market-based instruments that are based on emissions of
CO; are intended to have a size threshold of 400 GT. Probably this would
also apply to the other policy instruments discussed here. A quick survey
of the ships just below and just above 400 GT shows that a large majority
of these ships are service vessels (dredgers, tugs, research vessels), fishing
vessels, passenger vessels and ferries, including ro—ro ferries. The number
of cargo ships is low, and most of these ships are general cargo vessels.
So the possibilities for evasion are mainly to be found in the “other” ship
types that are not included in the technical and/or operational policy
instruments anyway. Hence, this type of evasion is likely to be relevant
mainly for market-based instruments based on CO, emissions. We are not
in a position to quantify the scope for this type of evasion;
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3 If policies are differentiated on the route of a vessel or of the cargo, they may be
evaded by changing the route of the vessel:

— In market-based instruments that are based on CO, emissions, depending
on the way in which “route” is defined in the policy instrument, ships may
make an additional port call in a port outside the geographical scope of the
policy or may offload their cargo there. It is likely that ships will evade
the system if it is profitable to do so, i.e. if the additional costs associated
with the evasion are less than the benefits of not having to pay a levy or
surrender allowances. We have insufficient evidence to quantitatively
assess the costs and benefits, but can only state qualitatively that this type
of evasion is more likely if the level of the levy or the price of the emission
allowances is high; and

— In command-and-control policy instruments based on either the EEDI or
the EEOI, operators may shift their non-compliant ships to regions that are
not covered in the geographical scope of the instrument. Again, we have
insufficient evidence to quantitatively assess the likelihood of this type of
evasion.

6.103 The environmental effectiveness of climate policy for shipping may be affected by the
scope for modal shift. If, for example, climate policy results in higher prices for shipping, cargo
may be shifted from maritime transport to other modes of transport. While this would reduce the
emissions in the maritime sector, it would increase total emissions because other modes have
lower transport efficiency (see chapter 9).

6.104 Free riders are most likely to occur in voluntary agreements, which, by nature, are not
enforced by other means than social pressure. Free riding is likely to become more frequent as
the costs of compliance of a policy increase. Hence, the environmental effectiveness of
a voluntary policy would be limited to cost-effective measures, as costly measures are likely to
suffer from free riders. In a more general sense, the environmental effectiveness of voluntary
agreements is low in most cases, as has also been found by the OECD [9].

Summary and conclusion on environmental effectiveness

6.105 This section has assessed the impact of four factors on the environmental effectiveness of
policy instruments:

1 the amount of emissions under the scope of the policy;
2 impacts on emissions in non-shipping sectors;
3 the measures that actors can take in order to be rewarded by the policy; and

4 the type of policy.

Table 6-3 presents a summary of the conclusions on each of these factors for the policy
instruments that are discussed in the section.
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Table 6-3 — Summary assessment of environmental effectiveness of policies
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Evaluation
criteria

Technical policy
options

Operational policy options

Market-based instruments

Mandatory EEDI limit for new ships

Mandatory use of SEMP

Voluntary use of SEMP

Mandatory EEOI limit

METS

International Compensation Fund

Measures allowed

Design measures for

As a management

As a management

Operational and

Operational and design

Operational and design

to reduce newly built ships, plan, a SEMP does | plan,a SEMP does | design measures in measures in the measures in the shipping
emissions accounting for ~50% of | not require reducing | not require reducing | the shipping sector, shipping sector and sector and measures in
all conceivable measures | emissions. It will emissions. It will i.e. all conceivable measures in other other sectors
in the shipping sector identify cost- identify cost- measures in the sectors
effective ways to effective ways to shipping sector
reduce emissions reduce emissions
Applicability of Evasion is possible if the | Evasion is possible | May suffer from Evasion is possible if | Evasion is possible if Evasion is possible if the
the policy geographical scope is if the geographical | free riders the geographical the geographical scope | geographical scope is
instrument limited scope is limited scope is limited is limited limited
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6.106 In general, it is concluded that:

A since market-based instruments can be applied to all ship types and sizes and
allow for all types of measures to reduce emissions, including measures in other
sectors, they have a large potential environmental effect;

2 the environmental effect of the METS is determined by the cap, whereas the
environmental effect of the ICF depends on the amount of funds made available to
buy offsets from other sectors;

3 since operational policy instruments based on the EEOI are currently applicable to
emissions from ships engaged in transport work and allow for all types of
measures to reduce emissions in the shipping sector, they have a somewhat
smaller environmental effectiveness than either the METS or the ICF. If the EEOI
can be developed to include all ship types, the environmental effectiveness of a
mandatory limit value would become similar to the environmental effectiveness of
market-based instruments;

4 since technical policy instruments that are based on the EEDI are currently
applicable to emissions from new cargo ships and allow for technical measures to
reduce emissions, their environmental effectiveness is lower than the effectiveness
of operational policy instruments. If the EEDI can be developed to include all
ship types, the environmental effectiveness would increase. Also, it would
increase over time, as the share of new ships in the fleet increases. However,
because technical policy instruments only allow for technical measures to reduce
emissions, the environmental effectiveness will still be lower than the
effectiveness of operational policy instruments;

5 regardless of the choice of policy instrument, regionally differentiated policies
have a lower environmental effectiveness as they have fewer emissions in their

scope and may give rise to evasion; and

.6 regardless of the choice of policy instrument, the environmental effectiveness of
voluntary agreements is likely to be low because of the possibility of free riding.

Cost-effectiveness
6.107 The cost-effectiveness of a policy option depends primarily on:
.1 the cost-effectiveness of the emission-reduction measures that are rewarded; and

2 the administrative costs related to the implementation and the operation of the
policy scheme.

Each factor will be analysed below for policy instruments that go beyond a reporting
requirement. The reason is that the cost-effectiveness of reporting instruments depends on the
use that is being made of the reported data in other policies, such as, for example, a scheme of
differentiated harbour dues or labelling. It is beyond the scope of this study to assess the
effectiveness of these schemes.
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Cost-effectiveness of the measures that are rewarded

6.108 The cost-effectiveness potential of policy instruments can be read from the marginal
abatement cost curve (figure 6-3), which shows how much reduction can be achieved at which
costs per unit of reduction.

6.109 It can be seen from figure 6-3 that, for most emission-reduction targets, policies that
allow operational measures to be taken are more cost-effective than policies that allow only
technical measures to be taken. Figure 6-3 shows, based on the analysis of the cost-effectiveness
presented in appendix 4, that voyage and operational options, coating and maintenance of the hull
and maintenance of the propeller are cost-effective measures that would be incentivized by
operational and market-based policy instruments but not by technical policy instruments.

6.110 It has to be noted, however, that marginal abatement cost curves, such as the one
presented in figure 6-3, are abstractions from reality. The marginal abatement cost curves shown
in this report show fleet average costs-effectiveness, for example, i.e. the net costs if a measure
were applied to all ship types to which it can be applied. In reality, the cost-effectiveness of
abatement measures will depend on the specific characteristics of ships and the way in which
they are operated. Hence, measures that are shown to be cost-effective, on average, for the fleet
may not be cost-effective for some ships while they are very cost-effective for others.
Conversely, measures that are shown to be costly, on average, for the fleet may still be
cost-effective for some ships. Market-based instruments allow each ship to find the optimal
strategy that comprises taking all of the abatement measures that are cost-effective at a certain
incentive level and buying allowances or paying a levy for the remaining emissions.

6.111 In comparing the cost-effectiveness of market-based instruments, the main difference is
the impact of the price volatility. A fixed levy, such as used in the ICF, provides investors with
more certainty about the returns on their investments than a METS, where prices of allowances
are likely to be volatile. In general, uncertainty may result in postponement of investments, thus
reducing the cost-effectiveness. In this case, however, the returns on an investment are the sum
of the savings in fuel that is used and the lower emissions. The price volatility of fuel is not
affected by the choice of instrument. Even assuming a relatively low fuel price of US$250 per
tonne and a relatively high emission tax or allowance price of US$30 per tonne, the value of the
emissions represents about one quarter of the total returns on the investment. This suggests that
the additional impact of the choice of instrument on uncertainty will remain limited as long as
fuel prices remain as volatile as the prices of emission allowances.

6.112 In summary, an analysis of the cost-effectiveness of measures that can be used for
compliance with different policy instruments leads to the following conclusions:

1 as all conceivable emission-reduction measures can be used in market-based
instruments, including emission reductions in other sectors, and as each actor that
is affected by market-based instruments can find its optimal level of reduction of
emissions, the cost-effectiveness of market-based instruments is very good;

2 as all conceivable emission-reduction measures can be used in operational policy
instruments that are based on the EEOI, their cost-effectiveness is good; and

3 as only a subset of all conceivable emission-reduction measures can be used in
technical policy instruments that are based on the EEDI, the cost-effectiveness of
these policy instruments is moderate.
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Administrative costs

6.113 According to a broad definition, “transaction costs” include all costs other than the costs
of abatement (related to technical or operational measures) which are borne by the project
proponent and the units that are responsible for implementing the scheme (Betz, 2007 [14]).
Transaction costs can be divided into two categories:

— costs for the market participants to comply with the rules of the scheme; and
— costs of administration of the scheme.

This section focuses exclusively on mandatory policy instruments. The reason is not that
voluntary agreements have low transaction costs — the empirical evidence suggests the contrary
(OECD 2003 [9]). Rather, since the administrative arrangement of a voluntary agreement would
be subject to negotiations between the parties to the agreement, little can be said ex ante about its
costs. Conversely, the need to enforce mandatory policy instruments requires a minimum amount
of administration, which can be assessed ex ante.

6.114 Based on the design of the policy instruments in paragraphs 6.48 to 6.71, the
administrative tasks that are shown in table 6-4 can be identified.

Table 6-4 — Administrative tasks in different policy instruments

Ship Flag State Port State Other
organizations
Calculate EEDI. Register ship’s Inspect ship’s IMO to establish a
Mandatory EEDI Have EEDI verified. EEDI EEDI formula.
limit value Report EEDL IMO to set baseline
and reduction target.
Calculate EEDI. Register ship’s Inspect ship’s IMO to establish a
lr“a“l‘_i;:’ry EEDLY Have EEDI verified. EEDI EEDI formula
eporting Report EEDI.
Calculate EEDI. IMO to establish a
Voluntary EEDI Have EEDI verified. formula
reporting Report EEDI.
(all on a voluntary basis)
Calculate EEOI annually. Register ship’s Inspect ship’s IMO to set baseline
Mandatory EEOI Have EEOI verified EEOI EEOI and reduction target
reporting annually.
Report EEOI annually.
Mandatorv use of Draft SEMP Register and verify | Inspect whether IMO to establish
y whether ship has a | ship has a SEMP SEMP guidelines
SEMP
SEMP
Calculate EEOI annually. Register ship’s Inspect ship’s IMO to set baseline
Mandatory EEOI Have EEOI verified EEOI EEOI and reduction target
limit value annually.
Report EEOI annually.
Calculate EEOI annually. IMO to maintain
Voluntary EEOI Have EEOI verified register
reportin annually.
P g Report EEOI annually.

(all on a voluntary basis)
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Ship Flag State Port State Other
organizations
Voluntary use of | Draft SEMP on a voluntary IMO to establish
SEMP basis SEMP guidelines
Monitor emissions and/or | Manage allowance | Inspect proof of International
fuel use. registries for ships. surrender of organization to set a
Verify emissions and/or Monitor allowances cap.
fuel use. compliance. International
METS Report emissions and/or Receive emission organization to
fuel use. allowances. allocate allowances.
Acquire allowances. International
Surrender allowances. organization to
manage the fund.
Monitor emissions and/or Collect levy Inspect proof of International
fuel use. payment of levy organization to
Verify emissions and/or maintain a register
ICF* fuel use. of payments of levy.
Report emissions and/or International
fuel use. organization to
Pay levy. manage the fund.

For the ICF, the administrative responsibilities of a ship could be transferred to the supplier of
the bunker fuel, depending on the exact design of the policy (see paragraphs 6.68 and 6.69).

6.115 From table 6-4, it is clear that the technical policy options have few administrative tasks.
The EEDI has to be calculated once for each ship. The costs of this calculation appear to be
limited, as all of the factors that are necessary for the calculation are in the design specifications.
These costs can then be amortized over the life of a ship.

6.116 The administrative burden of operational policy instruments that are based on the EEOI is
larger than the burden of technical policy instruments, since the EEOI has to be calculated
annually or as a rolling average. Trials with the indicator suggest that most ship operators have
the necessary data in their management information systems (CE Delft et al., 2006 [5]).
However, in a mandatory instrument, these data and the resulting EEOI would have to be verified
periodically, e.g., annually, which would increase the costs.

6.117 Market-based instruments share many administrative burdens with the operational policy
instruments that are based on the EEOI, as emissions have to be monitored, verified and reported
annually. However, in contrast to the EEOI, it is not necessary to monitor and verify transport
performance. In addition, there are costs associated with making the financial transaction or
surrendering the allowances. Moreover, the administrative burden for the flag State and/or other
organizations appears to be larger than that of other policy instruments.

Summary and conclusion on cost-effectiveness

6.118 This section has assessed the impact of two factors on the cost-effectiveness of policy
instruments:
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1 the costs of the emission-reduction measures; and
2 the administrative costs related to the implementation and the operation of the

policy scheme.

The relative weight of these two factors in the overall cost-effectiveness depends on the overall
environmental effect of the policy. If a policy is designed to yield a large environmental effect
(e.g., if the levy is high, the emissions cap is tight, the EEDI or the EEOI target is far below the
baseline), then actors will have to implement many costly emission-reduction measures to
achieve this effect. In this case, the share of the administrative costs in the total costs will be
low. Conversely, if the environmental effect is small, the administrative costs will be a large
share of the total costs.

6.119 Table 6-5 presents a summary of the conclusions on each of these factors for the policy
instruments that are discussed in the section.
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Table 6-5 — Summary assessment of the cost-effectiveness of policies

Evaluation Technical policy Operational policy options Market-based instruments
criteria* options
w
£ =
] o0 5
g = - =
2 £ % g
= = -~ g = =
S = = g = g
= &= = = =} =
E - % S = @ 2
= - z = = = £
i 8 < = o )
a S £ >, s = O
= = £ 5 = =
&= s c ] = =
¢ = > = s g
£ 3 = g
= = S
= -
s E
Cost- Moderate, as only a n.a. n.a. n.a. Good, as all Very good, as all Very good, as all
effectiveness of subset of all conceivable conceivable emission- conceivable emission-
the emission- conceivable emission- reduction measures can be reduction measures can be
reduction emission-reduction reduction used, including measures in | used, including measures in
measures options can be used measures can | other sectors, and the market | other sectors, and the market
be used allows actors to find the allows actors to find the
optimal abatement level optimal abatement level
Administrative Low, as EEDI needs High, as High, as EEOI | High, as emissions needs to High, as emissions needs to
costs to be calculated once EEOI needs needs to be be monitored, verified and be monitored, verified and
in the lifetime of a to be calculated reported annually and reported annually and
ship calculated annually allowances have to be financial transactions have
annually surrendered annually to be made at least annually
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6.120 In general, it is concluded that:

1 for policy instruments that are designed to have a large effect, the costs of
abatement measures constitute a large share of the total costs. When these costs
dominate, market-based policy instruments show a very good cost-effectiveness,
as they allow operators to find the optimal level of abatement; and

2 for policy instruments that are designed to have a small effect, the administrative
costs are a larger share of the total costs. When these costs dominate, technical
policy instruments show a very good cost-effectiveness, as they can be relatively
easily monitored, reported and verified.

Incentives to technological change

6.121 This section relates to the criteria agreed by MEPC 57, that the policies should be
supportive of promoting and facilitating technical innovation and R & D in the entire shipping
sector and accommodating to leading technologies in the field of energy efficiency. This section
analyses the incentives of policies for technological change.

6.122 Policies that increase the price of emitting CO, incentivize the implementation of
technologies to reduce emissions just in the same way as high fuel prices incentivize the
implementation of these technologies. If the demand for these technologies increases, suppliers
of these technologies will be driven to invest more in R & D by their expectations of higher
returns (Baumol 2002 [11]). Not only market-based policies have these effects. Mandatory
EEOI or EEDI limit values would increase demand for emission-reducing technologies if they
require more than a business-as-usual improvement of efficiency.

6.123 In general, the higher the cost of pollution, the stronger the incentive to invest in R & D
and innovation. For market-based instruments, this implies that higher levies or more ambitious
caps favour innovation. For technical and operational measures, the reduction below the baseline
determines the incentive. In contrast, voluntary policies and/or reporting requirements have little
potential to increase demand for technologies or to incentivize R & D, since they would not
reward reductions of emissions beyond the business-as-usual levels.

6.124 As stated in paragraphs 6.75 to 6.120, technical policy options only incentivize technical
measures to reduce emissions. In its current form, the EEDI would reward more efficient engines
and a more efficient hull form, for example, but would not reward increased brushing of the hull
or the propeller. Hence the incentive for innovation would only be directed at these measures.
In contrast, operational and market-based policies would incentivize operational innovations as
well.

6.125 In summary, we find that:

1 market-based instruments provide incentives to innovation and R & D aimed at
improving the efficiency of ships by all technical and operational measures
because they increase returns to innovations and R & D;

2 operational policy instruments provide incentives to innovation and R & D aimed
at improving the efficiency of ships by technical and operational measures
because they increase returns to innovations and R & D;
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3 technical policy instruments provide incentives to innovation and R & D aimed at
improving the technical efficiency of newly built ships by technical measures
because they increase returns to innovations and R & D into these measures; and

4 voluntary policies provide weak incentives to R & D and innovation as they do
not increase the returns.

Practical feasibility of implementation

6.126 This section relates to the criteria that were proposed by MEPC 57 that the GHG policy
should be practical, transparent, fraud-free and easy to administer. Each of the policy options
faces a number of technical, practical and legal issues. These may relate to the detailed design of
the policy, the establishment of baselines, legal definitions, handling and enforcement as well as
the possible need to establish new organizations/legal entities. It is acknowledged that many of
these aspects depend on the details of the implementation as much as the principal policy
designs. This is particularly the case for transparency and fraud. As such, these aspects cannot
be assessed here.

6.127 The ease of administering a policy instrument depends on its administrative complexity.
A measure for this, admittedly a rough one, is the number of tasks. Table 6-4 provides an
overview of these. It shows that the market-based instruments are the most complex and the
mandatory EEDI is the least complex instrument discussed here.

6.128 In terms of the issues that need to be resolved before the policy can be implemented, the
following overview is based on table 6-4:

1 A mandatory EEDI limit value will require the establishment of a baseline and a
reduction target; paragraphs 6.15 to 6.23 and 6.49 to 6.54 provide examples of
baselines. On this basis, it can be concluded that the establishment of a baseline is
feasible. The establishment of a reduction target would probably require
additional studies on the potential to improve the EEDI;

2 A mandatory EEOI limit value will require the establishment of a baseline and a
reduction target; as indicated in paragraphs 6.24 to 6.27, the available data on the
EEOI appear to indicate that baselines are variable, depending on the business
cycle. Hence, it may be challenging to establish a baseline. For the same reason,
establishing a reduction target may be challenging;

3 A mandatory or voluntary SEMP requires the establishment of guidelines for the
SEMP. This seems to be rather unproblematic;

4 The METS would require the establishment of a cap, the allocation of allowances,
the establishment of a registry and potentially the creation and management of a
fund. As discussed in paragraphs 6.7 to 6.12, the establishment of a cap would
probably require the collection of emission data or the improvement of current
estimates. The other issues would require the creation of one or more
organizations to be charged with these tasks. As all of these tasks have been
carried out before for other sectors, they appear to be feasible, in principle;
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5 The ICF would require the creation of one or more organizations that would
maintain a registry of payments and manage the fund. As all of these tasks have
been carried out before for other sectors, they appear to be feasible, in principle;
and

.6 Both the ICF and the METS require international organizations to extend the
scope of their work. It may be challenging to do so.

Summary assessment of policies

6.129 This section provides a summary table of the policy assessment from the previous
sections. The purpose is to provide an overview of principal strengths and weaknesses of the
various proposals under consideration by the MEPC. Note that such a table is necessarily a
simplification of the assessments that have been carried out. Therefore, the reader is strongly
urged to use this table only in connection with the more elaborate assessments in the previous
sections.

6.130 The table applies to policy instruments that go beyond a reporting requirement.
The reason is that the effectiveness and cost-effectiveness of reporting instruments depends on
the use that is being made of the reported data in other policies, such as, for example, a scheme of
differentiated harbour dues or labelling. It is beyond the scope of this study to assess the
effectiveness of these schemes.

Table 6-6 — Summary assessment of policies, based on condensed criteria®

Evaluation Technical
IR policy Operational policy options Market-based instruments
criteria .
options
w
=
=
w2
i & =] E =
g = = = O
= = = S " T
£ 3 £ 2 = z
2 3 £ 5 = 5
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Environmental Long-
effectiveness term: Low Low High Very high Very high
moderate
Cost-effectiveness Moderate Unclear Unclear Good Very good Very good
Incentive to lllirlngftle’c?ltl;
technological . Low Low High High High
technical
change
measures
Prflctlcal feaSIb} lity High High High Low Moderate Moderate
of implementation

The relation between these four criteria and MEPC 57 is explained in paragraphs 6.72 to 6.74.
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6.131 Results from chapter 7 (Scenarios for future emissions from shipping) and chapter 8 of
this study (Climate impacts) indicate that reductions in future emissions from shipping are
needed beyond what can be achieved in “business as usual” scenarios. Chapter 5 provides
examples of technical and operational measures that can be taken to reduce emissions. As some
of these measures are costly, policies will be needed to support their implementation. This
chapter analyses policy options to reduce emissions of CO, from ships in this context. Particular
attention is paid to policy options that have been discussed within IMO. It is presently not
possible to make a quantitative assessment of the effect of these policies. However, the following
qualitative conclusions can be drawn:

1

A mandatory EEDI limit for new ships appears to be a cost-effective solution that
can provide a strong incentive to reduce emissions from new ships. The primary
limitation of the EEDI is that it only addresses ship design; operational measures
are not considered. The effect is also limited, in the sense that it applies only to
new ships. Because of these two factors, the effectiveness and the
cost-effectiveness of a mandatory EEDI limit as an instrument to reduce global
CO; emissions are limited;

A mandatory EEOI limit appears to be a cost-effective solution that can provide a
strong incentive to reduce emissions from all ships engaged in transport work.
It incentivizes both technical and operational measures. However, implementing
this option is technically very challenging, due to the difficulties in establishing
and updating baselines for operational efficiency and in setting targets;

Mandatory EEOI recording/reporting upon request appears to be a practically
feasible option. The environmental effectiveness and the cost-effectiveness are
difficult to assess since the reductions that may be achieved depend on incentive
schemes being set up to make use of the information;

Voluntary use of a SEMP appears to be a feasible approach to increase awareness
of cost-effective measures to reduce emissions. However, since this instrument
does not require a reduction of emissions, its effectiveness will depend on the
availability of cost-effective measures to reduce emissions (i.e. measures for
which the fuel savings exceed the capital and operational expenditures). Likewise,
it will not incentivize innovation and R & D beyond the “business as usual”
situation;

Mandatory use of a SEMP would increase the scope of application as compared to
the voluntary use of a SEMP; however, the incentive to reduce emissions remains
unchanged;

Both METS and the ICF appear to be cost-effective policy instruments with high
environmental effectiveness. They have the largest amount of emissions within
their scope, allow all measures in the shipping sector to be used and can offset
emissions in other sectors. As market-based instruments, they are considered
cost-effective. Both require setting up new institutions or extending the scope of
existing ones, which may be challenging; and
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i The environmental effect of the METS is an integral part of its design and will
therefore be met. In contrast, part of the environmental effect of the ICF depends
on decisions about the share of funds spent on buying emission allowances from
other sectors. With regards to cost-effectiveness, incentives to technological
change and feasibility of implementation, both policy instruments seem to be quite
similar.
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Chapter 7
Scenarios for future emissions from international shipping
Introduction

7.1 This chapter presents future scenarios that affect emissions from international shipping.
The scenarios are primarily based on assumptions on global development in the
Intergovernmental Panel on Climate Change (IPCC) SRES storylines (Nakicenovic et al., 2000
[6]). Principally, the scenarios that were developed within this project can be considered as a
detailing of shipping and seaborne trade within possible futures outlined by IPCC SRES
scenarios. In developing these scenarios, the research team interpreted the phrase “different
regulatory Scenarios” that is mentioned in 1.3 of the Terms of Reference for phase 1as no explicit
regulatory policy or mandates requiring the mitigation of CO, from shipping; as such, the
scenarios are used to help identify important economic, technological, and operational variables
affecting future emissions. Naturally, differences in technology (ship efficiency and fuel type)
can be seen as the effects of implicit policies. In the case of other pollutants, the revised
MARPOL Annex VI is assumed to apply.

7.2 The chapter identifies three key driving variables that will affect ship emissions up to the
year 2050. These variables fall into the following categories: (1) economy; (2) transport
efficiency; and (3) energy. The values for the key parameters in each of these four categories
were generated using an “open Delphi process” based on expert opinion and analysis. Developed
at the Rand Corporation in the 1960s, this process allows for diverse expert groups to rely upon
their best sources of information for each parameter without explicitly compromising or agreeing
on their differences [22]. We then applied these values to a model of global fleet emissions
inventory that was calibrated to the inventory model that has been discussed in the previous
chapters. Altogether we modelled and analysed 324 scenarios (a set of 162 for 2020 and a set of
162 for 2050). The results of this analysis provide a range of possible future emissions from
shipping up to the year 2050.

IPCC SRES Scenarios

7.3 Scenario planning is a common tool for researchers evaluating uncertain futures. Some of
the definitions of scenario planning, include [1]:

1 “[An] internally consistent view of what the future might turn out to be — not a
forecast, but one possible future outcome;”[2]

2 “[A] tool for ordering one’s perceptions about alternative future environments in
which one’s decisions might be played out;’[3] and

3 “[A] disciplined methodology for imagining possible futures in which
organizational decisions may be played out.”’[4]

Scenarios help us envision a future in order to develop robust decisions and test how these
decisions play out in possible future worlds [5]. In this chapter, scenarios are used to provide a
range of possible future emissions in order to help decision makers think strategically about the
options for reducing such emissions.
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7.4  In 1992, the IPCC began to develop a set of

emissions scenarios that would provide both a contextual SRES Scenarios
setting and emissions data for their climate models. These
scenarios build on a baseline estimate of emissions and
then explore different rates of technological change,
economic growth, and demographic trends [6]. For the
most part, these scenarios were updated in 2000 for the
Third Assessment Report, and more recently in 2007 for
the Fourth Assessment Report and the IPCC Special
Report on Emissions Scenarios (SRES) [7]. The IPCC
uses the following terminology for its scenarios [8]:
“Storyline: a narrative description of a scenario (or a o
family of scenarios), highlighting the main scenario
characteristics and dynamics, and the relationships IPCC Storylines (IPCC)
between key driving forces.

Scenario: projections of a potential future, based on a clear logic and a quantified storyline.
Scenario family: one or more scenarios that have the same demographic, politico-societal,
economic and technological storyline.” [8].

7.5  Figure 7-1 shows the different storylines that have been developed in the SRES. These
are labelled A1, A2, Bl and B2. The driving forces are shown in this figure to include:
Population, Economy, Technology, Energy, Land-Use, and Agriculture. These driving forces are
evaluated against two major tendencies: (1) globalization versus regionalization;
and (2) environmental values versus economic values. Below is a summary of each storyline,
taken from IPCC documentation (noting that each storyline includes a variety of individual
scenarios) [6, 7]:

A Storyline Al: a future world of very rapid economic growth, global population
that peaks in mid-century and declines thereafter, and rapid introduction of new
and more efficient technologies. Major underlying themes are economic and
cultural convergence and capacity building, with a substantial reduction in
regional differences in per capita income. In this world, people pursue personal
wealth rather than environmental quality;

2 Storyline A2: a very heterogeneous world with continuously increasing global
population and regionally oriented economic growth that is more fragmented and
slower than in other storylines;

3 Storyline B1: a convergent world with the same global population as in the Al
storyline but with rapid changes in economic structures toward a service and
information economy, with reductions in material intensity, and the introduction
of clean and resource-efficient technologies; and

4 Storyline B2: a world in which the emphasis is on local solutions to economic,

social, and environmental sustainability, with continuously increasing population
(lower than A2) and intermediate economic development.
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7.6  The IPCC used these storylines to project values for the different driving factors, resulting
in a set of 40 scenarios, developed by six modelling teams. The IPCC did not apply probabilities
to these scenarios. Six groups of scenarios were taken from the four storylines: one group each in
the A2, B1 and B2 families, and three groups in the Al family. The three Al scenarios were used
to characterize future energy use as follows: AI1FI (fossil-intensive), A1T (technologically
advanced and predominantly non-fossil) and A1B (balanced across energy sources).

7.7 The identification of key driving variables for the IPCC work relied on relationships that
are best exhibited in the IPAT model of environmental impact and its related model for CO,
emissions, shown below:

Impact = Population x Affluence x Technology
CO, Emissions = Population x (GDP/Population) x (Energy/GDP) x (CO, /Energy)

Although simple, the IPAT model demonstrates the important relationships of four of the key
driving factors mentioned above: population, economics, technology, and energy. The final data
tables for each of the 40 IPCC scenarios can be found at: http://sres.ciesin.org/final data.html.

Methodology

7.8  This project takes a similar approach as the IPCC in developing scenarios for analysis.
Using Schwartz’s methodology for construction of scenarios [9], we identified key driving
variables that would affect emissions from ships into the future. These variables can be placed
into three primary categories, as shown in table 7-1. This table also shows some of the related
elements that might affect the future value of each variable.

Table 7-1 — The driving variables that are used for scenario analysis

Category Variable Related elements
Shipping transport Population, global and regional
Economy demand (tonne- economic growth, modal shifts, sectoral
miles/year) demand shifts

Transport efficiency

(MJ/tonne-mile) — Ship design, propulsion advancements,

Transport vessel speed, regulation aimed at
. depends on fleet . o

efficiency i . achieving other objectives but that have

composition, ship o
. a consequence for GHG emissions

technology and operation
Shipping fuel carbon Cost and availability of fuels (e.g., use

Energy fraction (g of C/MJ of of residual fuel, distillates, biofuels, or
fuel energy) other fuels)

7.9  In this study, carbon emissions are explicitly modelled as a parameter of the scenario.
Calculations of levels of emission of other pollutants are based on energy consumption and
MARPOL regulations. Individual technology scenarios for reduction of other pollutants have not
been developed.
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7.10  These driving factors affect various categories of ships in different ways. Therefore, the
international shipping fleet was separated into three primary categories to allow differentiation of
the overall effects of the above factors. These categories are:

1 Coastwise shipping — ships used in regional (short-sea) shipping; mostly small
ships and RoPax vessels;

2 Ocean-going shipping — larger ships suitable for intercontinental trade; and,
3 Container ships (all sizes).

This categorization allows modelling of different growth rates, efficiencies and fuel use for the
various scenarios. The split between large and small ships is generally set at about 15,000 dwt;
hence the vast majority of the non-containerized fleet is considered to be ocean-going shipping.
Although small container feeder vessels could be considered to be short-sea vessels, the demand
for container feeders is linked with the demand for container transport in general. Thus it was
decided to include all pure containerships in a single category.

7.11 Based on this categorization, we estimated values for each variable with respect to each
of the IPCC scenario families (i.e. A1FI, A1B, A1T, A2, Bl, and B2). These values were
generated using an “open Delphi approach,” which relies on shared expert opinion interspersed
with “rounds” of reflection and discussion. In this case, the project team, made up of shipping
experts from around the globe, met in Munich, Germany for a three-day workshop
(5-7 March 2008) to discuss each variable, the elements that affect the value for each variable,
and the role the variable would play in the overall scenario logics. During this workshop, the
initial parametric values for each variable were generated through a process of discussion and
debate. Following this workshop, further refinements of estimates of variables and the design of
the scenario model were made after the workshop through electronic means and via an electronic
web-based meeting of the project team on 25 April 2008 and other conference calls throughout
May 2008. Parameterization of the scenario was finalized in a team workshop, held in London
on 3-4 June 2008.

Input values for scenario modelling
Economic growth and growth in seaborne transport

7.12  Demand for transport governs the size and activity level of the world fleet and is the most
important driver for emissions from ships. Future demand for transport will depend on
developments in trade, locations of factories, consumption of raw materials, changing trade
patterns, possible new sea routes, etc. Emissions from ships are also sensitive to the freight
market in the sense that, when demand for transport for a cargo type is low compared to the
number of ships in this market, reductions of speed will be encouraged and efficiency of
transport may increase. Conversely, when there is a relative shortage of ships, they will be
operated at higher speeds, resulting in lower efficiency and more emissions. This type of market
instability is not modelled. Instead, the scenario model projects future transport demand based on
expectations for economic growth; also, the future fleet is assumed to grow at an idealized rate in
order to meet future demands for transport.
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7.13  Historically, there is a strong link between economic growth and an increase in shipping.
This relationship has been used in previous studies to estimate future demand for transport [11].
Given the complexity of the problem and the strong historical link between GDP and shipping,
the use of the historic relationships is not an unreasonable approach. However, this approach
cannot account for other trends that may be important. The Ocean Policy Research Foundation
(OPRF) has recently reported the results from a fundamental study of future seaborne trade,
based on the [IPCC A1B scenario [21]. A brief review and the results of these two approaches are
now given.

Estimates of demand for transport from historic correlation with GDP

7.14 A historic correlation between global GDP and demand for sea transport is given in [11].
Based on this correlation, estimates for future tonne-mile demand were made for each of the
scenarios. Since our scenario model distinguishes between ocean-going shipping, coastwise
shipping and container shipping, the projections of tonne-miles must be divided between the
modes. This split has been made after considering the regional emphasis of the various
SRES scenarios and the strong growth in container traffic. During the past 20 years, container
transport has grown nearly 10% annually [10]. This trend cannot be assumed to continue to 2050,
since container transport would then in itself exceed the projected tonne-mile levels for world
seaborne trade. Instead, it is assumed that the average growth of containerized transport
is 2 percentage points higher than that of other cargo types. This results in 55% of the global
tonne-miles being attributed to containers, as opposed to 24% in 2007. Projections for 2020 were
exponentially interpolated from the scenario for 2050. The resulting input values for the
scenarios are given in table 7-2. This table shows future tonne-miles on an index relative to 2007
for each family of scenarios. For instance, a figure of 320 for ocean-going shipping in
the 2050 A1B scenario family means that the total number of tonne-miles of work done by
ocean-going shipping in 2050 is 3.2-times larger than in 2007.

Table 7-2 — Tonne-mile index (2007 = 100) for 2050 from correlation with GDP

2050 AlB | AIF | AIT A2 B1 B2
Ocean-going 320 | 320 | 320 | 240 | 220 | 180
shipping
Coastwise shipping 320 320 320 270 220 220
Container 1230 | 1230 | 1230 960 850 690
Average, all ships 540 540 540 421 372 302

Scenarios for transport demand building on the OPRF A 1B scenario

7.15 The OPRF in Japan is currently undertaking a major study in which the demand for
transport, in tonne-miles, is projected towards 2050, based on the IPCC A1B scenario. In this
interesting and detailed scenario, the OPRF applies the correlation between GDP and tonne-miles
to the transport of containers only. For other cargo (such as dry bulk, crude oil, LNG and
petroleum production), the OPRF uses different parameters, such as total population and primary
energy use. These parameters are also estimated by the IPCC; however, their rate of increase is
lower than that of GDP. Therefore, the resulting projection of the demand for transport is lower
than if GDP was used on all rates. Secondly, the OPRF also foresees changes in the average
distance of transportation, due to changes in the transport patterns and modal shifts. Amongst the
significant future developments that are anticipated by the OPRF are the widening of the Panama
Canal and the commissioning of new gas pipelines from Myanmar to China (2030s), from the
Middle East to India (2030s), and from Russia to China (2010s). It is also anticipated that the
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pipeline from North Africa to Europe is expanded (2030s), and that the modernization of the
Siberian railroad is completed (2030s). This railroad will carry a share of the container traffic
from East Asia to Europe. It is also anticipated that the Arctic sea route between East Asia and
Europe will be commercially attractive (2040s). Work presently being undertaken within IMO
with respect to ensuring safe navigation of ships and the prevention of pollution in polar waters
(the development of the Polar Code) will be critical to facilitate this change. Moreover, increased
recycling of scrap iron from 2020 to 2050 will be the equivalent of a reduction of
approximately 5% in the production of iron ore. Altogether, OPRF estimates a transport demand
for A1B in 2050 that is about half of what is estimated by analysis of trends in GDP.

7.16 Demand for transport is estimated for a broad range of ship types in the OPRF scenario.
These ship types are aggregated into the relevant categories that are needed for the scenario and
the A1B tonne-mile projection was given for our A1B family. For our other families of scenario,
judgements were made regarding the relative developments in the scenarios with regards to
regionalization, growth in GDP and other aspects of the scenario compared with A1B to produce
the scenarios below. It is stressed that, while A1B is the product of a detailed analysis, the others
are not. Projections for 2020 were exponentially interpolated from the scenario for 2050.
The resulting scenarios are given in table 7-3.

Table 7-3 — Tonne-miles, building on the OPRF detailed A1B 2050 scenario (2007 = 100)

2050 AlB A1F A1T A2 B1 B2
Ocean-going shipping 170 170 170 140 150 130
Coastwise shipping 170 170 170 160 150 150
Container 570 570 570 330 380 360
Average, all ships 266 266 266 188 205 187

Projections of tonne-mile that are used in this study

7.17  Acknowledging the uncertainties with each of the two above-mentioned approaches, it
was agreed that the average of these two approaches should be used. This average would
encapsulate both the historic relationship and aspects of an analysis of future trends, including
changes in trade patterns, the possible opening of Arctic sea routes, etc. At the same time, it was
agreed to construct upper and lower bounds for the scenario that were wide enough to cover
estimates from both approaches with a reasonable margin. The relationship between these figures
is shown schematically in figure 7-1. The resulting projections of tonne-miles, summarized in
table 7-4, table 7-5 and table 7-6, were selected for use in this study.
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Figure 7-1 — Principles for the estimation of transport demand. For each of the scenarios,
the demand for transport was estimated from SRES expectations of GDP and
(1) historic GDP correlation (blue dotted line), and (2) based on the OPRF
forecast. The estimate that was used in this study is the average value,
illustrated by the green dot. High and low values were respectively higher and
lower than the results from the two approaches.

Table 7-4 — Projections of tonne-miles used in this study (2007 = 100)

2050 AlB Al1F A1T A2 B1 B2
Ocean-going shipping 245 245 245 190 185 155
Coastwise shipping 245 250 245 215 185 185
Container 900 875 905 645 615 525
Average, all ships 402 397 403 302 288 247

2020 AlB Al1F Al1T A2 B1 B2
Ocean-going shipping 131 131 131 121 120 114
Coastwise shipping 131 132 131 126 120 120
Container 194 193 195 176 173 165
Average, all ships 146 146 146 135 133 127
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Table 7-5 — Upper bound for projections of tonne-miles used in this study (2007 = 100)

2050 AlB A1F Al1T A2 B1 B2
Ocean-going shipping 383 383 383 262 252 193
Coastwise shipping 383 395 383 315 252 252
Container 2700 2588 2723 1638 1525 1203
Average, all ships 939 913 945 597 558 441

2020 AlB Al1F A1T A2 B1 B2
Ocean-going shipping 150 150 150 134 132 122
Coastwise shipping 150 152 150 142 132 132
Container 271 267 272 233 228 212
Average, all ships 179 178 179 159 155 145

Table 7-6 — Lower bound for projections of tonne-miles used in this study (2007 = 100)

2050 AlB Al1F Al1T A2 B1 B2
Ocean-going shipping 157 157 157 138 136 124
Coastwise shipping 157 158 157 147 136 136
Container 300 296 301 254 248 229
Average, all ships 191 190 192 167 163 150

2020 AlB Al1F Al1T A2 B1 B2
Ocean-going shipping 115 115 115 110 110 107
Coastwise shipping 115 115 115 112 110 110
Container 139 139 140 133 132 128
Average, all ships 121 121 121 116 115 112

Table 7-7 — Inputs to a scenario, summarized as annual growth rates

Al1B A1F AIT A2 B1 B2

Gpp 3.9% 4.0% 3.6% 2.4% 3.3% 2.7%

Total Base 3.3% 3.3% 3.3% 2.6% 2.5% 2.1%
transport High 5.3% 5.3% 5.4% 4.2% 4.1% 3.5%
demand Low 1.5% 1.5% 1.5% 1.2% 1.1% 0.9%

)" Annual average growth in world GDP for the period 2000 to 2050 [8].

Transport efficiency

7.18 Measures that may be used to increase their energy efficiency and reduce the emissions of
CO, from ships are described in chapter 5 and appendix 2 to this report. Chapter 5 also presents
an assessment of the potential for reduction of CO, emissions. In this section, scenarios are
presented for the future efficiency of transport.

7.19  Shipping has a long history of increasing efficiency. For a given ship size, speed is the
most critical defining parameter with respect to fuel consumption. A certain speed is typically
associated with “standard” ship operating patterns. Typically, the shipowner will order a ship
that has a certain speed reserve, to give the vessel limited additional speed flexibility, which may
be very valuable on certain occasions (such as canal and harbour slots, or when freight rates are
high). This also gives the world fleet a degree of flexibility to handle fluctuations in demand for
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transport services. Over time, technological developments have resulted in increased efficiency.
Examples include the move from steam turbines to diesel engines and the subsequent
improvements of these, better designs and optimization of hulls and of propellers with improved
knowledge, manufacturing and analytical tools, and many other aspects. It should also be
mentioned that the efficiency of ships today is a reflection of what has been perceived to be the
economic optimum at the time of their design. In consideration of the above, when modelling
future scenarios, we have decided to split the efficiency into three main elements:

A Efficiency of scale, larger ships being more efficient (provided there is enough
cargo to take advantage of the capacity offered);

2 Speed; and
3 Ship design and operation.
Efficiency of scale

7.20  When larger ships are added to replace smaller ships, this typically results in increased
transport efficiency and vice versa. Effects of scale are implemented in the model of our
scenario by way of changes to the composition of the future fleet. In this study, the composition
of the fleet in 2020 was estimated by Lloyd’s Register — Fairplay Research (LRFPR). This fleet
projection is broadly similar to the estimate of the 2020 fleet given by the IMO group of experts
[12]. The fleet in 2020 will have a certain nominal transport capacity. However, since the
demand for transport in terms of tonne-miles is different in the various scenarios (see above), the
estimate for the 2020 fleet must be scaled to fit the scenario in question. In order to do this, total
gross tonnage was then used as an indicator for the transport work potential of each of the
categories. The total gross tonnages for the 2007 fleet and the estimated 2020 fleet are shown in
table 7-8.

Table 7-8 — Total gross tonnage for fleet categories and growth index

2007 2020 Nominal GT index
Ocean-going shipping 536 731 017 954 049 435 178
Coastwise shipping 80986 919 95 022 648 117
Container 126 217 091 348 078 393 276

7.21 Scaling factors for the scenario for specific fleet compositions were calculated by
dividing the nominal GT index by the tonne-mile projection index given for each scenario.
The following example illustrates the method: For 2020, according to the A1B scenario, the
transport demand index for ocean-going shipping has increased to 131 while the projected fleet
(expressed by the Nominal GT index) is 178 (table 7-9). A scaling factor is then calculated to
harmonize these. This factor is subsequently applied to the number of ships of each category for
the scenario in question.
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Nominal
Al1B* . Scaling factor
2020 GT index
@ ) @@
(&)

Ocean-going shipping 131 178 0.74
Coastwise shipping 131 117 1.12
Container 194 276 0.70

Projected tonne-mile index.

The fleet for scenario A1B in 2020 is then estimated by multiplying the number of ships
within each ship category in the nominal 2020 fleet by the appropriate scale factor. The overall
approach to our calculation of the future fleet for 2020 is shown in figure 7-2.

Growth in Transport Compare
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2020

7.23

Figure 7-2 — Process for determining the future composition
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Predicting a composition of the fleet in 2050 is significantly more challenging than
predicting the composition of the fleet in 2020. For this reason, no structural change is modelled
between 2020 and 2050. Instead, for 2050, we took the fleet structure in 2020 for each individual
scenario and applied growth factors corresponding to the change in projected tonne-miles.
Potential improvements in efficiency with changes to fleet structure in this period were
considered in the subsequent assessment of efficiency. For instance, calculation of the growth
factor for the A1B scenario between 2020 and 2050 is shown in table 7-10.

Table 7-10 — Calculation of growth factor

A1B 2020* A1B 2050* Growth factor
Ocean-going shipping 131 245 1.87
Coastwise shipping 131 245 1.87
Container 194 900 4.64

Projected tonne-mile index.
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7.24 It should be noted that, in many cases, the number of ships expected in 2020 according to
our scenarios is lower than what is projected by Lloyds Register — Fairplay Research. This is
mainly a result of lower expectations for transport demand in our scenarios than what is predicted
by Lloyds Register — Fairplay Research, whose prediction is not tied to SRES economic
developments.

Speed

7.25 At lower speeds, frictional resistance of the hull predominates and the requirement for
propulsion power is roughly proportional to the third power of speed. At higher speeds,
resistance arising from the generation of waves becomes prominent, and this additional resistance
makes the demand for power increase at more than the third power of speed. Therefore, reducing
speed is an effective measure to reduce power consumption; particularly for faster ships. On the
other hand, when there is a shortage of transport capacity and rates are high, increasing speed is a
way of meeting the demand for transport capacity.

7.26  The speed of a vessel in operation will be determined by economic considerations,
including freight rates, bunker prices, and other fixed and variable costs. For instance, in a
situation where bunker prices are increasing and transport capacity grows faster than demand,
market-driven reductions of operating speed may be expected. Changes of speed may thus be
used to absorb market fluctuations and surplus of capacity. Also, in the long-term perspective, if
fuel costs are expected to increase relative to other costs, the fleet may be expected to adapt by
expanding in size and reducing the operational speed of each vessel, and vice versa.

7.27 The scenario model incorporates possible market-driven changes of speed, based on
assumptions for 2020 and 2050 regarding the average speed of the fleet relative to the average
speed of the current fleet. In table 7-11, we set the lower bound of the change of speed to zero,
indicating that average design speeds for the fleet would not change in future years. While past
observations reveal increases in speed (e.g., during the rise of containerization), average speeds
of fleets have stabilized to a large extent and, under anticipated market conditions that will
consider energy and GHG performance, the team did not choose to model such a scenario. This
set of values of speed reduction was used across all families of scenario.

Table 7-11 — Inputs to the scenarios: market-driven changes of average fleet speed

All scenarios
2050
Base High Low
Intercontinental —10% —20% 0%
Coastwise shipping -10% —20% 0%
Container —10% —40% 0%
All scenarios
2020
Base High Low
Intercontinental 5% —10% 0%
Coastwise shipping —5% -10% 0%
Container 5% —20% 0%
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7.28  The net gain in efficiency resulting from the reduction in speed is modelled by assuming
a third-power relationship between speed and power. Since changes to vessel speed affect the
transport capacity of the ship, the model adjusts the fleet size in order to maintain a constant
productivity of the fleet. As a simplification, the reduction of speed is also applied to auxiliary
power, although this results in a slight over-estimation of the benefit. The net effect of
reductions of speed and other measures is shown in table 7-12.

Ship design, technology and operation
7.29  This assessment indicates the expected developments in technology within the various
scenarios. Since there is no explicit regulation on consumption of fuel, the change in the
technology factor reflects improvements that are cost-effective in the various scenarios rather
than their full technological potential.

7.30  Improvements in technology that have been considered in the discussion include:

A recovery of rotational energy (contra-rotating propellers, efficient rudders,
asymmetric hulls, boss cap fins, etc.);

2 general improvements to the hull and changing design priorities except the use of
larger ships,

3 improvements in engine technology;

4 increased use of recovery of waste heat;

5 operational improvements beyond the reductions in speed that have already been

discussed; and
.6 alternative power sources, such as sails, solar cells, etc.

7.31 Additional to these technologies, regulatory developments to improve other aspects of
shipping may have impacts on the energy efficiency of ships. Such regulatory developments
include topics like anti-fouling, air emission reductions, ballast water requirements, regulation of
speed (to reduce whale strikes), requirements for double hulls, new construction standards, and
requirements for ice strengthening of hulls. These factors were discussed and their impacts were
considered when determining scenario values for technological improvements. The parameters
related to improvement of transport efficiency are shown in table 7-12. These values are applied
to the fleet average. Since only a limited portion of the fleet will be changed by 2020, the
technology-driven part of the improvement in efficiency is assumed to be modest.

[\MEPC\59\INF-10.doc



MEPC 59/INF.10
ANNEX
Page 134

Table 7-12 — Inputs to the scenarios: market-driven changes in technology and regulatory
side effects affecting efficiency of transport (fleet average values)

All scenario families
2050
Base High Low
Ocean-going shipping —25% —35% 5%
Coastwise shipping —25% —45% 5%
Container —25% —30% 5%
All scenario families
2020
Base High Low
Ocean-going shipping 2% —4% 0%
Coastwise shipping —2% —4% 0%
Container 2% —4% 0%

Aggregate improvements in transport efficiency

7.32  Assumptions of aggregate improvements in transport efficiency are shown in table 7-13.
These values are derived from the above discussion, acknowledging that different pathways
could lead to similar reductions. The aggregate values for 2050 also account for structural
changes to the fleet that could occur in the period beyond 2020. Historic average efficiencies of
newbuild vessels are calculated in paragraphs 9.13 to 9.15. In order to put the inputs into the
scenarios into perspective, aggregate baseline improvements in efficiency are plotted with
indicated historic efficiencies from paragraphs 9.13 to 9.15, as shown in figure 7-3. The data for
historic efficiency end in 1995. The gap between 1997 and 2007 has been covered in the figure
by linear interpolation at the same rate as estimated for the period 2007-2050.

Table 7-13 — Inputs to the scenarios: aggregate improvements in efficiency (fleet average

values) compared to efficiencies in 2007 as the base year

All scenario families
2050
Base High Low
Ocean-going shipping —39% —58% —5%
Coastwise shipping —39% —65% 5%
Container —39% —75% 5%
All scenario families
2020
Base High Low
Ocean-going shipping -12% —22% 0%
Coastwise shipping -12% —22% 0%
Container —12% —39% 0%
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Baseline efficiency improvement in historic prespective
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Figure 7-3 — Baseline improvements in efficiency and indicated historic improvements
Developments in marine fuels

7.33  The amount of CO, emitted from ships depends on the type of fuel. For instance, certain
fuels may contain more carbon per energy output than other fuels, and hence may produce more
CO; emissions per unit of work done. To capture this effect, future scenarios must contain
assumptions of future fuel use. The choice of future fuels will depend on a number of factors,
such as availability, price, practical suitability for use on board ships, and regulations.
With respect to fuel, regulations that need to be considered are those in the revised MARPOL
Annex VI.

7.34 The SRES scenarios contain predictions of world energy use, categorized by primary
energy source. Primary energy is the source of all energy on earth and, therefore, the ultimate
source of all useful work. At an aggregate level, these sources are:

1 Coal,;

2 Oil;

3 Gas;

4 Nuclear (Labelled “non-fossil electric” for scenario B1);
.5 Biomass; and

.6 Other renewable sources.

Naturally, global energy trends will be reflected in shipping to a certain extent; however, a move
away from traditional oil fuels would require a significant pull. In these scenarios, the pull would
be economic, since there is no regulatory development in these scenarios to demand switching of
fuels. A brief discussion on the suitability of the above fuels for use on board ships follows.
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Coal

7.35  Technically, coal propulsion could be realized with a boiler/steam turbine arrangement.
This is not considered attractive, due to aspects such as the need to remove sulphur oxide (SOy)
emissions, the low thermal efficiency, requirements to heat the boiler when the vessel is in port
and the need for disposal of the combusted coal residuals and ash. It is also possible to
manufacture liquid fuels from coal, which would be very suitable for use on board ships. Such
synthetic fuels would be virtually sulphur-free [13]. There is currently a strong interest in
coal-to-liquid technology, and such plants are being planned in the USA and in China [14].
These synthetic hydrocarbon fuels would have a carbon fraction different from coal but similar to
diesel fuels; however, emissions of CO; related to their production are higher than those of
petroleum fuels [25]. It has been reported that, even if carbon capture and storage was applied to
capture 90% of the CO, emissions from a coal-to-liquid conversion plant, the net carbon
emissions from coal-to-liquid fuel would be higher than for conventional road fuel [14].

Oil

7.36  Oil is currently the only significant energy source for international shipping. A significant
driving force would be needed to change this; hence oil-derived fuels are considered the default
choice in all scenarios. Taking the revised MARPOL Annex VI into account, oil-derived marine
fuels can be classified as “global distillates” and “ECA distillates”. The principal difference
between these fuels is the difference in sulphur limits. The carbon content of these fuels would
not be very different when measured on an energy basis.

Gas

7.37 Natural gas, when stored in a liquid state as liquefied natural gas (LNG), is predicted by
many as a coming fuel for ships. Key drivers for this expected development are low emissions of
nitrogen oxides (NOy), SOy and particulate matter (PM) from LNG-fuelled ships and the
attractive price of LNG compared to distillate fuels. The most important technical challenge is
finding the necessary space for storage of the fuel on board the ship and the availability of LNG
in the bunkering ports. Therefore, LNG is primarily interesting in a context of coastwise
shipping, where the range of the ship is less of an issue and the next port of bunkering is more
predictable. LNG could also become an interesting fuel for tankers, since there is considerable
space available for LNG fuel tanks on deck. LNG ships would be particularly attractive in NOx
emission control areas since they can meet Tier III emission levels without after-treatment.
Natural gas can also be processed to create Fischer—Tropsch diesel (FTD) for use in diesel
engines. However, in this case, the NOy benefit associated with LNG operation would be lost.

7.38 LNG contains more hydrogen and less carbon than diesel fuels; hence emissions of CO,
are reduced. Unfortunately, increased emissions of methane (CHj) reduce the net effect to
about 15% reduction of CO, equivalents [15]. The cost of bulk LNG is about the same as that of
residual fuel oil, and it is significantly cheaper than distillate fuels.

Nuclear
7.39 Installing nuclear reactors on board is not foreseen to be an interesting option for
international shipping, for environmental, political, security and commercial reasons. The use of

electric power derived from nuclear plants or other non-fossil electricity sources for propulsion
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(as opposed to use while at berth) is not considered feasible due to the low power density, cost,
weight and the size of batteries.

Biomass

7.40  These fuels include current “first-generation” biofuels made from sugar, starch, vegetable
oil, or animal fats, using conventional technology. Amongst these, biodiesel (i.e. Fatty Acid
Methyl Esters, FAME) and vegetable oils can readily be used for ship diesels. In rough terms,
biodiesel could be substituted for distillate fuels and vegetable oils could be substituted for
residual fuels. With present (first-generation) biofuels, there will be certain issues (such as
stability during storage, acidity, lack of water-shedding, plugging of filters, formation of waxes
and more) which suggest that care must be exercised in selecting the fuel and adapting the engine
[16, 17, 18, 19]. Blending bio-derived fuel fractions into diesel or heavy fuel oil is also feasible
from a technical perspective; however, compatibility must be checked, as is also the case with
bunker fuels. Future biomass-to-liquid fuels manufacturing processes can be designed to
synthesize various fuels that are suitable for use on board ships. Currently, biofuels are
significantly more expensive than oil-derived fuels [16]. This would have to change if there is to
be an incentive to use such fuels on board ships in these non-regulated scenarios.

Other renewable sources

7.41  Other renewable energy sources for ships include the renewable energy that can be
generated on board (principally wind, solar-generated and ship-motion-generated energy) and
renewable energy generated on shore and transferred to the ship by way of an energy carrier such
as hydrogen. Within the structure of the scenario model, the generation of renewable power on
board the ship would be modelled as energy savings and would not affect the carbon content of
the fuel, while the use of renewable energy from land would be considered a fuel and the carbon
content of the fuel would be affected accordingly. The use of renewable energy from land would
have to be more cost-effective than alternative fuels (such as oil-derived) if they are to be used in
these non-regulated scenarios.

Penetration of new fuels into the maritime transport industry

7.42  For this analysis, we considered the potential market penetration for each family of
scenarios, based on seven potential fuels: (1) marine distillates; (2) heavy fuel oil; (3) LNG; (4)
LPG; (5) biodiesel; (6) synthetic diesel such as FTD; and (7) other renewable fuels. When
considering market penetration for the various scenarios, it is noted that:

1 oil is a significant primary energy source in 2020 and 2050 in all scenarios
(16-28% of world’s primary energy in 2050);

2 in 2050, fossil fuels contribute from 57% to 82% of all primary energy in the
SRES scenarios; and

3 previous estimates based on SRES scenarios [11] range the fuel consumption for
shipping in 2050 from 400 to 810 million tonnes. This corresponds to 22-32 EJ
or 10-15% of the global primary oil energy as specified for 2050 in the SRES
scenarios.
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7.43  Further, it is assumed that the sulphur regulations in the revised MARPOL Annex VI are
adopted and that a global cap of 0.5% sulphur is applied in 2020, with the opening for alternative
equivalent routes to compliance.

7.44 It is thus considered that the SRES scenarios permit the continued use of oil-based fuels,
although the cost would be expected to be higher. Therefore, in these scenarios for regulation of
non-GHG, the move from oil-derived fuels would have to be motivated by economy. Since there
are already binding targets for reduction of GHG emissions on land, it is assumed that biofuels
would fetch a better price there and would not be used by ships. The same situation would apply
for the use of renewable energy from land.

7.45 It may be assumed that coal-to-liquid fuels could become economically attractive in
scenarios A1FI and A2, where coal is a major source of energy. Some of this fuel could be
directed to the market. Natural gas is an important energy source in all SRES scenarios.
LNG propulsion would appear attractive for coastwise shipping in all scenarios. LNG could be
particularly interesting on tank ships, where storage of fuel in tanks above deck is expected to be
feasible with limited negative impacts. Based on the above, we established the general
assumptions for market penetration shown in table 7-14 and in table 7-15.

Table 7-14 — Future fuel scenarios for 2020

2020 AlB A1FI Al1T A2 B1 B2
5% of 5% of 10% of 5% of 10% of 10% of
LNG coastwise | coastwise | coastwise + | coastwise coastwise + coastwise +
5% of tank 5% of tank 5% of tank
shipst shipst ships¥
S.ynthetlc None None None None None None
diesel*
Distillates | Balance Balance Balance Balance Balance Balance
Based on coal or other competitive feedstock.
t Ocean-going crude oil tankers, all size categories.
Table 7-15 — Future fuel scenarios for 2050
2050 AlB A1FI Al1T A2 B1 B2
25% of 25% of 50% of 25% of 50% of 50% of
LNG coastwise coastwise + | coastwise + | coastwise + | coastwise + coastwise +
+10% of 10% of 20% of tank | 10% oftank | 20% of tank | 20% of tank
tank shipst | tank ships{ | shipsf shipst shipst shipst
Synthetic | None 20% of all | None 20% of all None None
diesel ships ships
Distillates | Balance Balance Balance Balance Balance Balance

Based on coal or other competitive feedstock.
t Ocean-going crude oil tankers, all size categories.

7.46 Carbon fractions (g of carbon/MJ) for each fuel type were calculated, based on
assumptions regarding future fuel characteristics, such as impurities, molecular formula of
hydrocarbons, energy content, and physical density, as shown in table 7-16. These carbon
fractions, categorized by the type of fuel, were applied to the values of market penetration that
were used in the scenario to determine a weighted average carbon fraction for each category of
vessel.
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Fuel Carbon fraction Emission factor

(g of C/MJ) (kg of CO,/kg of fuel)
LNG 15.4 2.75
Synthetic diesel 19.7* 3.13*
Distillates 20.2F 3.19%

Factors for synthetic diesel are based on typical data for Fischer—Tropsch diesel.
A higher emission factor is estimated than the current inventory, due to the assumption that there
will be less average impurities in future fuels.

Calculation of emissions

7.47  The scenario model calculates energy consumption and emissions of CO, directly as a
consequence of the key assumptions that have been presented in preceding sections.

7.48 Technology scenarios for exhaust gas pollutants other than CO, are not developed, but
emissions are assumed to develop according to the regulations of MARPOL Annex VI. This
implies that the specific emission rates of NOy, SOx and PM emissions will be reduced following
the introduction of these regulations, while specific emission rates of other pollutants are
assumed not to be reduced.

Future NO, emissions

7.49  The revised Annex VI introduces a stepwise approach to reduction of emissions of NOx.
The original emission limit from Annex VI is now referred to as “Tier I, while future emission
limits, named “Tier II” and “Tier III”, will be introduced in 2011 and 2016. The updated
regulation 13 of the revised MARPOL Annex VI is summarized in table 7-17.

Table 7-17 — The NOy limits in MARPOL Annex VI

. NO, limit (g/kW-h)
Tier Date
n<130 | 130 <rn <2000 | n>2000
TierI | 2000 17.0 45 - 02 9.8
TierII | 2011 14.4 44 - p 03 7.7
Tier 111 | 2016* 3.4 9.5 02 1.96

Tier III applies only in emission control areas. “n” refers to rated engine speed (rpm)

7.50 Tier II emission factors are assumed to reduce proportionally with the emission
regulation. For low-speed engines, the emission factor is assumed to be 14.4/17 (85%) of Tier 1.
For medium-speed engines, the emission factor is assumed to be 80% of Tier 1. (Table 7-18).
For Tier I1I, it is assumed that all engines are operated close to the emission limit. Emission from
LNG-using engines is based on measurement data from MARINTEK and from manufacturers of
engines.
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Table 7-18 — Estimated NOy emission factor by emission standard

Tier 0 Tier 1 Tier 11 Tier 111

SSD 90 78 66 18
MSD 60 51 41 12
LNG 6 6 6 6

7.51 Fleet average emission factors depend on the composition of the fleet each year, which
depends on vessel lifetimes and the growth of the fleet. Growth of the fleet is also linked with
reductions in speed; therefore speed reductions could have an indirect positive effect on NOy by
accelerating the introduction of new ships and engines. Future emission factors for NOy, based
on a scenario of growth of the fleet by 3% per year and average ship lifetime of 30 years, are
shown in figure 7-4. This figure shows emission factors for SSD and MSD engines within and
outside ECAs for future years.

NOx emissions factor

100
< 80 -
=
2
c 60 -
S
x40 -
% 0 ——SSD - outside
o = SSD - ECA
X 20 | ____MSD-outside ECA
e~ MSD - ECA
0 T T T T T
2000 2010 2020 2030 2040 2050 2060

Year
Figure 7-4 — Future NOy emission factors (3% fleet growth per year, 30 year vessel life)
Future SO, emissions

7.52 New fuel sulphur emission limits are given in the revised MARPOL Annex VI.
Present-day data for sulphur content of fuels are available from the IMO sulphur monitoring
programme [26]. Future IMO limits on the sulphur content of fuel are shown in table 7-19.
Scenarios for reductions in sulphur emissions as a consequence of these regulations are
illustrated in figure 7-5. Note that the 3.5% global limit introduced in 2012 is not expected to
affect the average emission factor since the global average is presently 2.7%.
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Table 7-19 — MARPOL Annex VI fuel sulphur limits

Global ECA
Present 4.5% 1.5%
1 July 2010 1.0%
1 January 2012 3.5%
1 January 2015 0.1%
1 January 2020* 0.5%

This may be postponed to 2025, subject to review in 2018.

SOx emissions factor

60
= HFO - outside SECA

2 40| ———HFO - SECA
(0]
g = MGO
S
x
O
» 20 4
2

0 T T T : .

2000 2010 2020 2030 2040 2050 2060

Year

Figure 7-5 — Future SOy emission factors used in scenarios. The limit of 3.5% on global
sulphur content is not expected to influence the average emission factor

Future emissions of particulate matter

7.53  Particulate matter (PM) is a mix of non-volatile and semi-volatile compounds that do not
fully participate in combustion or that are produced during combustion processes at high
temperatures and pressures. For ships, PM often includes ash and other non-combustible residual
contaminants, sulphur-related compounds that form aerosols (such as sulphate), condensed water
particles, complex organic compounds that are referred to generally as “organic material”, and
small unburned carbon particles that are referred to as “elemental carbon” (also known as “soot”
when they are visible in size or by their large number). Emissions of particulate matter depend
partly on amounts of sulphur in fuel, especially the complex organic material that is associated
with designs of cylinder lubricant that are matched to the sulphur content of the fuel and that
discharge with other exhaust mass-flow. Ash and other residual contaminants are also typically
found in proportion to the amount of sulphur in the fuel, although not directly dependent.
Reduction in fuel-derived sulphur emissions will thus also reduce the emissions of particulate
matter. The relationship between emission of PM and fuel composition, measured in a
two-stroke laboratory engine that was provided by Germanischer Lloyd, is shown in figure 7-5.
These data illustrate that:

1 PM ash is significantly reduced in a step when the sulphur content of fuel is < 1%
(distillate);
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2 Sulphate and associated water is correlated to the amount of sulphur in a fuel;
3 Elemental carbon is correlated to the amount of sulphur in a fuel; and
4 Organic material is not affected by the amount of sulphur in a fuel.

Chemical composition of PM emissoins

2,50
m Ash
Water associated with Sulphate
2,00 - [
= Sulphate (SO4) [ |
m Elemental Carbon (EC)
1,50 -

m Organic Material (OM) — —_—

1,00

| ]

0.1%S 0.5%S 1.1%S 2.0%S 2.1%S 2.8%S 2.9%S

ISO 8178 PM emission [g/kWh]

Figure 7-6 — The compositions of particulate matter obtained from different fuel types,
Germanischer Lloyd [24]

7.54 Using the data provided by Germanischer Lloyd, and maintaining the overall emission
factor for PM in the CORINAIR Emissions Guidebook, the following future PM emissions are
generated. As indicated in figure 7-5 and table 7-20, the composition of the PM at 0.1% sulphur
is very different from that at 2.7% sulphur. Therefore, although significant reductions in amounts
of PM are predicted, the compositions of future PM might be different from those of present PM.

Table 7-20 — Scenarios for emissions (kg/tonne of fuel) of present and future PMs

2.7% S 0.5% S 0.1% S
Organic material (OM) 0.67 0.66 0.68
Elemental carbon (EC) 0.34 0.17 0.08
Sulphate (SOy) 3.02 0.52 0.22
Water associated with sulphate 242 0.42 0.17
Ash 0.25 0.03 0.00
Total 6.70 1.79 1.16
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Emission factor summary

7.55 Assuming that fuel consumption within SECAs stays at 8% of global fuel (indicative of
present levels), a fleet growth of 3% annually and an average vessel lifetime of 30 years, it is
possible to derive composite emission factors for emission scenarios. The emission factors differ
between the storylines, due to changes in fuel assumptions. Technology scenarios for the
different IPCC storylines have not been developed.

Table 7-21 — Emission factors (kg/tonne fuel equivalent) in 2020 for all scenarios

AlB Al1F AlIT A2 B1 B2
NO, 61.0 61.0 59.8 61.0 59.8 59.8
SO* 9.2 9.2 9.0 9.2 9.0 9.0
PM* 1.7 1.7 1.7 1.7 1.7 1.7
CO 7.4 7.4 7.4 7.4 7.4 7.4
NMVOC 24 24 2.4 24 24 2.4
CH, 0.3 0.3 0.3 0.3 0.3 0.3
N,O 0.1 0.1 0.1 0.1 0.1 0.1

Full reductions, as per current Annex VI, are assumed to be in effect by 2020. Fuel consumption
within ECA is 8%.

Table 7-22 — Emission factors (kg/tonne fuel equivalent) in 2050 for all scenarios

AlB Al1F A1T A2 B1 B2
NOx 49.1 49.1 45.0 49.1 45.0 45.0
SO* 8.6 6.7 7.8 6.7 7.8 7.8
PM* 1.6 1.6 1.4 1.6 1.4 1.4
CO 7.4 7.4 7.4 7.4 7.4 7.4
NMVOC 24 24 24 24 24 24
CH, 0.3 0.3 0.3 0.3 0.3 0.3
N,O 0.1 0.1 0.1 0.1 0.1 0.1

Full reductions, as per current Annex VI, are assumed to be in effect by 2020. Fuel consumption
within ECA is 8%.

Results

7.56  The scenario analysis involved creating specific scenarios in each of the six families of
scenario described above. For CO,, we looked at all possible combinations of growth in demand
(base, low, high), efficiency of transport (base, low, high), and impacts of reduction in speed
(base, low, high). This approach gave us a total of 3 x 3 x 3 = 27 scenarios for each family of
scenarios, or a total of 6 x 27 = 162 scenarios for CO; for each year (2020 and 2050). We used
the vessel-based carbon fraction identified for each family of scenarios as described above.
For other emissions, we calculated future emissions based on baseline assumptions.
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7.57 Trajectories of emissions of CO, for base scenario values as well as the maximum and
minimum values observed within these 162 scenarios are shown in figure 7-7. The results are
also presented in table 7-23 and table 7-24. Other emissions are shown in table 7-25 and
table 7-26.

International shipping CO2 emission scenarios
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Figure7-7 — Trajectories of the emissions from international shipping. Columns on the
right-hand side indicate the range of results for the scenarios within individual
scenario families

Table 7-23 — Emissions of CO; (million tonnes/year) from international shipping

2020 2050
Base High Low Base High Low
A1FI 1058 1440 689 2648 7228 692 880
AlB 1057 1447 688 770 2681 7344 693 885
AIT 1058 1447 689 771 2668 7341 688 879
A2 982 1275 662 740 2194 5426 637 804
B1 959 1252 656 734 2104 5081 616 781
B2 925 1160 644 719 1903 4407 588 746
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Table 7-24 — Projected annual growth in emissions of CO; from shipping, 2007-2050*

The same rate of growth is assumed to apply to domestic and international shipping.

Base High Low
A1FI 2.7% 5.1% —0.4%
AlB 2.7% 52% —0.4%
Al1T 2.7% 52% —0.4%
A2 2.2% 4.4% —0.6%
B1 2.1% 4.3% —0.7%
B2 1.9% 3.9% —0.8%

7.58  Aside from the Min and Max scenarios, the scenarios in figure 7-7 are characterized by
their similarities. This is a result of the broadly similar technology pathway that has been
suggested for ships in these scenarios in spite of different storylines and different compositions of
primary energy sources. The difference between the scenarios is driven principally by differences
in demand and the type of fossil fuel that is used. In these scenarios, increased use of
non-emitting energy which may have impact on a global scale, such as nuclear and biomass, does
not penetrate significantly into the shipping sector.

Table7-25 — Scenarios for emissions (million tonnes/year) from total shipping in 2020

AlB Al1F Al1T A2 B1 B2
NOy 25.1 25.1 24.6 233 223 21.5
SOx 3.8 3.8 3.7 3.5 34 32
PM 0.7 0.7 0.7 0.7 0.6 0.6
CO 3.0 3.0 3.0 2.8 2.8 2.7
NMVOC 1.0 1.0 1.0 0.9 0.9 0.9
CO, 1345 1293 1294 1188 1167 1114
CH, 0.12 0.12 0.12 0.11 0.11 0.11
N,O 0.03 0.03 0.03 0.03 0.03 0.03

Table7-26 — Scenarios for emissions (million tonnes/year) from total shipping in 2050

AlB Al1F Al1T A2 B1 B2
NO, 50.3 51.0 46.7 41.6 36.8 333
SO, 8.8 6.9 8.0 5.7 6.3 5.7
PM 1.6 1.7 1.5 1.3 1.2 1.1
CO 7.6 7.7 7.7 6.3 6.0 5.5
NMVOC 2.5 2.5 2.5 2.0 2.0 1.8
CO, 3595 3644 3634 2878 2735 2449
CH,4 0.31 0.31 0.31 0.25 0.25 0.22
N,O 0.08 0.08 0.08 0.07 0.07 0.06

[\MEPC\59\INF-10.doc



MEPC 59/INF.10

Page 146
CO;
E 4000
; A1FI
8 3500 —A1B
@ —A1T
S 3000 - —A2
_5 —B1
= 2500 B2
£
172
.2 2000 1
=
2]
£
g 1500 1
[22]
c
.S 1000
[72]
@
g 500 -
N
3
0 + + + +
2000 2010 2020 2030 2040

2050

Million tonnes

CH4

0,40

A1B

A1FI
0,30 —AIT

A2

—B1
0,20 - B2
0,10
0,00 T T T T T
1990 2000 2010 2020 2030 2040

2050

Million tonnes

N20

0,10

A1B
0,08 1 A1FI

—A1T

A2
0,06 —B1

B2
0,04
0,02
0,00 T T T T T

1990 2000 2010 2020 2030 2040

Figure 7-8 — Emission scenario trajectories for GHG emissions — total shipping (exhaust emissions only)

I\MEPC\59\INF-10.doc

2050



NOx
60
INZ
50 | A1B
—AIT
. A2
“ 01 B4
Q
£ B2
< 30
S
= -
20 -
10 4
0 . . . .
1990 2000 2010 2020 2030 2040 2050
co
9
81 A1B
7 A1FI
— AT
o 8] A2
Q
g 51 —B1
c B2
S 4
=
3,
2,
1,
0 ; ; ; ;
1990 2000 2010 2020 2030 2040 2050

Million tonnes

Million tonnes

SOx
16
~ A1B
14 4 N ATFI
\
—AIT
12 - \
\ A2
|
10 4 g‘w‘ —B1
| B2
| |
8 \
6 | \
\
4
2,
0 ' ' ' ' '
1990 2000 2010 2020 2030 2040 2050
NMVOC
3,0
A1B
2,5 A1FI
— AT
2,0 4 A2
—B1
15 B2
1,0
0,5
0,0 ' ' ' ‘ ‘
1990 2000 2010 2020 2030 2040 2050

Million tonnes

2,0

MEPC 59/INF.10
ANNEX
Page 147

PM

1,8
1,6
1,4
1,2
1,0 +
0,8 4
0,6 4
0,4 1
0,2 1

0,0

A1B
A1FI
—AIT
A2
—B1
B2

1990

2000 2010 2020 2030 2040 2050

Figure 7-9 — Emission scenario trajectories for other relevant substances — total shipping (exhaust emissions only)
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Discussion

7.59 The scenarios that have been developed show significant increases in activity and
emissions from ships. This is also the result of previous research on future ship emissions,
including the 2000 IMO Study on greenhouse gas emissions from ships. The predicted future
emissions of CO; in this study are higher than previous estimates published by Eyring et al.
in 2005 [11] but in the same range as recently developed shipping scenarios, up to 2050, from the
EU project QUANTIFY (OECD, 2008 [23]).

Historic ship CO; emissions and emission scenarios
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OECD 2008
Endresen et.al (2007)
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Figure 7-10 — Scenarios for emissions of CO; from ships in a historic perspective

7.60  The effect of present and future IMO regulations on emissions of NOy and SO/PM is
apparent in figure 7-9. Emissions of NOy are stabilized and even reduced towards 2020,
whereafter they eventually increase. The estimate is based on the present number of emission
control areas. Introduction of more ECAs will result in larger reductions. This is also the case for
SOy and PM, where reductions are already substantial. Since the chemical composition and the
distribution of particle sizes of PMs change with the reductions in sulphur content of fuels, the
environmental and public health benefit achieved need not be proportional to the reduction in
PM emissions that is shown.

7.61  There are a number of important observations that can be made from our analysis of the
results of scenarios. One of the key insights is that the demand for transport is the most
important variable affecting the growth in future emissions of CO,. Having said this, there are
scenarios that show reductions in emissions. These scenarios have estimates of very low growth
and high transport efficiency. Reduced growth in seaborne transport does not necessitate reduced
growth in the world-wide economy. Increased recycling, more regional trade and a more
service-oriented economy could contribute to the decoupling of economic growth from
seaborne trade.

7.62  Another insight is based on the comparison of the Al families of scenarios, all of which
cluster around common values of emissions. The differences in the Al families are mostly
driven by assumptions in changing energy patterns globally. In the IPCC SRES scenarios, the
differences between a “balanced”, a “fossil-intensive”, and a “technologically advanced” future
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are more significant, due to the role that alternative low-carbon fuels have in non-shipping
sectors, such as the production of electricity, light-duty vehicles, and industrial processes.
However, with international shipping, the movement of global energy markets from high-carbon
to low-carbon fuels may have a less significant impact. This is because the transition to
low-carbon fuels in a sector as large as the shipping industry is likely to take decades. Also, we
expect that this transition will be realized in other sectors before it occurs in marine shipping.

Conclusions

7.63  Reductions in emissions beyond what is shown the minimum scenarios would require
radical changes compared to the assumptions in our model. Examples of such changes include:

A abrupt decoupling between seaborne trade and global economic growth. In our
model, the growth in demand for transport is already lower than the correlation
with GDP suggests; hence such decoupling must be rapid and very significant;

2 rates of global economic growth that are significantly lower than the B2 scenario;

3 extreme shortages of fossil energy compared to the SRES scenarios. According to
SRES scenarios, by 2050 the total consumption of primary energy ranges
from 160% to 284% of the values in 2010 and fossil fuels cover from 57% to 82%
of global demand for primary energy; and

4 introduction of unexpected technologies.

Therefore, the scenarios do not eliminate the possibility of reductions in emissions of COs,.
However, they do signal a need for fundamental change in order to achieve such reductions.

7.64  On the whole, maritime shipping shows significant advantages in carbon emissions when
compared to road and air freight, and is competitive on this front with respect to rail, as will be
seen in chapter 9. Thus, although international shipping may show increases in emissions, due to
increasing demand between now and 2050, these increases may be designed to offset what would
be higher emissions from other modes of transport (i.e. road and air). Shifting the mode from
truck to ship, for example, may increase emissions from ships, but will have an overall beneficial
impact on the emissions from the system for movement of goods as a whole.
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Chapter 8
Climate impact
Introduction

8.1 In recent years, questions have been raised regarding the nature and magnitude of the
impact of the shipping sector on climate. Shipping emissions have been recognized as a growing
problem for environmental policy-makers (Corbett, 2003), as it has been realized that emissions
from vessels have direct impacts on human health, contribute to regional acidification and
eutrophication and also influence “radiative forcing™ (RF) of climate.

8.2 Developments in climate science research are regularly reviewed and assessed by the
Intergovernmental Panel on Climate Change’s (IPCC) Working Group I (WGI); the most recent
report was published in 2007 (IPCC, 2007). IPCC (2007) did not specifically address shipping,
and indeed only made brief mention of the effects of shipping, in the context of ship tracks, in
chapter 2 of that report (Forster et al., 2007). Thus, effects of shipping on climate have not been
comprehensively assessed by the IPCC in the same way that, for example, aviation has
(IPCC, 1999). The forthcoming assessment report of Eyring et al. (2009) is the most complete
and up-to-date assessment of the effects of shipping on climate that is available in the scientific
literature.

8.3 Shipping produces a wide range of emissions. Key compounds that are emitted are carbon
dioxide (CO;), nitrogen oxides (NOy), carbon monoxide (CO), volatile organic compounds
(VOC), sulphur dioxide (SO;), black carbon (BC) and particulate organic matter (POM).
Emissions of NOy and other ozone precursors from shipping lead to formation of tropospheric
ozone (O3) and perturb the concentrations of hydroxyl radical (OH), and hence the lifetime of
methane’ (CH4). The dominant component of the aerosol resulting from ship emissions is
sulphate (SO4), which is formed by the oxidation of SO,; this arises from sulphur in the fuel.

8.4  Carbon dioxide is a direct greenhouse gas; emissions of NOy, CO and VOCs are ozone
precursors, which have been discussed in a number of studies (e.g., Lawrence and Crutzen, 1999;
Kasibhatla et al., 2000; Davis et al., 2001; Endresen et al., 2003; Eyring et al., 2007a).
In addition to the impact on tropospheric chemistry, particle emissions from shipping alter the
physical properties of low clouds and have an impact on climate (Lauer et al., 2007). Long,
curved cloud structures arising from ship emissions can be observed from satellite images; these
are commonly termed “ship tracks” (e.g., Durkee et al., 2000; Schreier et al., 2006; 2007).
The emissions from shipping affect radiative forcing of climate (RF); this is the conventional
climate metric, expressed in watts per square metre (W m %), that is used in climate science and
by the IPCC, and is a change in the energy budget of the Earth’s atmosphere relative to 1750
(a definition adopted by the IPCC, and used also here). RF is usually expressed as a global mean,
and positive numbers imply warming while negative imply cooling. The emissions and climate
effects from shipping arise from:

A common metric to quantify climate impacts from different sources is ‘radiative forcing’ (RF) in units of
W/m?, since there is an approximately linear relationship between global mean radiative forcing and change in
global mean surface temperature. RF refers to the change in the Earth-atmosphere energy balance since the
pre-industrial period. If the atmosphere is subject to a positive RF from, for example, the addition of a
greenhouse gas such as CO,, the atmosphere attempts to re-establish a radiative equilibrium, resulting in a

warming of the atmosphere.

7 Methane is a greenhouse gas, principally emitted by other sectors (agriculture, mining, etc.).
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1 emissions of CO,, which has a warming effect (positive RF);
2 emissions of NOy, which result in the production of tropospheric Os (positive RF)
and a reduction of ambient CHy4, a cooling effect (negative RF);
3 emissions of sulphate particles (negative direct RF);
4 emissions of soot particles (positive direct and indirect (snow) RF); and
5 formation or change in low-level clouds (negative indirect RF).

8.5 The overall impacts of (any) emissions on climate are complex, and are summarized
conceptually for the shipping sector in figure 8-1. Emissions give rise to changes in the
abundance of trace species in the atmosphere. Through atmospheric processes, these emission
species may undergo atmospheric reactions, alter microphysical processes or be
absorbed/removed by various sinks (land and water surfaces) through wet and dry deposition.
These changes may then affect the radiative balance of the atmosphere through changes in the
abundance of trace species, in atmospheric composition, and in the properties of clouds and
aerosols. Such changes in RF may then affect climate in a variety of ways, e.g., global and local
mean surface temperature, sea level, changes in precipitation, snow and ice cover, etc. In turn,
these physical impacts have societal impacts through their effects on agriculture, forestry, energy
production, human health, etc. Ultimately, all of these effects have a social cost, which can be
very difficult to quantify. Clearly, as one steps through these impacts, they become more
relevant but correspondingly more complex and uncertain in quantitative terms. In this study, we
have evaluated climate impacts mostly based on changes in global mean RF and temperature
response. It should be noted that this is a simplification, and even changes in local responses that
are positive and negative and appear to cancel each other out (e.g., RF responses) may impact
climate, in spite of a first-order indicator of such a metric as global mean RF having a small or
ZEro response.
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Shipping Emissions and Climate Change
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Figure 8-1 — Schematic diagram of the overall impacts of emissions for the shipping sector
(from Lee et al., 20092a)

8.6  The magnitude of present-day emissions from shipping has been discussed in other
sections of this report. In the following sections we describe the methodology by which the RF
and global mean temperature responses from shipping in 2007 were calculated; the resulting RF
and temperature responses are given and compared with other values found in the literature. The
potential role of shipping within a hypothetical climate-stabilization regime is also discussed, and
overall conclusions over the response of the climate to effects arising from shipping are drawn in
the final sub-section.

Calculation methodology and model description

8.7 In order to calculate the global mean RF and temperature responses from shipping
emissions, a simplified carbon-cycle model was used to calculate the contribution of CO,
emissions to marginal CO, concentrations and the resulting RF. The response of RF was then
used in a linear climate-response model to calculate a global mean temperature response, which
can be applied to any forcing agent.

8.8  For the non-CO; RF responses, a different approach was necessary, as these forcings are
more complicated to calculate. The calculation of non-CO, responses from shipping emissions on
atmospheric composition and cloudiness, for example, involves the use of more complex models
(e.g., Lauer et al., 2007; Eyring et al., 2007a). The 2007 emissions that were determined in this
study were used as input data to two such models; one was for tropospheric O3 chemistry
(MOZART v2; Horowitz et al., 2003) and one for atmospheric composition that influences the
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abundance of aerosols and cloudiness (ECHAMS/MESSy1-MADE; Lauer et al., 2007). In order
to calculate the global mean time-evolved temperature response from non-CO, forcings, the RF
for a given year was prescribed (from the results of more complex models), and a relationship to
an annual emission rate was used as a proxy for calculating the year-by-year RF response. In this
way, the resultant global mean temperature responses can then be calculated. The methodologies
are described in more detail below.

Methodology to calculate time-evolved RF and temperature responses from shipping emissions

8.9  The climate-response model is a development of Sausen and Schumann (2000),
previously applied to scenarios for emissions from aviation (Lee ef al., 2009b), which in turn is
based upon the approach of Hasselmann et al. (1993; 1997). Some modifications and
developments have been made to the model, which is now capable of addressing the full suite of
shipping impacts (CO,, NOy impacts on O3 and CHg, direct and indirect effects from aerosols and
their precursors; see Lim et al., 2007 and Lee et al., 2007).

8.10 The contribution of CO, emissions from shipping to ambient concentrations of CO, is
assumed to be the difference between that from total “background” emissions and the calculated
contribution from shipping as follows. The response of CO, concentrations, C(¢), to the rate of
emission of CO,, E(f), was modelled following Hasselmann et al. (1997); this approximates to
the results from the carbon-cycle model of Meier-Reimer and Hasselmann (1987), so that:

AC(2) = j G (t—t)E(t")dt (1)

and
5

Ge(t)y=Y a,e’™ (2)

j=0
where 7; is the e-folding time of mode j and the equilibrium response of mode j to a unit forcing
is ¢;7;, using the mode parameters given in table 8-1.

Table 8-1 — Coefficients of the impulse function G¢ for CO; concentration (Schumann and

Sausen, 2000)
Mode j 1 2 3 4 5
a; (ppbv/Tg (C)) 0.067 0.1135 0.152 0.097 0.041
7; (year) o0 313.8 79.8 18.8 1.7

8.11 The RF of CO; is dependent upon its own concentration because of spectral saturation,
such that, in calculating the impacts of CO, from shipping, it is necessary to know the
“background” RF (equation 3).

ARF,

Shipping — ARF (CBackground) —ARF (CBackground _CShipping) 3)

8.12  Historical background CO, concentration data from 1800 until 1995, and thereafter SRES
scenario data (IPCC, 2000) until 2100 (all natural and anthropogenic sources, including
emissions from shipping), were used. The contribution of CO, from shipping was calculated
explicitly, using equations (3) and (4), the concentration being assumed to be the difference
between the background concentration and the concentration arising from shipping.
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8.13  From the CO, concentrations, the RF was calculated. According to IPCC, the RF of CO,
can be estimated from the logarithm of the concentration, which approximates the effect of
saturation in RF with increased CO, concentrations.

8.14 Here, we use the expression from Ramaswamy et al. (2001), which utilizes an «
coefficient of 5.35 from Myhre et al. (1998):

RF(1)=a|ln(C,, /)] (4)

The shipping emissions and the scenarios that were used in this work are described elsewhere in
the report, including a description of the underlying assumptions. Figure 8-2 presents the
historical and present-day emissions that were used. For emissions between 1870 and 1925,
estimates from OECD (2008) were used. The CO, time series is continued with estimates from
Endresen et al. (2007) between 1925 and 1985. The estimate of CO, emissions in 2007 from this
study is 1050 Tg (CO,)/year. Between 1986 and 2007 we used the backcast calculated from the
evolution through time of freight tonne-miles (Fearnleys, 2007), with the point estimates from
this study in 2007 taken as the reference year. This produced a smooth curve over the entire
period from 1870 to 2007, as the backcast CO, of the present emissions inventory agrees well
with the estimate for 1985 by Endresen et al. (2007).

Historic CO2 emissions from ships

1200

1000 - Estimate based on Fletcher 1997
= Fndresen et.al (2007)
800 - - Backcast of present inventory

600 -

Million tons CO2

400 -

200 -

O T T T T T T T
1860 1880 1900 1920 1940 1960 1980 2000 2020

Figure 8-2 — Historical and present-day emissions of CO; from shipping

8.15 The above methodology explicitly calculates the changes in CO, concentration and the
resultant changes in RF. For non-CO, effects, an externally calculated RF for a particular effect
is taken and related to a given emission rate, so that the change in RF over time can be
calculated. It is necessary to have a complete history of RF in order to calculate the global mean
temperature response. The externally calculated RFs for individual species and effects, the
corresponding emission rates, the reference year and the source(s) that were used for temperature
response calculations are given in table 8-2.
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Table 8-2 — Input for the climate response model: non-CO; radiative forcings prescribed
for shipping, relevant emission rate, reference year and source

Forcing Prescribed Relevant Refe- Source
RF emission rate rence

(mW m?) (per year) year
Ozone (from NOy and 26.0 5.43 (Tg of N) 2000 | Eyring et al. (2009)
other precursors of O;)
Methane reduction -33.0 5.43 (Tg of N) 2000 | Eyring ef al. (2009)
(from NO, and other
precursors of O3)
SO, (direct) -31.0 11.1 (Tg of SO,) 2000 | Eyring et al. (2009)
Black carbon (BC) 2.0 0.13 (Tg of BC) 2000 | Eyring et al. (2009)
Particulate organic -0.4 0.14 (Tg of POM) | 2000 | Eyring ef al. (2009)
matter (POM)
Indirect cloud —66.0 8.3 (Tg of SOy) 2000 | Fuglestvedt et al. (2008)

8.16 It should be noted that the RF values given in table 8-2 are referenced to a particular
emission rate and year specified in the relevant source studies. Thus, for the same reference year,
since the emissions that were determined in this present study are different, the above RFs will
not be reproduced. It is assumed that the emission rates for various species in this report
represent the best available estimates, and the RFs calculated therefore use these emissions for
consistency.

8.17 The global mean temperature response for the various forcing agents was calculated by
using the approach devised by Hasselmann et al. (1993), which has been widely used since
(e.g., Hasselmann et al., 1997; Sausen and Schumann, 2000; Shine ef al., 2005).

8.18  The climate-response-function approach can be represented by a convolution integral, the
use of which assumes that small perturbations to a system (here, climate) can be represented in a

linearly additive manner. Thus, the response of a climate variable @ at time () to a forcing F(¢)
is:

o) = Gy (t—t)F(t')dt' (5)

where Gg(?) is the impulse or Green function (e.g., Livesley, 1989) which describes the response
of the system to a change in forcing at # = 0. The forcing F(¢') and ®(¢) are perturbations relative
to an equilibrium (climate) state.

8.19 The formulation that has been presented by Sausen and Schumann (2000) has been
rearranged to include the efficacy of the perturbation, i.e.:

AT = 1, Aco, |, Gt =1 RE (1) dr' (6)

Grl) =" )
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where AT; is the temperature response (K) due to perturbation i, 7; is the associated efficacy, Acoz
is the CO, climate sensitivity parameter (K/W m °) of the parent GCM and RF; is the associated

RF (W m?). In the revised Green’s function, GT (1), 7 is the lifetime (e-folding time) of

a temperature perturbation (years). The current version of the model was tuned to reproduce the
transient behaviour of the full-scale atmospheric ocean model ECHAM4/OPYC3 (Roeckner
et al., 1999), giving values for Aco, of 0.64 K/W m ™ and 7 of 37.4 years. It should be noted that
the heat capacity of the climate system, as expressed through Aco, and 7, is uncertain. It is this
uncertainty that results in a range of different temperature responses given by the IPCC (2007)
for a particular emissions scenario.

Methodologies for calculating changes in atmospheric composition and cloudiness

8.20 The purpose of the climate-response model is to calculate the time-evolved RF and
resultant global mean temperature response in a simplified and economical way. It relies on
more complex models for calculating RF from changes in atmospheric composition and
cloudiness, and some specimen outputs from such models are also presented here in order to
show the spatial nature of the changes and their RF response. We show results from two different
global models. ECHAMS/MESSy1-MADE (Lauer et al., 2007) was used to calculate changes in
abundances of aerosols and resultant cloud properties, and MOZART v2 (Horowitz et al., 2003)
was used to calculate the impacts of emissions of O3 precursors from shipping on changes in
abundance of O3 and lifetime of CHa.

8.21 ECHAMS/MESSy1-MADE (hereafter referred to as ES/M1-MADE) is a global aerosol
model which is described in detail by Lauer ef al. (2007). The core of ES/M1-MADE consists of
the general circulation model (GCM) ECHAMS (Roeckner et al., 2006) within the framework of
the Modular Earth Submodel System MESSy (Jockel et al., 2005). The aerosol submodel MADE
(Ackermann et al., 1998) takes into account detailed microphysical processes within aerosols.
The aerosols are interactively coupled to the chemistry submodel MECCA (Sander et al., 2005)
as well as to the GCM’s cloud microphysics (Lohmann et al., 1999; 2002) and radiation scheme.

8.22 MOZART v2 is a global model of the chemistry of the troposphere. Trace species are
emitted within a three-dimensional grid and advected according to prescribed wind-fields, with a
time step of six hours over the course of (typically) one year. As the species are advected, they
are allowed to react chemically with other species and to be removed by physical processes of
wet and dry deposition. By running the model with and without shipping emissions, this allows
the quantification of how emissions from shipping affect concentrations of O3 and of CH,4 (which
are the main species of radiative importance in relation to emissions of NOy and of other
precursors of ozone). The model and its performance have been described in detail by Horowitz
et al. (2003). In the simulations that were run for this study, we used the emissions of NOx,
NMVOCs and CO given here in gridded form, over the course of one year. Meteorological data
were taken from ECMWF operational data for the year 2003; this is a meteorologically “typical”
year of the decade 1998-2008 and thus does not introduce any particular bias.
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Results: radiative forcing and temperature response
Radiative impacts of CO; emissions

8.23  Emissions of CO, have a long residence time in the atmosphere and become well mixed.
Equation (5) uses the changes in concentrations of CO, to calculate the resultant RF. These
results are presented as a time-series for the historical and present-day forcing arising from the
corresponding estimations of emissions, and a range of outcomes according to the emission
scenarios.

8.24 The RF of CO, from shipping in 2007 was 49 mW m °. For comparison, aviation has a
similar — if slightly smaller — present-day annual emission rate (733 Tg of CO, from aviation
in 2005, c¢f. 956 Tg of CO, from shipping for 2005) but the RF from aviation for 2007
is 30 mW m ? (extrapolated from the results for 2005 of Lee et al., 2009b). The somewhat larger
forcing from shipping in this comparison can easily be explained by both the residence time of
CO; in the atmosphere and the time-period of the activity. CO, does not have a single lifetime,
and, whilst 50% of an emission is removed within 30 years, 30% of it is removed only over the
timescale of a few centuries, and the remaining 20% remains airborne for many thousands of
years (IPCC, 2007). A recent review of carbon-cycle models showed that this long-term airborne
fraction may be between 20-60% of the original emission (Archer and Brovkin, 2008). Moreover,
fuelled shipping activities date back to the late 19th century, as coal-fired vessels took over from
sailing ships; by contrast, significant aviation activity is usually taken to date back to 1940.

8.25 Fuglestvedt et al. (2008) recently examined impacts of transportation on climate, and
their estimate of the RF of CO, emanating from shipping in 2000 was 35 mW m > (given in
supporting  information; see  http://www.pnas.org/content/105/2/454/suppl/DC1).  The
corresponding RF of CO, for 2000 from this work is 43 mW m 2, which is in good agreement
with that of Fuglestvedt et al. (2008), considering that the work presented here is based on a
more detailed analysis of emissions data.

8.26  After 2007, a number of CO, emission scenarios (described in chapter 5 of this report) are
assumed. Not all of the variants within the main SRES A- and B-based families have been
modelled, but rather the central scenario within the families, i.e. AIFI, A1B, A1T, B1, and B2.
In addition, the two scenarios which represent the overall maximum (from A1B) and minimum
(from B2) were also modelled. The CO, emissions between 2007 and 2050 for the various
scenarios are presented in figure 7-7, and the corresponding RF in figure 8-3.
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Figure 8-3 — Radiative forcing of CO, attributable to shipping from 1870 to 2005, and
thereafter, according to a range of scenarios, to 2050

8.27 The various main scenarios for emission of CO, yield RFs in 2050 of between 99
and 122 mW m 2. The minimum RF in 2050 is 68 mW m > and the maximum is 152 mW mfz,
which illustrates the range of uncertainty arising from the emission scenarios and their
underlying assumptions.

Radiative impacts of non-CO; emissions

8.28  Using the methodology outlined in paragraphs 8.7 to 8.22, specific non-CO, RF estimates
from other studies are used in order to construct a time-series of these forcings, which enables a
corresponding temperature response to be calculated (see table 8-2). Table 8-3 shows the
emissions for 2007 that have been used in the climate-response and global model simulations.

Table 8-3 —Fuel consumption and ship emissions in 2007, as used in the model calculations.
All units are teragrams per year

Fuel NO, SO, SO
CO;, | (Tg M)y |(Tg(S)/ye o NMVOC* | CHs | BC | POM N, O CO
use (primary)
ear) ar)
333 1050 24.5 14.6 0.87 0.80 0.10 0.12 0.29 0.027 | 1.80

Not including tanker loading.

8.29 Figure 8-4 shows the RFs from CO, and non-CO; emissions as a conventional bar chart
(blue bars) along with the corresponding temperature response from each forcing (red bars)
for 2007. These RFs represent those arising from emissions before and during 2007. In effect, the
only forcings that are influenced by emissions prior to 2007 are those for CO, and the reduction
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in CH4 concentration. This is not the case, however, for the corresponding temperature responses,
all of which are influenced by emissions prior to 2007, as explained and illustrated below.

8.30 The total global mean RF from shipping estimated from the IMO study of emissions,
“tuned” to external calculations of individual non-CO, RFs (see table 8-2), is —110 mW m .
The net negative RF is mostly attributable to the indirect effect, i.e. the formation of additional
low-level clouds from shipping emissions, increasing the albedo of the planet and cooling the
Earth’s surface (Lauer ef al., 2007). The global mean temperature response that is implied by this
negative forcing is also a cooling response in 2007.
Global mean radiative forcing and AT response in 2007 from shipping
emissions
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Figure 8-4 — Global mean radiative forcings (W m2) and temperature responses (K)
in 2007 from shipping emissions. The figure does not include the positive RF
that could possibly occur from the interaction of BC with snow, which has so
far not been investigated for ships.

8.31 The net negative forcing from shipping calculated by Fuglestvedt et al. (2008) was
—71 mW m > (for 2000), whilst the equivalent net forcing calculated in this work (for 2000) was

very similar, at =72 mW m°.

8.32  The picture of emissions from shipping resulting in a net negative RF and net negative
global mean temperature response is a rather simplistic and potentially misleading one. This is
because such an analysis ignores spatial and temporal dimensions.

8.33 The temporal dimension of different RF factors can be quite different, and the
temperature response can be different again. For the short-lived emission species and effects,
1.e. O3, SOy4 direct, BC, POM and the indirect effect, if the emissions are removed, the forcing
will disappear quickly, well within the one-year time discretization of the response model. This
is not the case, however, for CO, and CH4. As explained above, CO; has a number of lifetimes, a
significant fraction of a unit emission remaining in the atmosphere for many thousands of years.
Methane has a lifetime of approximately 12 years, so any perturbation to CH4 abundance (either
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reduction or increase) will change the RF only slowly (in addition, there are chemical feedback
effects of CHy4 on its own lifetime). The temperature response to any forcing occurs over much
longer timescales because of the thermal inertia of the climate system, which is largely controlled
by timescales of heat exchange between the surface ocean and the atmosphere. Thus, for a
short-lived forcing which might disappear within a year, the thermal response is much longer.

8.34  The temporal responses of both RF and temperature can be illustrated by calculating the
“residual” forcing and temperature response that would remain from the emissions emanating
from shipping up until 2007; an alternative view of this is that it is the RF and the temperature
response that would occur after 2007 if all emissions from shipping ceased. This hypothetical
situation is useful as a way of illustrating the timescales of various responses which cannot be
seen from an examination of figure §-4.

8.35 Figure 8-5 shows two snapshots of the residual RF and temperature responses arising
from shipping emissions to 2007, in 2050 and in 2100.

'Residual’ radiative forcing and global mean AT in 2050 from shipping
emissions up to 2007
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Figure 8-5 — Residual radiative forcing and temperature responses from shipping
emissions to 2007 in 2050 (panel A) and 2100 (panel B). The figure does not
include the positive RF that could potentially occur from the interaction of
BC with snow that has, so far, not been investigated for ships.

836 In 2050, the residual RF has already switched from negative to positive but the
temperature effect is still negative. This is because the RF from CO, decays only slowly but there
is still a strong long-lasting negative temperature effect, which is dominated by a large negative
forcing component (indirect effect). By 2100, both the residual RF and the temperature
responses are positive. This is because the negative residual forcing from the CH4 reduction has
disappeared, with a persistent positive forcing from the CO;; similarly, the positive temperature
effect from CO, remains, whereas the negative component from the indirect effect has all but
disappeared.

8.37 There are a number of ways in which the different timescales of RF and temperature
response can be discussed and illustrated. The commonly used climate metric of RF is mainly a
backward-looking one; i.e. it gives the RF that is produced at a given point in time from previous
emissions. Such a value of RF says nothing about what may happen in the future as a result of
those emissions, since, as illustrated here, a residual effect remains from long-lived greenhouse
gases such as CO, and CHg4, and, in terms of temperature response, this may even change sign.
Forward-looking metrics are used for formulation of policy and for assigning CO,-equivalent
(COz-e) emissions. Such metrics as the Global Warming Potential (GWP) or the Global
Temperature change Potential (GTP; Shine et al., 2005) examine the marginal impacts, at some
point in the future, of a unit emission of a radiatively active species compared to that of CO,.
The Absolute GWP (AGWP) is the integrated RF over a given time horizon. These metrics are
discussed in detail by Fuglestvedt et al. (2009). The CO; equivalent emissions, using the GTP
metric, indicate that, after 50 years, the net global mean effect of current emissions is close to
zero through the cancellation of warming by CO, and cooling by sulphate and nitrogen oxides
(Eyring et al., 2009; Fuglestvedt et al., 2009).
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8.38 Depending upon the exact emission scenario and the strength of rather uncertain
RF responses, in particular the indirect effect, it is conceivable that the overall effect of shipping
will switch from cooling to warming. This is because the persistence and accumulation of CO, is
such that its warming effect may ultimately overwhelm any cooling effects.

8.39 The above calculations do not include the positive RF that might occur from the
interaction of BC with snow (Hansen and Nazarenko, 2004; Hansen et al., 2005; Koch and
Hansen, 2005; Flanner et al., 2007), a possibility that has not yet been investigated for ship
emissions. Flanner et al. (2007) applied a snow, ice, and aerosol radiative model coupled to a
GCM with prognostic aerosol transport, and studied the climate forcing from fossil fuel, biofuel,
and biomass-burning BC emissions deposited to snow. They found that global annual mean
equilibrium warming resulting from the inclusion of BC in snow is 0.1°C to 0.15°C, depending
on the set of present-day emissions used, but that the annual Arctic warming is significantly
larger (0.5°C to 1.621°C). The results indicate that the interaction between snow and BC could
be an important component of the total BC aerosol climate forcing, in particular in the Arctic.
A similar positive BC/snow forcing from ships could potentially play a major role in the Arctic in
the future. The Arctic is now experiencing some of the most rapid climate changes on Earth.
On average, the rate of temperature increase in the Arctic has been twice as high as in the rest of
the world. Observations over the past 50 years show a decline in the extent of sea ice in the
Arctic throughout the year, with the most prominent retreat in summer. The melting of Arctic
sea ice will effectively unlock the Arctic Ocean area, leaving it increasingly open to human
activity — particularly shipping and the production of oil and gas (IPCC, 2007; Pharand, 2007,
Serreze et al., 2007). The trends indicate an Arctic Ocean with longer seasons of less sea-ice
cover of reduced thickness, implying that there will be improved accessibility to ships around the
margins of the Arctic Basin. Climate models project an acceleration of this trend and the opening
of new shipping routes and an extension of the period during which shipping is feasible.
Until recently, seaborne transport of cargo in these waters has been very limited, and reported
ship emissions have been low (Corbett et al., 1999; Endresen et al., 2003). Taking the Northern
Sea Route (NSR) via the Barents Sea between Europe and the North Pacific Region can reduce
travel time by up to 50%, compared to the sea routes in use today (Fridtjof Nansen
Institute, 2000). Thus, if the number of navigation days increases, it is expected that more traffic
will pass along this route, in which case the BC/snow effect might become an important positive
radiative forcing in the future.

Spatial patterns and climate responses other than temperature

8.40 The spatial dimension is also hidden by global average mean RF and temperature
responses. Long-lived greenhouse gases, such as CO,, display only small spatial variability in
their RF patterns. However, shorter-lived forcing agents, such as Os, SO, aerosol and the
indirect effect, have very spatially inhomogeneous forcing patterns.

8.41 In the case of NOy emissions, the resultant O; forcing will have a larger spatial variability
than the negative RF response of CH4, because of the very different lifetimes (weeks versus
years). The net forcing from NOy emissions is, therefore, zero, or slightly negative through these
two effects, and a global mean temperature response would also indicate either no change in
global mean surface temperature from these effects or even a slight overall cooling. This is a
limitation of the metric and the modelling rather than a lack of climate response. It is possible
that a localized forcing is not cancelled by a homogeneous forcing of the opposite sign, even if
they are of similar magnitudes at the global scale.
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8.42 Determination of such localized versus global climate effects requires the use of coupled
ocean—atmosphere global climate models, which are computationally expensive to run and also
suffer from signal-to-noise ratio problems for small perturbations, requiring many simulations or
very long equilibrium simulations. There is some evidence that the inherent feedbacks in the
coupled Earth—ocean climate system result in similar spatial patterns of temperature response for
different forcing patterns (Boer and Yu, 2003). However, “climate” is not temperature alone, and
there is evidence that different patterns of precipitation can arise from forcings of similar
magnitude but with different spatial patterns (Taylor and Penner, 1994).

8.43 In order to determine the overall RF pattern for shipping, Lee ef al. (2009a) utilized
results from the global tropospheric chemistry model MOZART v2 (which is described in
paragraphs 8.20 to 8.22) for Os; and CH4. They also used the global aerosol model
E5/M1-MADE, as described above, to simulate the zonal mean RF pattern of the direct and
indirect aerosol effect, as well as a GCM for aerosol and cloudiness response and a coupled
ocean—atmosphere GCM for the CO, response. The resulting zonal mean RF pattern for the
IMO estimates of RF in 2007 is shown in figure 8-6. The results clearly demonstrate the
latitudinal variation in the forcings, as described above.

S0, Direct
Indirect

TOTAL

‘Degrees)

Figure 8-6 — Zonal mean annual RF pattern from shipping for the IMO estimates of RF
in 2007 (modified from Lee ez al., 20092a).

Shipping and climate stabilization for CO,

8.44  An early description of climate stabilization was given by Wigley et al. (1996), and has
been studied by the IPCC from its Second Assessment Report (IPCC, 1996) onwards. The word
“stabilization” is applied rather interchangeably to atmospheric concentrations and temperature
and also inaccurately to emissions (since stabilization of emissions will not achieve stabilization
of either concentrations of CO; or temperature within the 21st century). Strictly speaking,
stabilization applies to CO, concentrations in the context of the so-called “WRE” (from “Wigley,
Richels and Edmonds™) scenarios.
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8.45 Stabilization concepts and emission pathways for CO, are discussed because of the
complicated response of the climate to CO,. Firstly, CO; is well known to have a long residence
time in the atmosphere, which is of the order of 300 years or more. Strictly speaking, CO, does
not have a single lifetime because there are multiple sources and sinks, with different exchange
times (see, e.g., Harvey, 2000; IPCC, 20078). Secondly, in terms of temperature, the phenomenon
of the thermal inertia of the climate system delays the response between emission of CO, and
changes in temperature because of the timescales of heat exchange between the oceans and the
atmosphere: this is of the order of decades. Hence, in order to limit temperature response, early
action needs to be taken on reducing emissions in order for the climate system to respond by
about 2100.

8.46  The stabilization of concentrations of atmospheric CO, by the end of the 21* century will
require significant reductions in global emissions of CO; in the future. The resultant temperature
from stabilizing CO, concentrations at various levels (e.g., 450 ppm, 550 ppm, etc.) depends on
climate sensitivity. Climate sensitivity is a common test of climate models to the global mean
surface temperature arising from a doubling of CO, concentrations. This is usually estimated to
be between 2°C and 4.5°C.

8.47 A recent assessment of climate stabilization concluded that, at 550 ppm, a target of 2°C
would be exceeded, and 450 ppm would result in a 50% likelihood of achieving this target
(Tirpak et al., 2005). More recently, Professor James Hansen, Director of NASA’s Goddard
Institute for Space Studies, has suggested that 350 ppm of CO; is a more appropriate level to
avoid “dangerous climate change”, which is below the current atmospheric levels of CO,
of 385 ppm (Hansen et al., 2008). This assertion is based on analyses of palacoclimate data.

8.48 In order to achieve the more frequently discussed stabilization goal of 450 ppm of CO,,
global emissions of CO, must be limited to the values shown in WRE 450 in figure 8-7;
similarly, the WRE 550 emission trajectory is also shown.

8.49 The following paragraphs discuss the concept of CO, stabilization pathways in the
context of the shipping emission scenarios developed for this work. It is important to note that
this is merely illustrative: the shipping emission scenarios in this report inherently assume no
climate-policy intervention (as is the case with the SRES background scenario storylines of the
IPCC). Thus, a stabilization scenario clearly represents climate-policy intervention, so that the
two “storylines” are inherently different.

8.50 Figure 8-7 illustrates the potential conflict between the predicted growth in emissions
from shipping under scenarios that assume no climate-intervention policy and the stabilization of
CO; in the atmosphere at 450 ppm. As figure 8-7 shows, the predicted emissions from shipping
in 2050 in the base scenarios would comprise 12-18% of the total emissions for the WRE 450
scenario at that date (see also table 8-4).

8.51 The WRE stabilization scenarios are not prescriptive as far as the make-up of the
emissions is concerned, since they are were obtained by inverse modelling to achieve stabilized
concentrations of CO, in the atmosphere. The shipping scenarios that are presented in this report
are based on SRES-type assumptions, which are not climate-intervention policy scenarios cf. the
WRE scenarios, and are thus not compatible in philosophy. Nonetheless, it is useful to present

¥ See ‘Frequently Asked Questions 7.1 (http://ipcc-wgl.ucar.edu/wgl/Report/AR4WG1 Print FAQs.pdf)
accessed 6 August 2008
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the SRES-based projections of emissions from shipping in the context of the stabilization of
emissions pathways, in order to illustrate that, if shipping is to play a role in stabilization, it is

highly likely that reductions over and above those projected will be necessary.

Table 8-4 — Emissions from shipping, as a share of global total, as per WRE scenarios, in 2050

ATFI AlB Al1T A2 B1 B2
WRE 450 17.6% 17.9% 17.8% 14.1% 13.4% 12.0%
WRE 550 9.7% 9.9% 9.8% 7.8% 7.4% 6.6%

Potential impact of shipping on WRE 450 / 550 emissions stabilization
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Figure 8-7 — Comparison of modelled shipping emissions, curves for WRE 450 and

WRE 550, and WRE 450 adjusted for ship emissions (global total minus the
emissions arising from shipping)

Impact on human health

8.52 At local and regional scales, ocean-going ships impact human health through the
formation and transport of ground-level ozone and emissions of sulphur and particulate matter
(Corbett et al., 2007). In many harbour cities, ship emissions are a dominant source of urban
pollution. Furthermore, emissions of NOy, CO, VOC, particles and sulphur (and their derivative
species) from ships may be transported in the atmosphere over several hundred kilometres, and
can contribute to air-quality problems further inland, even if they are emitted at sea. This
pathway is especially relevant to the deposition of sulphur and nitrogen compounds, which cause
acidification/eutrophication of natural ecosystems and freshwater bodies and threaten
biodiversity through excessive nitrogen inputs (Eyring et al., 2007b; 2009). For this reason,
control of NOy, SO, and particle emissions will have beneficial impacts on air quality,
acidification and eutrophication.
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8.53  Corbett ef al. (2007) demonstrated that emissions of PM from ocean-going ships could
cause approximately 60,000 premature mortalities annually from cardiopulmonary disease and
lung cancer. This value is expected to increase by 40% by 2012 in their scenarios, which do not
include the new amendments to the regulations of MARPOL Annex VI, to reduce harmful
emissions from ships that were adopted by the Marine Environment Protection Committee
(MEPC) of IMO in October 2008. The mortality estimate of Corbett et al. (2007) does not
account for additional health impacts such as respiratory illnesses (e.g., bronchitis, asthma, and
pneumonia). The health impacts are particularly concentrated near coastlines in Europe,
East Asia, and South Asia.

Summary and conclusions: climate impact

8.54 International shipping and its emissions produce significant impacts on atmospheric
composition, human health and climate, and some of these impacts are dependent upon latitude
and whether the emissions occur in coastal areas or on the open sea. For some of the compounds
and their reaction products emitted from ships, the RF is positive (CO,, O3 and BC), while for
others the forcing is negative (e.g., direct effect of sulphate particles, reduced ambient
concentrations of methane). Particles may also have an indirect effect on climate through their
ability to modify the optical properties of clouds by acting as cloud condensation nuclei (CCN)
or by dissolving in the cloud drops and altering their surface tension (the so-called “indirect
aerosol effect”). This results in the clouds being optically brighter and reflecting more solar
radiation back to space. Although the associated uncertainties are still high, results from models
indicate that the cooling due to altered clouds currently outweighs the warming effects from
greenhouse gases (such as CO; or Os) resulting from shipping, causing a net negative RF at
present. However, this calculation does not include the positive RF that might occur from the
interaction of BC with snow, a phenomenon that has not yet been investigated for ships.

8.55 Reductions in emissions of sulphur could result in regional reductions in the resultant
negative RF. The climatic trade-off between positive and negative RF is still a topic of research,
but, from what is currently known, a simple cancellation of global means is potentially
inappropriate and a more comprehensive assessment metric is required. We emphasize, however,
that CO; remains in the atmosphere for a long time and will continue to have a warming effect
long after it was emitted. The IPCC Fourth Assessment Report highlighted that a significant
fraction of CO; remains in the atmosphere for thousands of years. By contrast, sulphate has a
residence time in the atmosphere of approximately 10 days, and the climate response to sulphate
is of the order of decades, whilst that of CO; is of the order of centuries and longer. Indeed, the
CO;-equivalent emissions, using the Global Temperature Change Potential (GTP) metric,
indicate that the net effect, after 50 years, of current emissions is nearly neutral through
cancellation of warming by CO; and cooling by sulphate and NOy (Eyring ef al., 2009). This is
supported by the model calculations that are presented here, where the residual effects of
emissions that had been released up until 2007 were examined up until 2050 and 2100. This
showed that, by 2050, the net RF resulting from historical emissions of CO, was already positive,
whereas only the negative RF effect of CH4 remained. However, in this “ship-emissions off
in 2007” scenario, the overall net temperature effect is still negative in 2050, because of the long
memory of the climate system (thermal inertia of the oceans). By 2100, no significant negative
forcing is simulated, but 32% of the positive 2007 RF from CO; still remains, nearly 100 years
later. Thus, in 2100, the overall residual temperature signal and RF are both positive. These
illustrative calculations demonstrate the long-lasting nature of CO, and its effects on the climate
system.
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Conclusions

8.56  The following conclusions were drawn:

1

Increases in well-mixed greenhouse-gases, such as carbon dioxide, lead to positive
radiative forcing and to long-lasting global warming;

The RF from shipping-generated CO, for 2007 was calculated to be 49 mW m .
The IPCC Fourth Assessment Report estimated that the total RF from CO, (all
sources) was 1.66 Wm > (for 2005), so that shipping contributed
approximately 2.8% to the total anthropogenic CO, RF in 2005;

For a range of 2050 scenarios, the shipping CO, RF was calculated to be
between 99 and 122 mW m %, bounded by a minimum/maximum uncertainty
range (from the scenarios) of 68 mW m ~and 152 mW m %

The total RF for 2007 from shipping was estimated to be —110 mW m 2,
dominated by a rather uncertain estimate of the indirect effect (—116 mW m >) and
not including the possible positive RF from the interaction of BC with snow, an
effect that has not yet been calculated for ships. We also emphasize that CO,
remains in the atmosphere for a long time and will continue to have a warming
effect long after it has been emitted. This has been demonstrated here by showing
that the residual effect from shipping emissions up to 2007 turns from a negative
effect on temperature to a positive effect on temperature. By contrast, sulphate
has a residence time in the atmosphere of approximately 10 days, and the climate
response from sulphate is of the order of decades, whilst that of CO, is of the
order of centuries to millennia;

Simple calculations of values of global mean have been presented here for RF and
temperature response, and are in agreement with other published work
(e.g., Fuglestvedt et al., 2008). As highlighted by others, global mean temperature
response is only a first-order indicator of climate change. Calculations presented
here show that forcings caused by shipping have a complex spatial structure, and
there is evidence from other, more general, studies of indirect cloud-forcing
effects that significant changes in precipitation patterns may result from localized
negative RFs, even if the localized temperature response is not so variable. Such
precipitation changes, even from negative forcings, constitute climate change.
This is a complex subject and more work on this aspect is needed;

While the control of NOy, SO, and particle emissions from ships will have
beneficial impacts on air quality, on acidification and on eutrophication,
reductions of CO; emissions from all sources, including ships and other freight
modes, are required to reduce global warming. Moreover, a shift to cleaner
combustion and cleaner fuels may be enhanced by a shift to technologies that
result in the lowering of the amount of CO, that is released from each unit of fuel
that is used; and
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i Climate stabilization will require significant reductions in future global emissions
of CO,. The emissions from shipping for 2050 that have been developed for this
work — which are based on SRES non-climate-intervention policy assumptions —
constitute 12 to 18% of the WRE 450 scenario, which corresponds to the total
global CO; emissions permissible in 2050 if the increase in global average
temperature is to be limited to 2°C with a probability greater than 50%.
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Chapter 9

Comparison of emissions of CO; from ships with emissions from other modes of transport
Introduction

9.1 This chapter contains estimates of the transport efficiency of cargo ships, based on the
CO, emission inventory calculations and assumptions regarding average utilization of
cargo-carrying capacity. The figures are compared with similar figures for other modes of
transport. Information on progress that has been made in terms of improving efficiency is also
given.

Definitions and methodology

9.2  The CO, emission efficiency of transport can be expressed as CO,/tonne*kilometre,
where “CO,” expresses the total mass of emission from the activity (measured in grams) and
“tonne*kilometre” (measured as tonne-kilometres) expresses the total transport work.

9.3 For a given period, the CO, emission efficiency is then defined as:

Cco,
tonne * kilometre

CO, efficiency =

where:

CO; = total CO; emitted from the vehicle within the period
tonne*kilometre = total actual number of tonne-kilometres of work done within the same
period

The principle can be applied in all transport sectors, such as shipping, rail, road and aviation.
Using this definition, it is implied that all emissions of CO, from a vehicle that occur within the
reporting period are counted, whether or not the train, ship, lorry or other carrier is loaded with
goods. It is also implied that the CO, efficiency will be dependent on the load factor, i.e. the
amount of cargo that is actually carried when loaded. This principle is upheld in the Energy
Efficiency Design Index (EEDI), and also in the Energy Efficiency Operational Indicator (EEOI).

94 It should be noted that there are other definitions of CO; efficiency that also result in units
of grams of CO; per tonne-kilometre. For instance, calculations can be made which show the
efficiency of transport when fully loaded, i.e. not accounting for average loading factors and
empty running. For this reason, figures that are published in other sources may be very different
from those presented here. It is, therefore, necessary to ensure that the same definitions are used
when comparisons are made. In the case of shipping, nautical miles are frequently used for
distance, in which case CO; efficiency can be measured as grams of CO,/tonne-mile. To convert
from grams of CO,/tonne-mile to grams of CO,/tonne-km, one must multiply by 0.540.
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Comparison of the CO; efficiency of transport modes
CO:; efficiency of transport by sea

9.5  In order to assess the transport efficiency of the various segments of the world cargo fleet,
estimates of CO, emissions from the 2007 inventory are used as a starting point; however, it is
necessary, in addition, also to estimate the transport work (tonne-kilometres) that is being done
by each segment in the fleet. For this study, the kilometres were estimated, based on the average
service speed of each category of vessel from the Fairplay database and the number of main
engine operating days (days at sea) from the 2007 inventory. The CO, efficiency does not depend
on the assumed number of main engine operating days since the amount of CO, that is emitted is
also proportional to the number of operating days; therefore these cancel each other.
The numbers of tonnes transported were estimated as the product of the assessed cargo weight
capacity of the ship and the assessed average utilization factor. The average utilization factor
takes into account the degree to which various ships typically need to do empty repositioning
(ballast) voyages, multiple port deliveries as well as typical capacity utilization when loaded.
Shortage of demand, where there is not enough cargo to fill the ship, is not considered, although
in reality this is common, due to seasonal variations, degree of competition and fluctuations in
world trade.

9.6  When estimating cargo weight capacity, a net weight of 7 tonnes per cargo container has
been used for container ships. For ro—ro ships, a weight of 2 tonnes/lane metre is used,
while 1.5 tonnes per car equivalent unit is used for pure car carriers. Results from the calculation
are shown in table 9-1.

9.7  The figures in table 9-1 are intended to indicate realistic levels of transport efficiencies of
various categories of ships. The actual values of individual ships and annual averages will
depend on a range of factors, including fluctuation in trade demand. This latter effect is
illustrated in figure 9-1, using fleet productivity data from UNCTAD [1]. This figure shows that
the ratio of estimated seaborne trade (in tonne-miles) to fleet transport capacity (as indicated by
deadweight tonnage) can vary significantly from one year to the next. This will result in
variations in a number of parameters, including days at sea, speed and cargo utilization factors.

Global Fleet Productivity

40
E 30 Bl
I 25
4
£ 20 Tank
T 15 ankers
F 10 ——Dry Bulk
5 - Residual fleet
0 T T

2000 2001 2002 2003 2004 2005 2006 2007

Figure 9-1 — Fleet productivity data, based on data from UNCTAD ([1]
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CO:; efficiency of road transport

9.8  The transport efficiency of vehicles on roads is affected by many of the same factors as
that in shipping, i.e. the efficiency will depend significantly on the load factor, efficiency of the
vehicle and cargo type; heavier cargo and larger vehicles will improve the cargo/vehicle weight
ratio, resulting in better values of CO,/tonne-km. But there is also an important difference, since
legislation in most of the world limits the total weight of the truck and trailer unit.
The consequence of this is that, even with quite low-density cargoes (down to 350 kg/m®), the
full payload capacity of the road unit can, in general, be fully utilized. Short- and long-distance
transport has different characteristics. Short-distance transports will mainly be in urban areas,
and the road vehicles will more often go one way with goods and back empty. The long-distance
transports will partly go into urban areas, but this type of traffic will more often be on
uncongested highways/motorways. Due to the long distances that are travelled, focus will be on
utilizing the capacity both ways. Transport in areas with steep hills, winding roads and/or heavy
traffic will contribute to increased consumption of fuel. A detailed study of emissions from road
vehicles has not been undertaken; however, efficiency data that are comparable to the data for
ships have been retrieved from the literature, as shown in table 9-2. From these figures, it is
concluded that the efficiency of transport of road freight ranges from 80 to 180 grams of
COy/tonne-km, with a typical average value of 150. Naturally, the variation in efficiency between
individual trucks is much wider than what is indicated in the range of averages shown in
table 9-2.

Table 9-1 — Estimates of CQO; efficiency for cargo ships

Loaded Total

Average Average Average efficiency efficiency

Transport

. cargo yearly service . (g of (g of
LiES e capacity  capacity speed Vzgllfnz?lr\]?\}/l[l)p COy/ CO,/
(tonne) utilization  (knots) tonne- tonne-
km) km)
Crude ol 500,000+ dwt 295237  48% 154 14197046742 1.6 2.9
tanker
Crude il 120,000-199,999 151734 48% 150 7024437504 22 44
tanker dwt
Crude ol 00.000-119.999 dwt 103403 48% 14.7 4417734613 3.0 59
tanker
Ciindle oil - £0.000-79.999 dwt 66261  48% 14.6 2629911081 43 75
tanker
Crude oil 16.000-59,999 dwt 38631  48% 14.5 1519025926 52 9.1
tanker
Cindlz ol 49999 dwt 3668  48% 12.1 91086398  20.7 33.3
tanker
Products 60,000+ dwt 101000 55% 15.3 3491449962 3.3 5.7
tanker
Wipd s 20,000-59,999 dwt 40000  55% 14.8 1333683350 72 10.3
tanker
Products 10,000-19,999 dwt 15000  50% 14.1 464013471 113 18.7
tanker
Wigd s 5000-9999 dwt 7000 45% 12.8 170712388 14.8 292
tanker
Products 0-4999 dwt 1800  45% 11.0 37598072  26.5 45.0
tanker
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Chemical 0
takor 20,000+ dwt 32200 64% 14.7 1831868715 57 8.4
gﬁi‘gcal 10,000-19,999 dwt 15000  64% 145 820375271 7.3 10.8
gﬁiﬁcal 5000-9999 dwt 7000  64% 14.5 382700554  10.7 15.1
gﬁi‘gcal 0-4999 dwt 1800  64% 145 72147958 18.6 222
LPG tanker 50,000+ m® 46656  48% 16.6 2411297106 52 9.0
LPG tanker  0-49,999 m’ 3120 48% 14.0 89631360  27.0 435
LNG tanker 200,000+ m’ 97520  48% 19.6 5672338333 5.4 93
LNG tanker  0-199,999 m® 62100  48% 19.6 3797321655 8.4 14.5
Bulk carrier 200,000+ dwt 227000  50% 144 10901043017 1.5 2.5
Bulk carrier 3&2’000‘199’999 163000 50% 144 7763260284 18 3.0
Bulk carrier  60,000-99,999 dwt 74000  55% 14.4 3821361703 2.7 4.1
Bulk carrier  35,000-59,999 dwt 45000  55% 14.4 2243075236 3.8 57
Bulk carrier  10,000-34,999 dwt 26000  55% 14.3 1268561872 53 79
Bulk carrier  0-9999 dwt 2400 60% 11.0 68226787 229 29.2
General cargo 10,000+ dwt 15000  60% 15.4 866510887 7.6 11.9
General cargo  5000-9999 dwt 6957  60% 13.4 365344150  10.1 15.8
General cargo ~ 0-4999 dwt 2545 60% 11.7 76945792 10.9 13.9
General cargo gi?f%au AWt 18000 60% 15.4 961054062 8.6 11.0
General cargo f 882}9;%9 it 7000 60% 13.4 243599799  13.8 17.5
General cargo (1)6339”1?EU dwt, 4000 60% 11.7 120938043 15.5 19.8
Refrigerated ;) 6400  50% 20.0 392981809 12.9 12.9
cargo
Container 8000+ TEU 68600  70% 25.1 6968284047  11.1 12.5
Container 5000~7999 TEU 40355  70% 25.3 4233489679 152 16.6
Container 3000-4999 TEU 28784 70% 23.3 2820323533 15.2 16.6
Container 2000-2999 TEU 16800  70% 20.9 1480205694 183 20.0
Container 1000-1999 TEU 7000 70% 19.0 578339367  29.4 32.1
Container 0-999 TEU 3500 70% 17.0 179809363  33.3 36.3
Vehicle 4000+ ceu 7908  70% 19.4 732581677 252 32.0
Vehicle 0-3999 ceu 2808  70% 17.7 226545399 472 57.6
Ro-ro 2000+ Im 5154 70% 19.4 368202021 453 49.5
Ro—ro 0-1999 Im 1432 70% 13.2 57201146 552 60.3

Note: “Loaded efficiency” is the theoretical maximum efficiency when the ship is fully
loaded at service speed/85% load. Since engine load at the fully loaded condition is
higher than the average including ballast and other voyages, the difference between the
columns “loaded efficiency” and “total efficiency” cannot be explained by differences in
utilization only.
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Table 9-2 — Figures of CO; efficiency for road freight
CO,
(g/tonne-km) Method Source
Heavy 138 Output-based measures combining data from “National | [3]
goods Road Traffic Survey” and “Continuing Survey of Road
vehicles Goods Transport”.
Road 127 Top-down approach. Trend Database. Data from | [3]
freight Eurostat. Data only from EU region.
Trucks 80 Sample survey, 109 vehicles. [1]
> 40 tonnes
Trucks 181 Sample survey, 44 vehicles. [1]
<40 tonnes
153 Top-down  approach.  Data  from  National | Author’s

Transportation Statistics 2007; U.S. Department of | calculation
Road Transportation, Research and Innovation Technology
freight Administration: Washington, DC, 2007; and Energy

g Information Administration Annual Energy Outlook

2007 with Projections to 2030, Supplemental

Transportation Tables
Road 156 Top-down calculation based on EU statistics. [4]
freight
Road 144" Top-down calculation based on National Japanese | [5]
freight, statistics.
2007

The 2007 truck transport efficiency in Japan of 144 g/kW-h is significantly better than the 2004
value, which was 174 g/kW-h. This improvement of 20% is attributed in part to the
implementation of speed limits for all Japanese trucks, following a major road accident.

CO; efficiency of rail freight

9.9  Unlike road and sea, electricity is an important source of energy for rail transport. When
assessing the CO; efficiency of electric trains, consideration must be given to the CO, that is
emitted from the production of the electricity. The transport efficiency of rails depends on the
speed, weight and length of the train as well as the terrain, type of cargo, height restrictions,
availability of return cargo and the efficiency in the logistics of handling empty cars. Efficiency
data are presented in table 9-3. The effect of cargo type is quite important; bulk cargoes are
shown to be significantly more efficient to transport than typical intermodal cargo, such as
containers. Also, when taking into account electricity production from coal-fuelled power plants
(CO, marginal power) and electric transmission losses in the grid, electric trains are only
marginally more energy-efficient than diesel-fuelled trains.

9.10 From these figures, it is concluded that the efficiency of rail freight ranges from 10
to 119 grams of CO,/tonne-km, with a typical value around 48. Bulk cargo trains cover the lower
end, while intermodal trains are in the high range. Naturally, the range of individual trains is
wider.
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Table 9-3 — Figures for CO; efficiency of rail freight
g of COY/ Method Source
tonne-km
Diesel 49 UK National Atmospheric Emissions Inventory data, | [3]
locomotives (1990-2004)
Rail freight 119 Top-doyvn approach. Data from Eurostat. Data only from | [3]
EU region.
Rail freight 81 Top-down approach. Data from Eurostat. [4]
(EU average)
14 Top-down approach. Data from National Transportation | Author’s

Statistics 2007, U.S. Department of Transportation, | calculation
Research and Innovation Technology Administration:
Washington, DC, 2007; and Energy Information
Administration Annual Energy Outlook 2007 with
Projections to 2030, Supplemental Transportation Tables.

Rail freight
(US national
average)

Bulk cargo 10-14 Calculated from typical US train sizing of bulk trains | Author’s

trains 0.6—0.8 hp/short ton (0.49—0.65 kW/metric ton) calculation
Intermodal 35-50 Calculated from typical US train sizing of bulk trains | Author’s
(container) 3—4 hp/short ton (2.2-2.9 kW/metric ton) calculation
train

Air freight

9.11 Air freight is fast but expensive, and is limited to special types of cargo where speed is
essential, such as perishable goods, mail, critical spare parts, etc. Air freight is carried in
dedicated freight planes but, to a certain extent, also on passenger-carrying planes. Due to fuel
burn for take-off and climb, efficiency will improve with longer flights; however, at extended
range, the weight of the fuel will contribute to reduced efficiency since the drag on the aircraft
increases with weight. At long range, the weight of fuel may limit the maximum weight of the
cargo. Efficiency figures for two widely used freight planes are shown in table 9-4. Differences
between these two planes indicate differences in engine technology and aircraft size.

Table 9-4 — Figures for CO; efficiency of air freight

g of CO,/

Method Source
tonne-km

435-474 Direct calculation on case study: Total capacity | [8]
Boeing 747 F 113 tonnes, average utilization 70%, 453—
493 kJ/km, depending on distance.

1100-1800 | Direct calculation on case study: Cargo capacity | Author’s
Ilyushin IL 76T 28-50 tonnes (depending on range), average | calculation,
utilization 70%, range 500-5500 km. data from [9]

Comparison of modes

9.12  The efficiency of ships is compared with that of other modes in figure 9-2. This figure
illustrates that gains in CO; efficiency can be achieved by increased multimodal transport. When
considering figures of this kind, the effect of cargo type should be borne in mind. Heavy (bulk)
cargoes such as steel, coal, and oil can be more efficiently transported than lighter cargos
(e.g., manufactured goods) on board ships, on rail and on the road; hence the potential for
energy-efficient transport is much dependent on the type of goods. Figure 9-3 shows the same
comparison but includes also airfreight.
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Range of typical CO2 efficiencies for various cargo carriers

Crude
LNG |
General Cargo |
Reefer |
Chemical |
Bulk |
Container |
LPG |
Product |
RoRo / Vehicle |
Rail |  —
Road | —

0 50 100 150 200 250
g CO2 / ton*km

Figure 9-2 — Typical range of ship CO, efficiencies compared to rail and road

Range of typical CO2 efficiencies for various cargo carriers
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Figure 9-3 —Typical range of ship CO; efficiencies compared to rail, road and airfreight
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Historic efficiency figures for shipping

9.13  Technological improvements and increasing ship sizes have increased the efficiency of
seaborne transport over time. In order to investigate historic trends in the efficiency of ships, data
from Lloyds Register — Fairplay were analysed. For this purpose, a fuel efficiency index was
developed, based on deadweight, speed and fuel consumption data in the database. The efficiency
values are calculated on an assumption that the average transport load is 50% of deadweight for
all ships and all ages. The index is defined as follows:

Fuel consumption x3.09
Efficiency index =

0.5xdwt xv
where fuel consumption is given in g/h and vessel speed v is given in knots.

9.14 The efficiency values have been calculated to identify trends, and are not directly
comparable to the figures given in table 9-1 above. It should be noted that the fuel consumption
figures in the database generally refer to fuel consumption for vessel charter, and include
auxiliary fuel consumption and also a certain safety margin.

9.15 When analysing the fleet statistics for trends in fuel consumption values, an attempt was
made to disaggregate the effects of technology, speed and vessel size. In general, this did not
reveal any insights, as trends were generally very difficult to identify. The lack of precision in the
data for fuel consumption may be an important reason. However, the statistics did show a clear
trend in the overall best efficiency of the fleet, which combines scale, speed and technology
effects.
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Figure 9-4 — Indicative development in average ship design transport efficiency
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Figure 9-5 — Indicative development in maximum ship design transport efficiency
Total emissions by transport mode

9.16 The total of CO, emissions from ships is compared to emissions from other transport
modes, based on fuel consumption data reported for other sectors in IEA statistics [7]. Although
some of the problems with global statistics that are discussed in appendix 1 apply to fuel
consumption statistics for all modes, the problems associated with classifying domestic versus
international voyages and possible offshore bunkering are specific to shipping and aviation.

9.17 The use of aviation fuel is classified similarly to statistics for marine bunker fuels,
although the nature of air travel is such that aircraft make fewer flights between refuelling, to
manage power, weight, and lift requirements. If ships were to fuel before every voyage, the
IEA fuel statistics for marine would be more accurate; however, ships fuel at major bunkering
market locations for multi-port voyages over weeks.

9.18 Domestic-only statistics for road and rail, aggregated by IEA, are gathered without the
conflict of classification between international and domestic activity and fuel sales recorded in
compliance with IEA policy. Moreover, the volume of fuel that is used on road transport is
significantly larger than the quantity of fuel used by ships. Together, this suggests that statistical
confidence in the fuel data that have been collected by IEA from reporting nations may be better
for road and rail than for marine modes. Where domestic fuel sales are taxed while international
marine fuels are not, the requirements to accuracy and revision of domestic fuel sales would be
increased compared to international marine fuels. In the case of aviation, fuel consumption is
closely monitored, since weight of fuel and aircraft range is important for the planning and
approval of flights.

9.19  Since global IEA data are only available up to 2005, values for the emissions from ships
in 2005 are used. This results in the figures given in table 9-5 and in figures 9-6 and 9-7. “Road
diesel” is the total amount of diesel sold for road use, and includes the fuel that was used for
cargo freight, passenger transport and diesel cars.
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Table 9-5 — Emissions of CO; from transport modes (million tonnes, 2005)

. . Domestic
Rail (IEA) R"?IdE‘X;’sel Aviation (IEA) | Mernational shipping/
ppiig fishing
133 4757 735 774 157
CO2 emissions from transport (2005)
3000
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’g International share (shipping / aviation)

£ 2000 4

c

i)

E

~ 1000 -

8 I

0 ‘

Rail (IEA) Road diesel (IEA) Aviation (IEA) Shipping (This study)

Figure 9-6 — Emissions of CO; in 2005 from shipping compared to other transport modes
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Figure 9-7 — Emissions of CO, from shipping compared with global total emissions
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Appendix 1
Estimate of fuel consumption in 2007 by international shipping
Introduction

Al.1 In this appendix, fuel consumption by ships is estimated for the year 2007 by two
methodologies:

1 based on activity data; and
2 based on fuel statistics.

Al.2 Results are compared and discussed to identify a consensus estimate for 2007 fuel
consumption by international shipping and by shipping as a whole.

Estimate of fuel consumption by ships, based on activity data
Methodology

A1.3 The estimation of fuel consumption entails a significant degree of uncertainty, as
evidenced by the differences that have been observed in previous estimates (Corbett et al., 1997
[15]; Corbett and Kohler, 2003 [1]; Endresen ef al., 2003, 2007 [5, 6]; Eyring et al., 2005a [3];
Olivier et al., 2001 [11]; Skjelsvik et al., 2000 [12], Gunner, 2007 [8]).

Al.4 Fuel consumption for the world fleet is estimated in an “activity-based bottom-up”
approach where the fuel consumption is estimated for individual categories of ships. The
estimates of fuel consumption are then added together to find the global total. Ship categories for
use in this inventory have been chosen so that they represent distinct ship types in terms of not
only size but also typical operational patterns, which is beneficial to identify and assess activity
data.

Al1.5 The Main Engine (ME) fuel consumption of a ship category is estimated by multiplying
the number of ships in each category with the average ME power to find the installed power
(kW) by category. The annual power outtake (kW-h) is then estimated by multiplying the
installed power with a category-specific estimate of the operating hours of the main engine and
the average engine load factor. Finally, the total fuel consumption is estimated by multiplying the
power outtake with the specific value of consumption of fuel oil that is applicable to the engines
of the given category (g/kW-h). The process of estimating the fuel consumption of a ship
category is illustrated in figure Al-1. The same principle is applied to estimate the fuel
consumption of the auxiliary engine.

. Average
Average installed operating Averaoge load Average SFOC Fuel _
power days % consumption

Figure A1-1 — Calculation of fuel consumption
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Emission inventory model input data

A1.6 The emission inventory requires data for each ship category on:

1 number of ships;

2 average power (kW) of main and auxiliary engines;

3 average age (years) of main engines (this is used to improve the estimates of fuel
consumption);

4 average design speed (knots) of ships (this is used when processing AIS data and
estimating load);

5 average specific consumption (g/kW-h) of fuel oil by the main and auxiliary
engines;

.6 average running hours (days) for the main and auxiliary engines;

7 average load (% MCR) on main and auxiliary engines;

8 average consumption (tonnes/year) of fuel by the steam boiler;

9 average consumption (tonnes/year) of fuel in the boiler; and

.10 average carbon content (grams of carbon per gram of fuel) of the fuel.
Ship count and technical data

Al.7 Statistical information on the world fleet was obtained from the Lloyd’s Register —
Fairplay database for the year 2007. This database contains information on all ships larger
than 100 GT. An extended version of the Lloyd’s Register — Fairplay database which contains
additional technical information, such as power of the auxiliary engine and the vessel’s design
speed, was used [16]. There may be some missing raw data in the extended Lloyd’s Register —
Fairplay database concerning certain specific technical data. Therefore, for these special fields
and for specific uses, Lloyd’s Register — Fairplay has a version of the database where fields have
been populated with estimated values, which were obtained by using statistical relationships.
This means that the precision of additional data (such as vessel’s design speed and power of the
auxiliary engine) may be lower than that of the core data (such as ship numbers, tonnage and
power of the main engine). The key data that have been used in this report are shown in
table A1-8.

Average specific consumption of fuel oil by the main and auxiliary engines

A1.8 Specific fuel oil consumption (SFOC) denotes fuel consumption in relation to work done,
and is commonly expressed in g/lkW-h. The specific fuel oil consumption depends on a range of
parameters, including engine size, age and the energy density of the fuel. Data on fuel
consumption can be obtained from test-bed results, from measurements taken during sea trials
and they may also, to a certain extent, be deduced from figures of daily fuel consumption given
in charter contracts and listed in ship databases. SFOC may also be calculated based on
thermodynamic first principles and the characteristics of the engine. Typical values of specific
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fuel oil consumption (SFOC) are given in table Al-1. These figures have been established by
reviewing various CIMAC papers [25], manufacturer’s catalogues and Diesel & Gas Turbine
Worldwide [18]. The figures indicate a difference of about 10% depending on age category
and 20% depending on size.

Table A1-1 — Typical values of specific fuel oil consumption (g/kW-h) [17]

Engine vear 2-stroke 4-stroke 4-stroke 4-stroke

of l%uil dy low-speed medium-/high-speed | medium-/high-speed medium-/high-speed
P (>5000 kW) (1000-5000 kW) (<1000 kW)

1970-1983 180-200 190-210 200-230 210-250

1984-2000 170-180 180-195 180-200 200-240

2001 to 2007 165-175 175-185 180-200 190-230

A1.9 Specific fuel oil consumption data are measured in an engine test-bed, except for very
large (two-stroke) engines that are simply too large to fit in a test-bed. The fuel consumption is
determined and given in accordance with standard ISO procedure and reference conditions
(ISO 3046-1) and corrected to standard fuel energy and standard ambient conditions. The best
value of specific fuel oil consumption corresponds to a single operating point.

A1.10 The fuel consumption in actual operation is expected to be higher than when measured in
test-bed conditions. The reasons for this include:

1 the engine is not always operating optimally at its best operating point;

2 the energy content of the fuel may be lower than that of the test-bed fuel (for
engines using residual fuels, this typically amounts to about 5%);

3 best SFOC values are given with 5% tolerance; and

4 engine wear, ageing and maintenance (wear of fuel injectors and injection pumps,
improper settings, fouling of the turbocharger, increased resistance of oil filters,
fouling of the heat exchanger and more).

Al.11 Considering the differences between the SFOC of new and old engines and the
differences in average age of engines, the values in table A1-2 have been used in the inventory
model. Further refinements, such as differentiation by power/cylinder or distinction of slow- and
medium-speed engines, could not be done since the ship database does not contain data on the
number of engine cylinders or the stroke number.

A1.12 Steam turbines that are used in Liquefied Natural Gas (LNG) tankers are assumed to
consume 275 g/kW-h on a heavy fuel oil (HFO) basis. This figure has been derived by
considering the fuel consumption figures for a turbine-driven LNG ship in operation. When
considering the SFOC of auxiliary engines, consideration was given to the fact that auxiliary
engines are expected to operate extensively on part load. The values that were used in the model
are given in table A1-3.
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Table A1-2 — Values of specific fuel oil consumption (g/kW-h) of main engines that have
been used in the inventory model

Engine age Above 15 000 kW 15 000-5000 kW Below 5000 kW
before 1983 205 215 225
1984-2000 185 195 205
2001 to 2007 175 185 195

Table A1-3 — Values of specific fuel consumption (g/kW-h) of auxiliary engines that have
been used in the inventory model

Engine age Above 800 kW Below 800 kW
Any 220 230
Input data for activity

A1.13 The emission model requires certain inputs which describe the activity of the ships.
These are:

A average running hours for the main and auxiliary engines;
2 average load on main and auxiliary engines; and
3 average fuel consumption of the steam boiler.

Al.14 Estimation of activity is particularly challenging because activities vary to a certain
degree from one year to the next, depending on factors such as demand for transport capacity in
relation to the size of the fleet in any given segment. Previous research has estimated activity
from the service record of engine running hours, by interviews, using Lloyd’s Marine
Intelligence Unit, data on ship movement and more. For this study, data from Automatic
Identification Systems (AIS) from the AISLive network were used as a new and independent
source of information about activity.

AIS Data

Al.15 An Automatic Identification System (AIS) is a safety device that automatically transmits
information — including the ship’s identity and its type, position, course, speed, navigational
status (e.g., “at anchor” or “moving with engines running”) and other safety-related information —
to appropriately equipped shore stations, other ships and aircratft.

A1.16 The International Convention for the Safety of Life at Sea, 1974 (SOLAS) [28] requires
an AIS transponder to be fitted aboard all ships of 300 gross tonnage (GT) and upwards engaged
on international voyages, cargo ships of 500 gross tonnage and upwards not engaged on
international voyages and all passenger ships irrespective of size. The requirement became
effective for all ships as of 31 December 2004. Ships fitted with AIS are to maintain AIS in
operation at all times, except where international agreements, rules or standards provide for the
protection of navigational information.
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A1.17 AlISLive is a network of shore-based AIS receivers covering more than 2000 locations
in 100 countries. This network collects and processes AIS data and makes the information
available for various analytical purposes, on a commercial basis. For this project, a database
containing all AIS observations logged each hour for the year 2007 was used. The location of
these receivers is indicated in figure A1-2. In this figure, green squares signal the position of
AIS base stations in the network. Orange and yellow and red squares signal that there is a higher
density of receivers.

- E \ 4 : ‘__.'.-".'-r ; _I“ S
: | ({ p f y MML ' S )
IS HLJ,J | | ! Qj “ij;; .a
Live 0% . ?
- -, =

Figure A1-2 — Shore-based receivers in the AISLive network (Lloyd’s Register — Fairplay)

A1.18 AIS shore stations are able to continuously detect the presence of ships in the vicinity of
the shore station. Ship movement and speed are also detected; however, the range is limited
(Typically to somewhere around 100 km, depending on the height of antenna, atmospheric
conditions, and more). Therefore, the AIS network cannot track ships between ports. However,
since the identity of a ship is broadcasted, it is possible to record the time between when a ship
disappears from the area of coverage of one port within the AIS network and appears in another.
Assuming that the ship travels directly between these ports, these data would provide the time at
sea and the average speed. Unfortunately, it is not possible to determine if the ship has detoured
and/or called into other ports that are not part of the AIS network.

A1.19 Data from the AIS network were prepared by counting, for the year 2007, the number of
hours that each ship that was detected by the network spent either:

A within the area of coverage of the AIS network, status: “in port”;

2 within the area of coverage of the AIS network, not in port, status “at anchor”;
3 within the area of coverage of the AIS network, moving; and

4 outside the area of coverage of the AIS network.
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Whenever a ship left an area of coverage of the AIS network, the time until it reappeared in
another area was used to calculate its average speed, assuming that the ship had followed the
shortest route between the observations. This calculation does not take into account the presence
of land masses, which could cause significant error in the estimation of certain distances.
However, since ships will be detected not only by the ports of departure and arrival but also when
passing other ports as well as other strategic waypoints that are covered by the AIS network
(e.g., Suez, Panama, Gibraltar, Strait of Malacca, Alaska Peninsula, south of Sri Lanka), the error
of making this assumption of a direct route will be reduced.

A1.20 Voyages where the calculated average speed is above 80% of the service speed for the
particular ship (as given in the extended Fairplay database) were categorized as “normal” while
voyages where the average speed is less than 80% were categorized as “slow”. By this procedure,
the ship activity could be grouped into four categories; see table A1-4.

Table A1-4 — Definition of data categories

Category Description

Port Hours within range of the AIS network, with navigation status “moored”

Anchor Hours within range of the AIS network, with navigation status “at anchor”

Slow Hours within and outside the AIS network, calculated average speed < 80% of service speed.
Normal Hours within and outside the AIS network, calculated average speed > 80% of service speed.

A1.21 The input summary table (table A1-5) shows the number of vessels (unique counts) that
were detected by the global AISLive network in 2007. The table also shows the number of ships
in the database in April 2008 and the percentage of the ships in the database that have been
observed at least once within the AIS network. In general, the indicated coverage is high for large
cargo-carrying ships; however, for smaller ships (and particularly fishing vessels), the coverage
is low. This is believed to be a result of smaller ships calling more frequently at smaller ports
and operating in areas which are less likely to be part of the AISLive network.

A1.22 In some instances, more vessels are detected by the AIS system than are recorded in the
statistics. This may be caused by a reduction in fleet size or by a delay in the updating of the
statistics or other errors.

Estimates of days at sea and average power

A1.23 The inventory model requires an estimate of the average number of days ships within
each category spend moving at sea. In order to use the AIS data to estimate days at sea, it is first
necessary to interpret the data. An example of the AIS data is shown in table 1-5.

Table A1-5 — Specimen AIS data (accumulated hours, by ship category)

Type Size Port Anchor Slow Normal Total
(h) (h) (h) (h) (h)

Bulker cll\?vot 000199 999 225 065 348 160 728 101 2 860 034 4161 360
Type Size Service speed | Cut-off speed | Average speed | Average speed
yp (knot) “slow” (knot) “slow” (knot) “normal” (knot)
Bulker | 100000-199999 1y, 113 7.6 12.8

dwt
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Al1.24 Hours spent in port and at anchor are not spent at sea. Time allocated in the “slow”
category is likely to include both some time moving but also some time in port to justify a detour,
which could explain the unusually low average speed. Another reason for slow voyages would
be detouring around land that is not anticipated in the calculation of distance from AIS data.
Time in the “normal” category could, in theory, contain some port time and detouring also;
however, the difference between average observed speed and service speed could also be caused
by temporary speed reductions in congested waters, detours caused by weather and other natural
causes. For the purpose of this study, it was assumed that hours recorded in the “normal” speed
category are all at sea. What remains is interpreting the hours that have been logged by the
Lloyd’s AIS analysis as “slow”.

A1.25 If it is assumed that “slow” voyages are a result of stops in ports that are on the route
between the two ports where AIS is used, and also assuming that the speed at sea is the same as
the average speed that has been observed in “normal” voyages, then the time at sea can be
calculated as:

Average speed

slow

Total time at sea = Time, ., + Time

X
slow

Average speed

normal

The assumption that additional ports are on a route is not unreasonable, since a significant share
of shipping follows coastlines where stops could be possible without making a significant detour.
However, if ships do detour significantly and the additional ports are not generally on the route
between them, the above calculation would be in error and would under-estimate time at sea.
Naturally, the accuracy of the estimate of time at sea depends not only on the validity of the
assumptions but also on how representative the data are for the ship category as a whole.

A1.26 The AIS data can also be used to estimate average engine load. This is done by
comparing the average speed that is observed at sea with vessel service speed, while assuming a
third-power relationship between power and speed and a sea margin of 10% for all vessels (as
illustrated in table A1-6). This table shows that, with a 10% service margin’, the maximum speed
that can be obtained with a clean hull and in calm weather at full design draught
(i.e. 100% speed) corresponds to 90% MCR. When the speed is reduced, the propeller load and
the engine load are reduced correspondingly. The average load can then be indicated by
comparing the speed that is observed by AIS with the maximum speed of the ship. This estimate
will only be indicative, since it does not include a number of significant parameters (including
the effect on average load of variations of speed en route, wind, waves, hull degradation or the
draught of the ship.

Table A1-6 — Typical engine and propeller loads corresponding to ship speed in clean-hull
calm-sea conditions at the design draught

Ship speed 50% 75% 80% 90% 95% 100%
Propeller load (% kW) 13% 42% 51% 73% 86% 100%
Engine MCR (% MCR) 11% 38% 46% 66% 77% 90%

A service margin is used to prevent engine overloading in the event of extreme fouling of the hull and/or
extreme weather.
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A1.27 Following the above approach, AIS data and fleet statistics were used to estimate days at
sea and the main engine load for all ship categories in the inventory. The resulting estimates of
days at sea were subsequently reviewed in the light of other data, such as activity data from
previous studies, and logistic analysis. Thereafter, the average main engine load was assessed by
considering other data sources and the effects of ballast and low-load runs which would not be
accurately predicted using this methodology. Several changes were made both with regard to
days at sea and load. In particular, changes were made to all categories of small ships where
AIS coverage is low and where the estimate of number of days at sea from AIS data was
significantly higher than could be expected from other data. The resultant input data are shown
in table A1-8.

Average load and operating hours of the auxiliary engine

A1.28 The average load and the operating hours of the auxiliary engine are needed to calculate
the fuel consumption of the auxiliary engine. The load and the operating hours vary greatly
between ship types. Typically, and according to Lloyd’s data, ships will normally have at least
three generators; one is operational, one is on standby and the third is available for maintenance.
Normally, generators will be operated on a rota basis to distribute their running hours.
The standby generator(s) will be used in periods with high load or when there is high risk of high
load peaks, such as when thrusters are used for manoeuvring or when large pumps, winches or
cranes will be operated. This typically occurs at arrival in port. Certain ships will also need
electricity for purposes of caring for the cargo, such as ventilation and refrigeration. Other ships
may use a shaft generator. In this case, auxiliary engines would not normally be operated at sea.
Following this discussion, the research team made assumptions for annual running hours of the
auxiliary engine and its load factors. In doing this, the relative consumption between main and
auxiliary engines was considered and compared with typical operating data for certain ship
categories.

Average fuel consumption of the steam boiler

A1.29 All ships that use residual fuel oil will need to heat this fuel to maintain it as a liquid.
When the ship is at sea, this heat will normally be taken from the exhaust waste by way of a
steam boiler; hence no additional fuel is consumed. In port, however, the main engine is not
running, and the ship may therefore need to generate steam by using an auxiliary oil-fuelled
boiler. In the total picture, the amount of fuel that is used to heat fuel is considered to be
insignificant. For tankers, where steam is required for cargo heating and/or pumping work, the
consumption of fuel by the steam boiler is no longer insignificant. For these ships, the
consumption of fuel oil by the boiler is estimated on the basis of the work of the IMO Expert
group (BLG 12/INF.10) [4].

1 VLCC tankers
It is assumed that Very Large Crude Carrier (VLCC, dwt 200 000+) oil tankers
undertake 10 voyages per annum, of which five are loaded; thus five discharges

are made each year. For each discharge, a VLCC (dwt 200 000+) uses 250 tonnes
of fuel oil to power the main cargo pumps.
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2 Suez Max tankers

It is assumed that Suez Max (120 000-200 000 dwt) crude oil tankers
undertake 12 voyages per annum, of which six are loaded; thus six discharges are
made each year. For each loaded voyage, a Suez Max is estimated to
use 150 tonnes of boiler fuel oil to power the cargo pumps and also to heat certain
cargoes.

3 Aframax tankers
It is assumed that the Aframax (80 000—120 000 dwt) crude oil tankers carry
heated cargo for 50 days per year. Heating the cargo requires 60 tonnes of boiler
fuel oil per day.
4 Small crude tankers
The smaller crude tankers (60 000-79 999 dwt, 10000-59 999 dwt,
and <9999 dwt) are assumed to carry heated cargoes for 100 days per year. The
consumption of fuel oil by the boiler to heat the cargo is 30, 15 and 5 tonnes,
respectively, per day.
S Product tankers
For product tankers, the assumptions are:
— 40% of all product tankers carry heated cargoes;
— These cargoes are carried for 150 days per annum; and
— The consumption of fuel oil by the boiler is 5, 15, 30, 50 and 60 tonnes per
day, respectively, for each size category in the inventory model
(Table A1-8).
.6 LNG tankers
For consistency, and to ease future scenario modelling, the consumption of the
boiler is modelled as consumption by the main engine, taking into account the

lower efficiency of steam boilers and the change in the carbon fraction of the fuel
to account for the fraction of LNG boil-off that is in the fuel.

Confidence and uncertainty
A1.30 The activity-based estimate of consumption of marine bunkers is based on a series of
inputs. An uncertainty is associated with each and all of these inputs. A list of these inputs and a

qualitative description of the confidence of the inputs and the uncertainty in their values is given
in tables A1-9 and A1-10.
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Al1.31 Previous research has shown that the input variables that cause the greatest uncertainties
in this type of bottom-up activity model are the estimates of engine load factor (duty cycle) and
of the number of days at sea (engine running hours) [1]. The present study uses extensive global
AIS data to assist the assessment of both of these inputs. Even so, the uncertainty in an inventory
of this type remains significant. This is apparent when comparing key inputs that have been used
in previous research. Estimates of key parameters and data sources for other estimates are given
in table A1-7. As seen in table A1-7, various sources of data and assessments result in differences
for inputs to models, which again result in different estimates. The figures that are cited are
indicative of typical inputs; however, they are not fully comparable, due to differences in
categorization and also in definition of inputs.

A1.32 In order to get a better grip of the uncertainties, two alternate sets of model input data
were developed to generate alternative high and low estimates of fuel consumption. In doing this,
only the days at sea and the average load factor were manipulated. For each category,
combinations of days at sea and load which would result in respectively high and low fuel
consumption were identified. These combinations were considered to be feasible, but
significantly less likely than our consensus estimate. The high and low bounds that are generated
are not absolute limits.
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Table A1-7 — Comparison of activity-based inventories of bunker fuel (Comparison of
results: see table A1-19)

Primary source of

Ship category:

Average main

Average main

2007 [5]

seaborne trade length
of haul, laid up
tonnage, cargo
capacity utilization
and operational speed

average 181

activity data average main engine SFOC engine % MCR
engine operating | (g/kW-h)
hours (days/year)

Corbett et al., 2003 | Engine running hours | Cargo ships: Cargo ships: Cargo ships:

[1] and operating data 229-292. average 206 65-70% average
provided by a major (average 271) (range 185-225) load, based on
manufacturer of diesel rated power.
engines 55-80% max.

All types:
weighted average
63%

Eyring et al., 2005 | Engine running hours | Cargo ships: Cargo ships: Cargo ships:

[3] and operating data 225-275 average 210 average 70-80%
provided by a major
diesel engine
manufacturer

IMO expert group, | Questionnaires All types: All types: All types:

2007 [4] to 20 selected major 175-310 weighted average | 62-90%
shipowners (weighted average | 185 (weighted average

226) 80%)

Endresen et al., Published data on Cargo ships: Cargo ships: Cargo ships

average 221

average 70%

This study,
consensus estimate

AIS data combined
with fleet statistics and
results from previous
work. Contributors to
studies listed above
have been represented
in the team behind this
update.

All types:
100-285
(weighted average
240)

Weighted average
all ship types 196

Cargo ships:
65-80%
(weighted average
70)

All types:

16-80%
(weighted average
64%)
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Category

Crude oil tanker
Crude oil tanker

Crude oil tanker
Crude oil tanker

Crude oil tanker
Crude oil tanker

Products tanker
Products tanker

Products tanker

Products tanker

Products tanker

Chemical tanker

Chemical tanker

Chemical tanker

Chemical tanker
LPG tanker
LPG tanker

LNG tanker
LNG tanker

Other tanker

Bulk

Size / type

200,000+ dwt

120,000-199,999
dwt

80,000-119,999 dwt
60,000-79,999 dwt
10,000-59,999 dwt

0-9,999 dwt

60,000+ dwt
20,000-59,999 dwt
10,000-19,999 dwt

5000-9,999 dwt

04999 dwt

20,000+ dwt
10,000-19,999 dwt

5000-9999 dwt

0-4999 dwt
50,000+ cbm
0-49,999 cbm

200,000+ cbm
0-199,999 cbm

Other

200,000+ dwt

I\MEPC\59\INF-10.doc

No. of
ships Ave. GT
(2007)
494 155 685
353 80 711
651 56 921
180 39498
245 24290
114 2 085
198 46 775
456 24 262
193 9723
466 4264
3959 1 056
1010 24917
584 9357
642 4651
1659 1331
138 43 784
943 4834
4 135 846
239 90 933
402 2030
119 114 519

Ave. ME

kW

24 610

17 075

12 726
10 529
7 889

1865

12 644
8482
4 640

2691

1032

9027
5161

3252

1257

13 494

3225

37322
24592

1522

17 224

Ave. per
engine
Aux kW

1034
1232

769
731
729

222

780
736
535

291

123

837
623

416

216
1 004
436

3210
2610

210

794

AIS unique
counts (4)
514
368

685
190
229

49

215
455
147

306

909

1059
621

615

668
147

697

251
163

101

AIS
coverage

3

99%
100%

101%
101%
91%

41%

99%
96%
75%

63%

23%

100%
95%

92%

40%
103%
72%

100%
98%

41%

97%

Days at
sea (1)
Modelle
d
274
271

254
238
238

180

171
171
183

177

175

251
246

246

180
273
180

260
274

180

281

Table A1-8 — Summary table — input data that have been used in the inventory

Avg. ME
load
Modelle
d

3%
80%

80%
70%
70%

65%

80%
66%
70%

75%

65%

80%
80%

76%

65%
70%
65%

70%
70%

65%

71%

Avg.
AUX
running
days (2)

450
450

450
400
400

400

450
450
400

400

400

450
400

400

400
450
400

450
400

400

450

Avg.
AUX
load
Modelle
d

50%
50%

50%
50%
50%

50%

50%
50%
50%

50%

50%

50%
50%

50%

50%
50%
50%

50%
50%

50%

60%

Fuel type
(©))

HFO
HFO

HFO
HFO
HFO

MDO/HF
o

HFO
HFO
HFO

MDO/HF
o

MDO/HF
o

HFO
HFO

MDO/HF
o

MDO/HF
o

HFO

MDO/HF
O

HFO
HFO

MDO/HF
o

HFO



Category

Bulk

Bulk
Bulk
Bulk

Bulk
General cargo

General cargo
General cargo
General cargo
General cargo
General cargo
Other dry

Other dry

Container
Container
Container
Container

Container
Container

Vehicle
Vehicle

Size / type

100,000-199,999
dwt

60,000-99,999 dwt
35,000-59,999 dwt
10,000-34,999 dwt

0-9999 dwt
10,000+ dwt

5000-9999 dwt

0-4999 dwt

10,000+ dwt, 100+

TEU

5000--9999 dwt,
100+ TEU

0-4999 dwt,
TEU

100+

Reefer

Special

8000+ TEU

5000-7999 TEU
30004999 TEU
2000-2999 TEU
1000-1999 TEU

0-999 TEU

4000+ ceu
0-3999 ceu
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No. of
ships

(2007)
686

1513
1 864
2090

1120
674

1528
11 006
1225
1089
1486
1239

228

118
417
711
667
1115

1110

398
337

Ave. GT

83 619

39 568
27 596
15351

1942
11382

4704

1061

15 641

5294

2724

4998

12 201

100 082
70 290
45317
29363
16 438

6967

51549
20 561

Ave. ME
kW

15108

9912
8209
6436

1532

5914

2939

868

7 882

3720

1 860

4941

5787

68 477
55681
34934
21462
12 364

5703

13 137
7971

Ave. per
engine
Aux kW
697

549
533
458

237
414

235
90
628
401
249
551

511

3081
2433
1782
1359
985

600

1034
671

AIS unique
counts (4)

695

1509
1859
1915

382
491

1171
3553
1160
969
1321
930

174

145
438
732
695
1157

1025

419
289

AIS
coverage

3
99%

98%
96%
90%

34%
71%

76%
32%
94%
88%
88%
75%

78%

94%
97%
99%
99%
98%

90%

97%
86%

Days at
sea (1)
Modelle
d

279

271
262
258

180
260

272
180
240
180
180
256

235

241
247
250
251
259

180

284
271

Avg. ME
load
Modelle
d

70%

70%
70%
70%

65%
80%

80%
65%
65%
65%
65%
69%

65%

67%
65%
65%
65%
65%

65%

76%
73%

Avg.
AUX
running
days (2)

450

450
425
400

400
410

410
380
410
380
380
360

360

600
600
500
500
450

400

300
300
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Avg.

AUX Fuel type

load 3)

Modelle
d

60% HFO

60% HFO

60% HFO

70% HFO

60% MDO/HF
o

60% HFO

60% MDO/HF
O

50% MDO/HF
O

50% HFO

50% MDO/HF
o

70% MDO/HF
o

60% MDO/HF
o

60% MDO/HF
O

60% HFO

60% HFO

60% HFO

60% HFO

60% HFO

60% MDO/HF
o

70% HFO

60% HFO
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Avg.
Days at Avg. ME Avg.

. NO.' of Ave. ME Ave..per AIS unique AIS sea (1) load AUX AUX Fuel type

Category Size / type ships Ave. GT engine coverage . load
kW counts (4) Modelle Modelle running A3)
(2007) Aux kW 5) Modelle
d d days (2) d

Roro 2000+ Im 194 25725 15736 1293 186 96% 219 65% 360 50% HFO
Roro 0-1999 Im 1517 3557 2934 381 602 40% 180 65% 360 50% lc\)/IDO/HF
Ferry Pax Only, 25 kn + 984 302 3113 60 244 25% 262 65% 360 60% ngO/HF
Ferry Pax Only, <25 kn 2108 392 1213 79 215 10% 258 80% 360 60% g/IDO/HF
Ferry RoPax, 25 kn + 177 12119 27395 785 125 71% 232 65% 360 70% ngO/HF
Ferry RoPax, <25 kn 3144 4723 4 891 469 1054 34% 254 74% 360 70% g[DO/HF
Cruise 100,000+ gt 24 119 041 66 523 1500 16 67% 262 65% 360 70% HFO
Cruise 60,000-99,999 gt 69 79 541 49 779 3269 46 67% 227 65% 360 70% HFO
Cruise 10,000-59,999 gt 130 29 559 19 048 1780 87 67% 227 65% 360 70% HFO
Cruise 2000-9999 gt 74 4851 4026 702 47 64% 227 65% 360 70% HFO
Cruise 0-1999 gt 202 664 945 143 129 64% 180 65% 360 70% MDO
Yacht Yacht 1051 560 2285 141 467 44% 100 50% 360 70% lc\)/IDO/HF
Offshore Crew/supply vessel 607 246 2 546 69 187 30% 232 25% 360 60% ngO/HF
Offshore Platform supply 1733 1127 2527 316 956 54% 191 30% 360 60% ngO/HF
Offshore Tug/supply ship 550 905 3218 253 285 52% 205 16% 360 60% g[DO/HF
Offshore Anchor handling T/S 1190 1545 5266 574 810 66% 210 31% 360 50% g[DO/HF
Offshore Support/safety 487 1486 2 504 291 265 54% 194 34% 360 70% IC\)/[DO/HF
Offshore Pipe (various) 246 6 657 6195 667 115 47% 233 16% 360 70% lc\)/IDO/HF
Service Research 895 1 641 2386 367 372 41% 187 49% 360 60% ngO/HF
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Avg.
Days at Avg. ME Avg.
. NO.' of Ave. ME Ave..per AIS unique AIS sea (1) load AUX AUX Fuel type
Category Size / type ships Ave. GT engine coverage . load
kW counts (4) Modelle Modelle running A3)
(2007) Aux kW Q) Modelle
d d days (2) d
Service Tug 12 330 281 1903 96 2186 18% 215 40% 360 50% ngO/ HE
Service Dredging 1206 2191 2614 516 374 31% 175 43% 360 50% IC\)/[DO/ HE
Service SAR & Patrol 992 523 2597 145 171 17% 180 28% 360 70% lc\)/IDO/ HE
Service Workboats 1067 1559 2077 174 266 25% 161 25% 360 60% 1(\)4])0/ HE
Service Other 813 1360 2613 194 201 25% 156 51% 360 60% gIDO/ HE
Misc Fishing 12 849 313 687 164 484 4% 285 26% 360 70% gID O/HF
Misc Trawlers 9709 601 956 319 776 8% 261 58% 360 70% gID O/HF
Misc Other fishing 1291 1296 1388 236 322 25% 249 7% 360 70% IC\)/[DO/ HE
Misc Other 667 11497 9 000 647 168 25% 153 65% 360 70% lc\)/IDO/ HE
Note 1: “Days at sea” expresses the total accumulated time at sea. The number of days when the ship has been at sea part of the time will be
higher. This distinction is primarily of interest for small vessels on short routes, ferries, etc.
Note 2: “Average AUX running days” is the sum of several engines, resulting in a more than 356 running days per year.
Note 3: “Fuel type” denotes typical fuel type for main and auxiliary engines. Multiple fuel types indicate either frequent difference between
main and auxiliary engines or that a fraction of the ships in this category is expected to use either fuel type.

Note 4: “AlS unique counts” indicates the number of different vessels detected.
Note 5: “AlS coverage” denotes the ratio of ships detected at least once during the year to the number of ships in the database used.
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Table A1-9 — Confidence and uncertainty of calculation of fuel consumption of main engines
Input Source Confidence Comments
Number of ships, | Fairplay database Very high: well | High accuracy of registered ships. Uncertainty regarding whether all ships are actively
by category known trading or if some ships in some categories are laid up, etc.
Average main | Fairplay database Very high: well | High accuracy expected.
engine size known
Average operating | Calculated from AIS data except | Moderate, but | Accuracy depends on accuracy of the AIS collection system, how representative are the
days of main | for ship types with low AIS | dominates ships that are moving between ports with AIS network coverage, assumptions made for
engine coverage uncertainty ship movement, cut-off and filtration of data, assumed average offhire/lay-up, calculations
of port-to-port distance, vessel design speed.

Average load of | Default values calculated from AIS | Moderate; Calculations are sensitive to data on vessel design speed from the extended Lloyd’s
main engine average speed and Fairplay design | secondary database and errors in estimating the at-sea speed from AIS data. Also, the load will be

speed. Defaults were replaced | influence on | over-estimated when the ship is in ballast or lightly loaded. Where other data suggest that

where other data or special | uncertainty the results are unreasonable, calculated values are substituted by expert judgement.

conditions suggested this to be

appropriate.
Average ofthire/ | Assumed Moderate; It is assumed for all ships that the effective calendar is 355 days (On average, 10 days is
lay-up influences the | spent out of active trade).

operating days of
the main engine

Calculations  of | Calculations based on  AIS | Moderate Used for AIS calculations of average speed. Accuracy will be affected when there is a land
AIS coordinates mass within the shortest route between AIS receivers Where other data suggest that the
observation-to- results are unreasonable, calculated values are substituted by expert judgement.
observation
distances
Vessel’s  design | Extended Fairplay database Moderate Used to determine the cut-off between “normal” and “slow” (abnormal) voyages. Also
speed used to estimate power factor at sea.

Average SFOC of
main engine

Estimated from a wide range of
test-bed and other measurement
data

High; well known
from  operators
and manufacturers

While there is some variation from engine to engine, the average figure is expected to have
comparatively high accuracy.
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Table A1-10 — Confidence and uncertainties of calculation of fuel consumption of auxiliary engines

Input Source Confidence Comment

Number of | Fairplay database Very high; well known High accuracy of registered ships. Uncertainty regarding whether all ships are
ships, by actively trading or if some ships in some categories are laid up, etc.

category

Average size
of  auxiliary
engine

Extended Fairplay database

High, but with data gaps

Accuracy somewhat lower than data for the main engine; however, relatively
high accuracy is expected.

Average
operating days
of  auxiliary
engine

Expert judgement and consultations with
operators

Moderate; dependent upon
vessel operating days and
demand for the auxiliary
engine

Assessment is challenging, due to variability in power demands of the ship and
operating practices. While confidence is moderate, the impact on total inventory
is small.

Average load
of  auxiliary
engine

Expert judgement and consultations with
operators

Moderate; dependent on
vessel operating conditions
and demand

Assessment is challenging, due to variability in the power demands of the ship
and operating practices.

Average

SFOC of
auxiliary
engine

Estimated from a wide range of test-bed
and other measurement data

High; well known from
operators and
manufacturers

While there is some variation from engine to engine, the average figure is
expected to have comparatively high accuracy.

The confidence of the estimated fuel consumption of steam boilers must be categorized as “moderate”; however, it has little impact on the overall
inventory.
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Estimation of the consumption of bunkers by international shipping, based on the activity-
based model

A1.33 The activity-based model that was used in this project cannot differentiate between
emissions from international and from domestic shipping. In order to provide an estimate for
emissions from international shipping by use of the activity-based model, fishing emissions must
be removed from the inventory and domestic emissions (as reported in statistics for bunkers)
must be subtracted from the shipping emissions.

A1.34 Using the activity-based model and the inputs as described in table A1-8, the global

emissions from all non-military shipping activities in 2007 are estimated as shown in
table Al1-11.

Table A1-11 — Total fuel consumption (million tonnes) of non-military shipping (2007)

Low bound Best High bound
Total fuel consumption 279 333 400

A1.35 Low and high bounds represent feasible extremes that are considered significantly less
likely than the consensus estimate. The above figure is total for all non-military shipping. Fixed
offshore installations, such as production vessels and rigs, are also excluded. These figures
include the fuel consumption and emissions that are already registered as arising from domestic
shipping and fishing.

A1.36 Fishing emissions are unique to fishing vessels and can be subtracted from the
activity-based inventory. This is done in table A1-12.

Table A1-12 — Estimated fuel consumption (million tonnes) for total fleet during 2007,
excluding fishing vessels

Low Consensus High
Total fleet inventory 279 333 400
Activity-based fishing estimate 18 21 23
Total less activity-based fishing emissions 261 312 377

A1.37 The figures for domestic fuel consumption during 2005 recorded by the IEA are shown
in table A1-13, along with an estimated total fuel consumption scaled forward to 2007, using
Fearnleys data for global seaborne trade as explained in paragraphs A1.50 to A1.53.

Table A1-13 — Domestic consumption figures (million tonnes) from IEA [26]

2005 2007 (estimated)
HFO 133 14.6
MDO 19.7 21.6
Total 33.1 36.2

I\MEPC\59\INF-10.doc



MEPC 59/INF.10
ANNEX
Page 201

A1.38 An estimate of the fuel consumption in 2007 for international shipping — i.e. all
non-military, non-fishing consumption of fuel that is not accounted for as domestic — is then

calculated, as shown in table A1-14.

Table A1-14 — Fuel consumption (million tonnes) in 2007 by international shipping*

Low bound Consensus High bound
Inventory total less fishing 261 312 377
IEA domestic shipping 36 36 36
International shipping 225 276 340

Total not accounted for in statistics as domestic and fishing.
Estimate of fuel consumption by ships, based on bunker fuel statistics
Introduction

A1.39 The 2000 Study of GHGs from ships estimated the emissions, using a fuel-based
inventory approach. This approach makes an implicit assumption that world-wide sales of bunker
fuel represent total consumption of fuel. The 2000 study of greenhouse gas emissions from ships
reviewed different data sources for global consumption of bunkers by ships, including IEA and
United States Energy Information Administration (EIA). A number of inconsistiencies were
identified at that time.

A1.40 International sales figures of bunker fuel require summing a combination of marine fuels
reported by countries under different categories (e.g., national or international bunker fuel). This
can be challenging on a global scale, because most energy inventories follow accounting
methodologies that are intended to conform to the International Energy Agency’s energy
allocation criteria [13] while some statistical sources for marine fuels do not define international
marine fuels in the same way [10]. In this section we summarize the current statistical fuel data
and in paragraphs A1.54 to A1.68 we present a fuel-based inventory for comparison with our
more explicit activity-based inventory in paragraphs A1.3 to A1.38.

IEA statistics and reporting practices

A1.41 The International Energy Agency (IEA) maintains an energy database containing global
records of fuel use by ships. The IEA was established by the Organisation for Economic
Co-operation and Development (OECD). Member Governments of IEA are committed to taking
joint measures to meet oil supply emergencies. They also have agreed to share energy
information, to coordinate their energy policies and to cooperate in the development of rational
energy programmes that ensure energy security, encourage economic growth and protect the
environment. These provisions are embodied in the Agreement on an International Energy
Programme, the treaty pursuant to which the Agency was established in 1974. The IEA database
contains records of demand for (sales of) heavy fuel oil (HFO) and marine distillate fuel oil
(MDO) for three categories:

1 International marine bunkers;
2 Domestic navigation; and
3 Fishing.
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These terms have been defined by the IEA as follows:

A International marine bunkers covers those quantities delivered to ships of all
flags that are engaged in international navigation. The international navigation
may take place at sea, on inland lakes and waterways, and in coastal waters.
Consumption by ships engaged in domestic navigation is excluded.
The domestic/international split is determined on the basis of port of departure and
port of arrival, and not by the flag or nationality of the ship. Consumption by
fishing vessels and by military forces is excluded;

2 Domestic navigation includes fuels delivered to vessels of all flags not engaged in
international navigation. The domestic/international split should be determined on
the basis of port of departure and port of arrival, and not by the flag or nationality
of the ship. Fuel used for ocean, coastal and inland fishing and military
consumption is excluded;

3 Fishing includes fuel used for inland, coastal and deep-sea fishing. “Fishing”
covers fuel delivered to ships of all flags that have refuelled in the country
(including international fishing) as well as the energy that is used in the fishing
industry;

4 Heavy fuel oil (HFO) defines oils that make up the distillation residue.
It comprises all residual fuel oils, including those obtained by blending.
Its kinematic viscosity is above 10 cSt at 80°C. The flashpoint is always above
50°C and the density is always higher than 0.90 kg/l; and

5 Marine distillate oil (MDO) comprises gas oils and diesel oils sold to ships.
Gas/diesel oil includes heavy gas oils. Several grades are available, depending on
uses: diesel oil for diesel compression ignition (cars, trucks, marine, etc.), light
heating oil for industrial and commercial uses, and other gas oil.

A1.42 In practical terms, the split between domestic and international fuel consumption means
that, whenever a ship bunkers fuel, if the next port is in the same country, the complete amount
of fuel is likely to be registered as “domestic”. Otherwise, the fuel is likely to be recorded as
“international”.

Analysis of IEA statistical data

Al1.43 The IEA maintains statistics for member and non-member countries; hence the IEA can
provide global energy data. However, since non-member countries are not obliged by the
IEA treaty to publish data according to their specific methodologies and standards, data that have
been collected by the IEA for the non-member countries could be less accurate.

A1.44 In order to get an idea of the quality of the data of IEA bunker statistics, the data entries
“International Marine Bunkers” and “Domestic Marine Bunkers” were assessed for all countries
in the IEA statistics. The changes from one year to the next could occasionally be very
significant. The same number could occasionally also be reported year by year. While this could
be valid and reflect actual use in some cases, a high frequency of these occurrences could
indicate errors and inaccuracies in the reporting of the consumption of fuel. Typically, the
number of these occurrences is higher for countries delivering less fuel. A summary is shown in
tables A1-15 and Al-16.
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Table A1-15 — Reporting of International Marine Bunkers to IEA, 1971-2005

Number of countries Number of countries
reporting change in | Number of changes | reporting identical
yearly volume > 25% at | >25% non-zero figures in
least once’ sequence

10 largest  supplier

countries (61% of the 9 (90%) 63 (18%) 1 (10%)

reported total)

Next 20 countries (29% o o o

of reported total) 17 (85%) 121 (17%) 8 (40%)

Next 44 countries (6% o o o

of reported total) 40 (100%) 485 (31%) 27 (59%)

These typically do not occur in the same year.

Table A1-16 Reporting of Domestic Marine Bunkers to IEA, 1971-2005

Number of countries Number of countries
reporting change in | Number of changes | reporting identical
yearly volume >25% at | >25% non-zero figures in
least once’ sequence

10 largest supplier

countries (53% of the | 7 (70%) 46 (13%) 2 (20%)

reported total)

Next 20 countries (25% o o o

of reported total) 10 (50%) 107 (15%) 6 (30%)

Next 44 countries (10% o o o

of reported total) 21 (48%) 146 (9%) 16 (36%)

These typically do not occur in the same year.

A1.45 Variations from one year to the next could be caused by abrupt changes in demand, but
may also be the result of changes to definitions and practice in national accounting. Also, to
avoid double counting, fuel sales should only be reported once. Therefore, if fuel is sold for use
on land but subsequently sold for use by ships, this fuel could avoid registration in the statistics
of bunker sales. Also, registration could fail if a fuel is exported and subsequently sold offshore.

A1.46 1In 2005, the IEA data show that 55% of world sales of ship fuel occurred in the
OECD countries. The OECD share of world sales of ship fuel has declined since 1991, when this
share peaked at 65%. The OECD countries report 99% of fuels for fishing. This could indicate
that fuel sales to fishing in non-OECD countries are either reported in one of the other categories
of ship fuel or are not reported. It is also possible that consumption of fuel for fishing is included
in a non-shipping category, such as “forest and agriculture”. The latter was previously the
practice in the OECD countries.

Fuel consumption according to IEA statistical data
A1.47 Data for annual fuel consumption were obtained from the IEA database for all reporting

years from 1971 to 2005, the most recent data available [26]. Data from the various categories of
fuel for all countries were combined to produce figure A1-3.
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Figure A1-3 — Total fuel consumption by ships (Figure based on IEA data)

A1.48 The total consumption of HFO and MDO fuel for 2005 and the corresponding estimate
for 2007 (based on tonne-miles transported) are shown in table A1-17.

Table A1-17 — IEA Ship fuel consumption data (million tonnes) [26]

2005 2007
(estimated)

International marine | HFO 150 159
bunkers MDO 26 27

HFO 13 14
Domestic navigation

MDO 20 21

HFO 0 1
Fishing

MDO 5 6

Total 214 234

Fuel consumption according to EIA statistical data

A1.49 EIA provides global statistics for bunkers. Bunkers include fuel that is supplied to ships
and to aircraft, both domestic and foreign, consisting primarily of residual and distillate fuel oil
for ships and kerosene-based jet fuel for aircraft [27]. The 2000 IMO Study of greenhouse gas
emissions from ships concluded that IEA and EIA data were close for OECD countries and that
the amount of international jet fuel in the EIA data at that time was limited. Later research has
concluded that IEA and EIA data mainly overlap, but differences in estimates for a limited
number of countries are significant [29]. A comparison of recent IEA and EIA data is shown in
table A1-18. The IEA data include domestic navigation and fishing. The EIA data are bunkers as
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per Energy Information Annual [27]. Table A1-18 shows that EIA and IEA data are not very
different in magnitude. In these five years, EIA figures are consistently higher on distillate fuels

and have the higher total in four out of five years.

Table A1-18 — Comparison of IEA [26] and EIA [27] fuel data (million tonnes)

Year Residual Distillate Total

IEA EIA IEA EIA IEA EIA
2000 136 120 48 52 184 172
2001 127 129 47 63 175 192
2002 133 126 48 56 181 182
2003 138 129 50 74 188 202
2004 154 144 51 82 205 226

Backcasting and forecasting estimates of fuel consumption

A1.50 In order to compare estimates of fuel consumption from different years, it is necessary to
adjust the figures to account for developments in world trade and efficiency of transport.

A1.51 Over the past 30 years, a clear and well understood correspondence has been observed
between consumption of fuel and seaborne trade in tonne-miles, because the work that is done in
global trade is proportional to the energy required (Skjelsvik et al, 2000 [12]; Corbett
et al., 2007 [2]; Endresen et al., 2007 [5]). Recent rates of annual growth in total seaborne trade,
in tonne-miles, have been 5.2% on average from 2002 to 2007, a lot higher than in past decades
(Fearnleys, 2007 [7]). Accordingly, the consumption of fuel from 2001 to 2006 has increased
significantly as the total installed power increased by about 25% (Lloyd’s Register —
Fairplay, 2006 [9]).

A1.52 As shown in the main report, the efficiency of newbuilt ships improves over time. This
improvement shows typical steps resulting from developments in technology and market
conditions. Between 1985 and 1995, the average efficiency of newbuilt bulk ships and tankers
increased while the average efficiency of newbuilt general cargo ships and container ships
decreased slightly. The fleet average efficiency has not been calculated; however, the net change
is expected to be fairly low in comparison with volumes of trade (measured as tonne-miles),
which doubled in the same time-span.

A1.53 Therefore, in order to be able to compare estimates of fuel consumption from different
years and also to calculate the emissions series from 1990 to 2007, backcasts and forecasts of
point estimates are calculated, based on the annual growth in seaborne trade expressed by annual
total freight, in tonne-miles, from Fearnleys [7].

Comparison of estimates of consumption of bunker fuel

A1.54 The 2000 IMO study on GHG emissions from ships used statistics for global sales of
bunker fuel. Other studies, such as those of Corbett et al. [1]; Eyring et al. [3], the IMO Expert
Group [4], and Endresen ef al. [5], have been based on estimates of ship activity.

A1.55 Estimates of consumption of fuel and of emissions in the above studies are given for
different years (2000, 2001, and 2007). In order to be able to compare them with the results from
this study (2007), backcasts and forecasts for these point estimates are needed. As outlined in
paragraphs A1.50 to A1.53, backcasts and forecasts for these point estimates are calculated from
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the time evolution of freight tonne-miles from Fearnleys [7]. The result is presented in
figure A1-4, which also shows statistics for international bunker sales [26] and the historical
estimates from Eyring et al. (2005a) and Endresen et al. [5] from 1950 to 2007. Since some of
these studies included emissions from military vessels, the emissions from such vessels have
been removed. Also, estimated consumptions for boilers and auxiliary engines are added, where
appropriate, to allow just comparison, as shown in table A1-19.

A1.56 The activity-based consensus estimate from the present study is shown as a blue dot in
figure A1-4. Light blue whisker lines extend from this point to indicate the range of uncertainty
given by the high and low bound estimates. As can be seen in this figure, the consensus estimate
from the present study is:

A lower than the estimate from the IMO Expert Group [4], but
2 higher than the estimate based on linearly interpolating 2020 emissions from
Eyring et al. (2005b) (military vessels removed); however, the consensus estimate

is,

3 lower than forecasts based on Eyring et al. (2005a) [3], using the freight trend
method outlined in paragraphs A1.50 to A1.53, and

4 close to the result of Corbett et al. when military vessels are removed from the
original figures, but

5 higher than the forecast based on Endresen et al. (2007) [5].

A1.57 In the case of the Endresen et al. (2007) [5], backcast values of the consensus estimate
would match around 1985, due to the difference in slope.

Table A1-19 — Corrections that have been applied to enable comparisons with previous

inventories
Base Total | Military | Auxiliary Boiler Adjusted 2007
year (Mvt) (M¢t) (M¢t) (M¢t) total (Mt) | (estimated)
(Mt)
Eyring et al., 2005 2001 280 | —9.4 Included 590 277 361
(3]
Corbett et al., 2003 2001 289 | —40.5 Included 59® 254 339
(1]
Endresen et al., 2007 | 2000 195 | Not 149 @ 590 210 282
[5] included
IMO Expert Group 2007 369 | Not Included | Included 369 369
[4] included
IEA total marine 2005 214 Not Included Included 214 234
sales included
EIA bunker 2004 225 Not Included Included 225 260
corrected

()" Estimate based on present study.
@ Estimate based on Corbett et al., 2003 [1].
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Figure A1-4 — World fleet fuel consumption (except naval vessels) from different
activity-based estimates and statistics. Symbols indicate the original
estimates for individual years and the solid lines show the original estimates
of trend. Dashed lines show the backcast and forecast, calculated from the
time evolution of freight tonne-miles with the point estimates. The blue
square shows the activity-based estimate from this study and the blue range
bar indicates the high and low bound estimates

Discussions

A1.58 The IEA and EIA data mainly overlap, but differences in estimates for a limited number
of countries are significant [29]. We reviewed the data entries “International Marine Bunkers”
and “Domestic Marine Bunkers” for all countries in the IEA statistics. The compilation of
statistics for bunker fuel requires a combination of fuels, reported under different categories
(e.g., national or international bunker fuel). This can be challenging on a global scale because
most energy inventories follow accounting methodologies that are intended to conform to the
International Energy Agency’s energy allocation criteria [13] while some statistical sources for
marine fuels do not define international marine fuels in the same way [10]. Understanding what
portion of the energy that is consumed by ocean shipping is described by statistics for
international marine sales requires a historical review of energy cooperation and reporting among
nations. This section reviews the relevant background, based on the published history of the
International Energy Agency (IEA) and current studies of past marine demand for fuel.

A1.59 The IEA was established in 1974 within the OECD framework, in part, to promote
“co-operation with oil producing and other oil consuming countries with a view to developing a
stable international energy trade as well as the rational management and use of world energy
resources in the interest of all countries” [19]. The IEA Agreement on an International Energy
Program (IEP) was designated to be the “focal point for the industrial countries’ energy
co-operation on such issues as: security of supply, long-term policy, information “transparency”,
energy and the environment, research and development and international energy relations” [19].
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A1.60 This required the development of energy statistics, particularly for oil supplies that were
disrupted during the 1973 oil crisis. Motivated by energy security (including an oil sharing
system), these statistics were to be the basis for emergency allocations among signing nations.
According to the IEA agreement [19], fuels were to be included within a nation’s “oil stocks” if,
amongst other conditions, they were (a) in barges; (b) in intercoastal tankers; (c) in oil tankers in
port; or (d) in inland ship bunkers. Fuels were to be excluded from domestic stocks if, amongst
other conditions, they were (a) in seagoing ships’ bunkers or (b) in tankers at sea.

A1.61 International marine fuels statistics were not intended to represent the total energy that is
used by ships engaged in global commerce. Rather, these data were used to differentiate those
fuels within a nation’s domestic stock from those that were not eligible for emergency allocation
calculations within the oil emergency sharing system. Specifically, the IEP agreement tasked the
Standing Group on Emergency Questions to “consider common rules for the treatment of marine
bunkers in an emergency, and of including marine bunkers in the consumption against which
stocks are measured” [19]. Later, the IEA clarified that a nation’s marine fuel stocks “may not be
counted if they are held as international marine bunkers, since such bunkers are treated as exports
under a 1976 Governing Board decision incorporated into the Emergency Management Manual
(EMM)[19].

A1.62 Since then, the IEA definitions have been reworded to be more consistent with reporting
guidance under IPCC [22]. Currently, the IEA defines “international marine bunkers (fuel) [to]
cover those quantities delivered to sea-going ships of all flags, including warships. Consumption
by ships engaged in transport in inland and coastal waters is not included.” The IEA defines
national navigation to be “internal and coastal navigation (including small craft and coastal
vessels not purchasing their bunker requirements under international marine bunker contracts).
Fuel used for ocean, coastal and inland fishing should be included in agriculture.”

A1.63 Because of this terminology, the term “international marine fuel” introduces a
classification problem for environmental assessments, because it does not conform to vessel
activity data, and also the quality of the data gathered for IEA reporting of sales of ship fuel is
inconsistent across nations and over time. For example, non-member countries are not obliged
by the IEA treaty to publish data according to their specific methodologies and standards; data
collected by IEA for the non-member countries could be less accurate. Inconsistencies in IEA
data could be expected to under-report consumption. This is particularly the case with regard to
the countries that are not part of the IEA and which do not have the same obligations to report
fuel sales in the first place and need not use the same standards and definitions for reporting data.

Al1.64 It was observed that the changes from one year to the next occasionally could be very
significant, and also that the same number could be reported year by year. A high frequency of
these occurrences could indicate errors and inaccuracies in the reporting of consumption of fuel.
The total energies represented as “ship fuels” in IEA statistics represent variable quality in
reporting by nations, and the classification between international and domestic sales of marine
fuels is not reliable.

A1.65 Relying primarily on these classifications leads to a significant error in terms of
estimating total energy used by the fleet when historical sales data are misinterpreted as complete
energy consumption by ships engaged in international trade (i.e. the fleet of ships in international
registries). For example, in work published in 1997 and 1999, Corbett and Fischbeck clearly
assumed that sales of international marine fuel represented consumption [23, 15]. The 2000 study
of GHGs from ships also used these data in their fuel-based estimates of emissions. Later work
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produced activity-based methodologies and guidance that identified best practice for calculating
updated global estimates [13, 20, 21, 22].

A1.66 In 2003 and 2004, Corbett and Koehler and Endresen ef al. replaced these sales-based
assumptions with activity-based estimates of ship energy requirements that exposed the bias of
sales statistics and suggested that the size of the error could range between 25% for cargo ships
and a factor of two for the world fleet [1]. Independent work largely confirms the validity of
activity-based methodologies [4, 5, 6] (and supports the insight that energy demand of the world
marine fleet is the sum of international fuel sales plus domestically assigned fuel sales [5, 6]).
Some debate continues about the estimates of global fuel usage within these bounds, but the
methodological elements of activity-based inventories are widely accepted.

Consensus estimate of annual emissions data from 1990 to 2007

A1.67 In light of the comparison of previous estimates of fuel consumption and subsequent
discussions, the international team of scientists behind this study concluded that the
activity-based estimate, with use of detailed activity data, is a more correct representation of the
total emissions from ships than what is obtained from the available fuel statistics. Therefore, we
agreed (i) that the activity-based estimate should be used as the consensus estimate from this
study; (ii) that we could agree on a bounding range of fuel consumption by the fleet and
emissions from the fleet that considered the most likely input parameters for activity-based
calculations of emissions; and (iii) that we could present a consensus number for use by IMO.
Since AIS data are not available for years other than 2007, separate inventories have not been set
up for each year. Instead, the historic series of emissions has been constructed by backcasting, as
set out in paragraphs A1.50 to A1.53.

A1.68 The consensus of estimates from this study is given in table A1-20. Tables A1-21
and A1-22 show fuel consumption by source. Series of historic emissions are shown in
table A1-23 and figure A1-5. Fuel consumption, split by ship categories, with uncertainty bars, is
presented in figure A1-6. Fuel consumption, split by coastwise/ocean-going type of operation
and high-level ship categories, is given in figure A1-7 and table A1-24.

Table A1-20 — Consensus estimates of fuel consumption (million tonnes) in 2007

2007 Low bound Best High bound
Total fuel consumption 279 333 400
International shipping 223 277 344

Table A1-21 — Total fuel consumption (million tonnes) in 2007, by source

2007 Low bound Best High bound
Residual fuel 215 257 308
Distillate fuel 64 76 92
Slow-speed engines 181 215 259
Medium-speed engines 92 110 132
Boiler 7 8 9
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Table A1-22 — Fuel consumption (million tonnes) by international shipping in 2007, by source

2007 Low bound Best High bound
Residual fuel 172 213 265
Distillate fuel 51 64 79
Slow-speed engines 144 179 223
Medium-speed engines 73 91 113
Boiler 5 7 8
Consensus estimate fuel consumption 1990 - 2007 Consensus estimate fuel consumption 1990 - 2007
non-military ships International shipping
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Figure A1-5 — Consensus estimates of fuel consumption from 1990 to 2007

Table A1-23 — Fuel consumption (million tonnes) from 1990 to 2007

Year Shipping total International shipping
Low bound Best High bound Low bound Best High bound

1990 150 179 215 120 149 185
1991 157 187 224 125 155 193
1992 160 191 229 128 159 197
1993 166 199 239 133 165 205
1994 172 205 246 137 170 212
1995 177 211 254 141 176 218
1996 181 216 260 145 180 223
1997 191 228 274 153 190 236
1998 189 226 271 151 188 233
1999 193 230 276 154 191 238
2000 208 248 298 166 206 256
2001 209 250 300 167 208 258
2002 212 253 304 169 210 261
2003 226 270 325 181 225 279
2004 242 289 347 193 240 298
2005 255 304 365 204 253 314
2006 269 321 385 215 267 331
2007 279 333 400 223 277 344
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Fuel consumption by ship category
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Figure A1-6 — Estimated fuel consumption (million tonnes) in 2007 by main ship
categories, with uncertainty bars

Fuel consumption by ship category
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Figure A1-7— Fuel consumption (million tonnes) by main ship categories, showing

assumed typical types of operation (Coastwise shipping is mainly
ships < 15000 dwt, RoPax, Cruise, Service and Fishing)
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Table A1-24 — Activity-based estimate of fuel use in 2007
Oceangoing Coastwise Other Total

Bulk 54 1 0 55
Container 55 17 0 72
General cargo 12 25 0 37
Other 0 0 48 48
RoPax / Cruise 0 31 0 31
Tank 63 12 0 75
Vehicle/ro—ro 11 3 0 14
Grand total 195 89 48 333
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Ship Average fuel oil consumption

Category Total fuel oil consumption

Category Size/Type (thousand tonnes) (thousand tonnes)
* Ma.i n Au.x Boiler Total Ma.i n Au.x Boiler Total
Engine Engine Engine Engine

Crude oil tanker 200,000+ dwt 0 21.8 12 1.3 24.3 10760.2 607.1 617.5 11984.8
Crude oil tanker 120,000-199,999 dwt | O 16.5 1.5 0.9 18.8 5810.8 516.6 317.7 6645.1
Crude oil tanker 80,000-119,999 dwt 0] 12.2 1.0 3.0 16.1 7912.8 621.8 1953.0 10487.7
Crude oil tanker 60,000-79,999 dwt 0 8.2 0.8 3.0 12.0 1480.2 145.3 540.0 2165.5
Crude oil tanker 10,000-59,999 dwt 0 6.2 0.8 1.5 8.5 1506.4 196.8 366.8 2070.0
Crude oil tanker 0-9999 dwt C 1.1 0.2 0.5 1.8 122.4 27.9 57.0 207.3
Products tanker 60,000+ dwt 0 7.7 1.0 3.6 12.2 1520.0 191.9 712.8 2424.8
Products tanker 20,000-59,999 dwt 0 4.5 0.9 3.0 8.4 2050.2 416.6 1366.5 3833.3
Products tanker 10,000-19,999 dwt 0 2.9 0.6 1.8 5.3 562.4 113.6 346.5 1022.5
Products tanker 5000-9999 dwt C 1.8 0.3 0.9 3.0 821.3 149.3 419.0 1389.5
Products tanker 0-4999 dwt C 0.6 0.1 0.3 1.0 2288.2 536.3 1187.7 4012.2
Chemical tanker 20,000+ dwt 0] 8.5 1.0 0.0 9.5 8574.1 1004.0 0.0 9578.1
Chemical tanker 10,000-19,999 dwt 0 4.7 0.7 0.0 5.4 2771.6 401.7 0.0 3173.3
Chemical tanker 5000-9999 dwt C 3.0 0.5 0.0 3.5 1924.4 294.6 0.0 2219.0
Chemical tanker 0-4999 dwt C 0.7 0.2 0.0 1.0 1199.7 395.1 0.0 1594.8
LPG tanker 50,000+ cbm 0 12.1 1.2 0.0 13.3 1666.3 164.7 0.0 1830.9
LPG tanker 0-49,999 cbm C 1.9 0.5 0.0 2.3 1749.7 453.6 0.0 2203.4
LNG tanker 200,000+ cbm 0 28.5 3.8 0.0 32.4 114.2 15.3 0.0 129.4
LNG tanker 0-199,999 cbm 0 31.1 2.8 0.0 33.8 7411.6 657.3 0.0 8068.9
Other tanker Other C 0.9 0.2 0.0 1.1 351.8 93.1 0.0 445.0
Bulk 200,000+ dwt 0 15.2 1.2 0.0 16.4 1811.0 140.8 0.0 1951.8
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Category Size/Type Ship Average fuel oil consumption Category Total fuel oil consumption
(thousand tonnes) (thousand tonnes)
Bulk 100,000-199,999 dwt | O 13.1 1.0 0.0 14.1 8982.5 712.4 0.0 9694.9
Bulk 60,000-99,999 dwt 0] 8.8 0.8 0.0 9.6 13314.0 1237.4 0.0 14551.4
Bulk 35,000-59,999 dwt 0 7.0 0.8 0.0 7.8 13122.5 1397.3 0.0 14519.8
Bulk 10,000-34,999 dwt 0] 5.4 0.7 0.0 6.1 11353.5 1479.7 0.0 12833.2
Bulk 0-9999 dwt C 0.9 0.3 0.0 12 987.1 350.9 0.0 1338.0
General cargo 10,000+ dwt 0] 5.8 0.6 0.0 6.3 3877.2 378.2 0.0 4255.5
General cargo 5000-9999 dwt C 3.1 0.3 0.0 3.5 4801.9 487.0 0.0 5288.9
General cargo 0-4999 dwt C 0.5 0.1 0.0 0.6 6036.4 1038.3 0.0 7074.7
General cargo %%%om dwt, 100+ 1, 5.8 0.7 0.0 6.5 7055.0 869.9 0.0 7925.0
General cargo %(])508"9999 dwt, 100+ 1 2.1 0.4 0.0 2.6 2332.0 458.1 0.0 2790.2
General cargo 2;54399 dwt, 100+ ¢ 1.1 0.4 0.0 1.4 1590.5 542.5 0.0 2133.0
Other dry Reefer C 43 0.7 0.0 5.0 5348.9 813.0 0.0 6161.9
Other dry Special C 4.1 0.6 0.0 4.8 944.1 139.0 0.0 1083.0
Container 8000+ TEU 0] 46.4 5.9 0.0 523 5457.1 688.1 0.0 6145.2
Container 5000-7999 TEU 0] 37.5 4.6 0.0 42.1 15647.1 1928.8 0.0 17575.9
Container 3000-4999 TEU 0] 252 2.8 0.0 28.0 17904.9 2006.5 0.0 19911.4
Container 20002999 TEU 0] 15.6 22 0.0 17.7 10386.9 1436.3 0.0 11823.2
Container 1000-1999 TEU C 9.7 1.4 0.0 11.1 10859.8 1565.3 0.0 12425.1
Container 0-999 TEU C 3.1 0.8 0.0 3.9 3466.3 882.1 0.0 4348.3
Vehicle 4000+ ceu 0 13.2 1.1 0.0 14.4 5263.2 456.1 0.0 5719.3
Vehicle 0-3999 ceu 0 7.3 0.7 0.0 8.0 2472.6 224.7 0.0 2697.3
Roro 2000+ Im o] 10.0 1.2 0.0 11.2 1931.7 238.5 0.0 2170.1
Roro 0-1999 Im C 1.7 0.4 0.0 2.1 2561.7 573.9 0.0 3135.6
Ferry Pax Only, 25 kn+ C 2.6 0.1 0.0 2.7 2566.5 70.0 0.0 2636.5
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Category Size/Type Ship Average fuel oil consumption Category Total fuel oil consumption
(thousand tonnes) (thousand tonnes)
Ferry Pax Only, <25 kn C 1.2 0.1 0.0 1.3 2592.7 199.8 0.0 2792.5
Ferry RoPax, 25 kn+ C 18.3 1.1 0.0 19.4 32414 193.3 0.0 3434.7
Ferry RoPax, <25 kn C 4.5 0.7 0.0 5.2 14259.5 2053.2 0.0 16312.7
Cruise 100,000+ gt C 47.5 2.0 0.0 49.5 1141.1 479 0.0 1189.0
Cruise 60,000-99,999 gt C 32.6 43 0.0 36.9 2247.1 300.1 0.0 2547.2
Cruise 10,000-59,999 gt C 12.5 24 0.0 14.8 1620.0 307.8 0.0 1927.9
Cruise 2000-9999 gt C 3.2 1.0 0.0 42 237.0 72.3 0.0 309.3
Cruise 0-1999 gt C 0.5 0.2 0.0 0.7 109.8 40.2 0.0 150.1
Yacht Yacht N 0.6 0.2 0.0 0.8 590.7 205.7 0.0 796.4
Offshore Crew/supply vessel N 0.7 0.1 0.0 0.8 4453 57.9 0.0 503.2
Offshore Platform supply N 0.7 0.4 0.0 1.1 1251.3 652.9 0.0 1904.2
Offshore Tug/supply ship N 0.5 0.3 0.0 0.8 290.0 165.9 0.0 455.9
Offshore Anchor handling T/S N 1.6 0.7 0.0 23 1895.4 814.7 0.0 2710.1
Offshore Support/safety N 0.8 0.3 0.0 1.1 394.9 140.5 0.0 535.4
Offshore Pipe (various) N 1.2 0.9 0.0 2.1 287.8 228.1 0.0 515.8
Service Research N 1.1 0.4 0.0 1.5 954.9 3913 0.0 1346.3
Service Tug N 0.8 0.1 0.0 0.9 9949.8 1170.2 0.0 11120.0
Service Dredging N 1.0 0.5 0.0 1.5 1172.1 617.5 0.0 1789.6
Service SAR & patrol N 0.6 0.2 0.0 0.8 627.3 199.9 0.0 827.2
Service Workboats N 0.4 0.2 0.0 0.6 4342 221.8 0.0 656.0
Service Other N 1.1 0.2 0.0 1.3 903.4 187.7 0.0 1091.1
Miscellaneous Fishing N 0.3 0.2 0.0 0.5 3599.5 2928.6 0.0 6528.1
Miscellaneous Trawlers N 0.8 0.4 0.0 1.2 7565.5 4303.7 0.0 11869.2
Miscellaneous Other fishing N 1.3 0.3 0.0 1.6 1685.8 422.8 0.0 2108.6
Miscellaneous Other N 42 0.9 0.0 5.1 2796.4 600.1 0.0 3396.5
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Ship size categories: O = Ocean-going shipping; C = Coastwise shipping; N = Non-transport shipping (modelled as “coastwise”). Note that all

container ships, of all sizes, are modelled as “container” in the scenarios.
Please note that the uncertainty of the estimate of individual ship categories is higher than the estimated total.
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Geographic distribution of ship traffic and emissions
Introduction

A1.69 Global inventory estimates for fuel use or of emissions that are derived from
activity-based bottom-up estimates or from statistics for fuel sales are distributed according to a
calculated ship traffic intensity proxy per grid cell, referring to the relative ship reporting
frequency or relative ship reporting frequency weighted by the ship size. The accuracy of the
resulting totals is limited by uncertainty in global estimates, as discussed above, and the
representative bias of spatial proxies limits the accuracy of assignment (spatial precision) of
emissions.

Spatial proxies of global ship traffic

A1.70 Corbett et al. (1997) produced one of the first global spatial representations of ship
emissions, using a shipping traffic intensity proxy derived from the Comprehensive
Ocean-Atmosphere Data Set (COADS); this is a dataset of voluntarily reported ocean and
atmospheric observations with ship locations, which is freely available. Endresen et al. (2003)
improved the global spatial representation of ship emissions by using ship size (gross
tonnage)-weighted reporting frequencies from the Automated Mutual-assistance Vessel Rescue
system (AMVER) dataset. AMVER, sponsored by the United States Coast Guard (USCG), holds
detailed voyage information, based on daily reports for different ship types. Participation in
AMVER was, until very recently, limited to merchant ships over 1,000 GT on a voyage for 24 or
more hours and the data are strictly confidential. The participation in AMVER is 12,550 ships,
but only around 7,100 ships have actually reported. Endresen et al. (2003) observed that COADS
and AMVER lead to very different regional distributions. Wang et al. (2007) addressed the
potential statistical and geographical sampling bias of the International Comprehensive
Ocean-Atmosphere Data Set (ICOADS) and the AMVER datasets, which are the two most
appropriate global ship traffic intensity proxies, and used ICOADS to demonstrate a method to
improve the representativeness of global proxies by trimming over-reporting vessels; this
mitigates the sampling bias, augments the sample dataset, and accounts for ship heterogeneity.

Al1.71 In this first phase of the project, calculations are not affected by the geographic

distribution of the emissions. However, as a reference, global ship traffic patterns are illustrated
in figure A1-8.
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Figure A1-8 — Ship traffic patterns, based on ICOADS data
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Appendix 2
Emission-reduction technology options
Introduction

A2.1 This appendix provides information on emission reduction through energy savings,
alternative energy and fuel options as additional background to the discussions in chapter 5 in the
main report. Possible future use of these technologies and fuels in the light of SRES scenarios is
discussed in chapter 7.

Energy losses on board ship

A2.2 Only a fraction of the fuel energy going into the ship’s main engines actually ends up
generating propulsion thrust. This is illustrated in figure A2-1, which represents a small
well-maintained cargo ship moving at about at 15 knots in Beaufort 6 head weather condition.
The bottom bar in this diagram represents the energy input to the main engine from the fuel.
In this case, 43% of the fuel energy is converted into shaft power while the remaining energy is
lost in the exhaust or as heat losses. Due to further losses in the propeller and transmission,
only 28% of the energy from the fuel that is fed to the main engine generates propulsion thrust in
this example. The rest of the energy ends up as heat, as exhaust, and as transmission and
propeller losses. The majority of these remaining 28% are spent overcoming hull friction, while
the remaining energy is spent in overcoming weather resistance and air resistance, as residual
losses and for generating waves. Additional to this is the fuel energy for operation of auxiliary
engines. Ships other than the case shown will have the same types of losses; however, the
relative sizes will differ.

RESIDUAL HULL LOSS 3 AIR RESISTANCE 1

WAVE GENERATION 5 WEATHER& & _
HULL WAVE 4 S
AXIAL PROPELLER LOSS 6 FRICTION 16 £0
ROTATIONAL PROPELLER LOSS 4ﬂ =u
FRICTIONAL PROPELLER LOSS 3 — TRANS- <35
o
PROPULSION MISSION 2
PROPELLER 28 COOLING
13 WATER 25
EXHAUST SHAFT
27 43
BUNKER
100

Figure A2-1 — Use of propulsion energy on board a small cargo ship, head sea, Beaufort 6

A2.3 The potential for improvement in an area is related to the losses in the various areas.
For instance, hull friction is an important area for tankers and bulk ships. Generally, propeller
losses decrease at reduced speed while the proportion of frictional resistance increases relative to
other losses. Operating speed and operation profile may thus influence which areas constitute the
larger loss areas. Naturally, the available space on deck and in machinery compartments as well
as weight/stability margins may restrict the possibilities for installing additional equipment.
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Therefore, the possibility to use various techniques, the potential for improvement and the
associated cost-effectiveness are very variable between ships and ship types.

A2.4 Hull fouling will increase the frictional losses and reduce the speed that is attained at a
given power. Propeller fouling will reduce the efficiency of the propeller. Engine fouling, wear
and non-optimal balancing and adjustment will contribute to reduction of shaft power and higher
heat losses. Options to improve the ship principally aim to reduce these losses, while the aim of
maintenance actions is to prevent these losses from increasing.

Table A2-1 — Distribution of energy losses (%) in selected case ships

Tanker/bulk Container General cargo RoPax
Speed (knots) 15.6 10.9 21.2 15.5 13.4 9.5 20.1 14.7
Bunker 100 100 100 100 100 100 100 100
E Exhaust 25.5 28.4 25.0 28.0 25.5 28.4 25.5 28.4
E) Shaft 493 45.4 50.5 46.5 493 454 49.3 454
Heat 25.2 26.2 24.5 25.5 25.2 26.2 25.2 26.2
E Propeller loss 16.3 14.3 15.6 13.0 19.7 15.3 15.5 14.4
5- Propulsion power 32.1 30.2 33.7 324 28.1 28.8 32.6 29.9
S
& | Transmission loss 1.0 0.9 1.3 1.2 1.5 1.4 1.2 1.1
E, Axial loss 6.3 5.3 4.8 35 8.8 5.6 4.8 43
£ | Rotational loss 39 | 34 | 53 | 39 | 60 | 45 | 50 | 47
S
A Frictional loss 6.0 5.7 55 5.6 4.9 52 5.7 5.4
Wave generation 6.4 4.1 8.6 39 12.8 59 5.3 39
= | Air resistance 0.6 0.6 1.0 1.1 0.7 1.0 1.0 09
E Hull friction 16.2 16.6 13.9 15.6 8.3 12.0 15.9 14.7
Residual resistance 2.7 1.9 1.8 1.4 2.8 32 2.2 1.4
Weather and waves 6.2 6.9 8.4 10.3 3.5 6.7 8.3 9.1

A2.5 The calculation methodology to derive this table is presented in appendix 3.
Power transmission

A2.6 Thrust is generated by the propeller. High propulsive efficiency is obtained with a large
propeller rotating at a low number of revolutions per minute. Ideally, the number of blades
should be minimized to reduce blade area and frictional resistance. The size of the propeller may
be limited by the ship design, by draught restrictions in expected areas of operation of the ship or
by the engine torque. The energy can be transmitted from the engine to the propeller by different
means, at different efficiencies:

A Direct mechanical drive — only possible for low-speed engines
(7 ~0.99);

2 Mechanical drive with speed-reduction gearbox (1 ~ 0.95);

3 Direct electric drive (generator—cable—motor) (7 ~ 0.90); and
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4 Speed-controlled electric drive “all-electric ship” (generator, frequency converter,
switchboard, frequency converter, motor) (77 ~ 0.85).

A2.7 Currently, direct drive is used on virtually all ships with low-speed two-stroke engines.
These include all larger ships and many smaller cargo ships. Medium-speed engines are
predominantly used on small vessels and a few larger vessels where space restrictions are severe,
such as RoPax vessels. Electric propulsion is only used where other needs predominate, such as
dynamic positioning, the need for low vibration and special arrangements and constraints on the
location of machinery. In general, due to the transmission losses, electric propulsion systems are
not less energy-efficient than comparable direct-drive systems.

Power generation

A2.8 Power on board is generated either by low-speed or medium-speed diesel engines except
for very special cases. The thermal efficiency of engine types in relation to power is indicated in
table A2-2. These figures clearly indicate the low efficiency of even large (in a ship context) gas
turbines in combined cycles.

Table A2-2 — Maximum thermal efficiency obtainable with current ship engine systems [5]

Small 2 MW) | Medium (10 MW) | Large (30 MW)

Low-speed diesel ~47% ~50% ~53%
Medium-speed diesel ~43% ~47% ~50%
Gas turbine — ~32% ~35%
Gas turbine combined B B ~40%
cycle

Steam turbine — — ~32 %

A2.9 The same is the case for propulsion by a steam turbine. Therefore, these technologies
will remain of interest only for very special applications where energy efficiency is sacrificed for
other benefits.

A2.10 Additional to the power that is needed for propulsion, electric power is needed to sustain
the crew (the hotel load) as well as various auxiliary systems, such as pumps for cooling water,
fans for ventilation, control and navigational systems, etc. Most merchant ships have transverse
bow thrusters, for manoeuvring at low speeds, which need significant electrical power, but they
are used only for short periods of time. Some ships also have cargo gear (gantry cranes) on
board, requiring high power during loading and unloading operations in ports. Passenger ferries
and cruise ships will have significant power demand for passenger accommodation, ventilation
and air conditioning. Significant heat demands may also be required for passenger comfort and
for the production of fresh water.

A2.11 In certain cases, the cargo requires cooling to maintain quality, such as refrigerated or
frozen cargo. Certain cargoes, such as special crude oils, heavy fuel oils, bitumen and others,
require heating. Some of this heat can be supplied by steam generators based on heat from
exhaust gases (utilizators); however, in many cases, an additional steam boiler is needed to
supply sufficient steam. Steam from exhaust gas is generally sufficient for heating of the heavy
fuel oil that is used on most ships during the ship’s voyage; however, in port, steam is required
from an auxiliary boiler.
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Design improvements
Optimization of hull and of propeller

A2.12 An optimization procedure concerning the wetted hull surface and propeller is a
well-known abatement option that is regularly applied to new ship designs in order to achieve
reduction of drag (resistance) from the perspective of the hydrodynamic research community.
An illustrative example of applied optimization on new design hull forms is a fast (40 knots)
displacement monohull ship with high L/B ratio (up to 9:1), based on the principle of wave
piercing. There are, in fact, several existing superslender monohull designs with outriggers
(see figure A2-2a) world-wide, development of which started in the early 1990’s with the
“EuroExpress — RoRo” project by STX Europe [29] (formerly Aker Yards Oy, Kvaerner
Masa-Yards).

A2.13 In order to achieve reduction of drag (resistance) through optimization, it is necessary to
find adequate approaches which will ensure the validity of optimal design from a global
perspective, allowing detailed and refined optimization of hydrodynamic design. On the other
hand, an alternative approach which allows for complete optimal design is also possible.
The main difference of this kind of approach in respect to the first one lays in the ability to define
several conflicting tasks, and yet arrive at an optimum solution which best suits optimal ship
design in respect to her involvement in a specified operational mode. In spite of the fact that the
second approach clearly shows advantages, it should be emphasized that the methods that are
applied mostly rely on CFD modelling, and consequently on the experimental results from
a towing tank that are used, amongst other purposes, also for validation of theoretical results
from CFD.

A2.14 The percentage of new designs that are subjected to systematic optimization of the hull
and of the propeller compared to the percentage of designs that are built merely on the basis of
existing experience is currently unknown. However, in general, it is believed that probably the
greater proportion of new designs today are going through some systematic form of optimization
of hull and propeller design, focusing on reduced resistance (drag reduction) and increased
propulsive efficiency. The actual proportion of the world fleet is not known. Such optimization
requires expertise, and it is probable that many of the “optimization” procedures performed do
not really provide an optimum design for all of a ship’s operational modes as the end result.
Therefore, it is almost impossible to quantify the abating potential, on a world fleet basis, of
applying hull and propeller optimizing procedures systematically.

A2.15 There are many barriers to focusing solely on modifying the hull lines to achieve more
favourable resistance. Examples are the effects of the given requirements of the amount and type
of payload and the dimensions of ports and terminals. These barriers will considerably reduce
the potential for the reduction of resistance and of fuel consumption. On single ships,
improvements in power requirements of up to 30% have, in fact, occasionally been achieved on
particularly ill-conceived designs; however, the mean potential for improvement would be
expected to be small. Smaller ships are more sensitive to design details, since they have
comparatively large wave-generating resistance and also because less resources will traditionally
be available for optimization, due to the smaller overall budget that is typically available for
developing the designs.
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A2.16 Resistance and energy consumption increase when the hull is in water on which there are
waves. Traditionally, ships have been optimized primarily for the still-water conditions in a
towing tank (not least because the contractual measurements of trial performance are conducted
in still water); however, optimization for irregular wave conditions is becoming more common.
During their lifetime, ships will more frequently operate in a wave field that is characterized by
the short wavelength A (small sea states) in comparison to the ship length L. Therefore,
optimization for waves generally emphasizes short-wavelength waves [17].

A2.17 One example is development of the so-called “beak bow” at Osaka University. This
particular design of bow was implemented on ships with a high block coefficient Cg (tankers,
bulk carriers), in order to reduce the wave-added resistance [14]. The waterline curve of an
ordinary bow is significantly altered with the introduction of a beak bow. The altered bow
design has a more pointed (sharp) shape than the ordinary bow design. However, the original
beak-bow design was not satisfactory from a practical point of view since it significantly
increases the overall ship length (LOA), which makes the particular ship too long to enter some
ports. Therefore, the original beak-bow design has been altered, during the process of practical
implementation, into an axe-bow design (see figure A2-2b). In comparison to the original
beak-bow design, it should be noted that the shape at the waterline remains the same, which
means that the estimates of effective power are not influenced by the practical modification.

Figure A2-2 — (a) Example of a superslender monohull with outriggers (copyright STX
Europe, 2008). (b) Axe-bow design and 172 000 DWT Capesize bulk carrier
KOHYOHSAN, built with an axe bow for Mitsui O.S.K. Lines, Ltd in 2001.

A2.18 One barrier to the widespread usage of such improvements of design is that designs may
be owned by specific yards. Also, as already mentioned, performance in waves is not part of the
standard test conditions, and, as discussed under hull friction, assessing the performance of ships
at sea is challenging; it may not be easy to see the improvement that results from such
optimization.

A2.19 Optimization of the superstructure of ships for reduced resistance to still air and to wind
has traditionally not been an important subject. Again, there are barriers, in the form of
requirements for and the usage of covered spaces. However, for ships with large superstructures
and for ships operating at relatively high speeds, there will be a potential for reduction of power
consumption by carrying out systematic streamlining of the superstructure to the greatest possible
extent. For these ships, it is estimated that there is potential for reduction in power consumption
of 2-5%, depending on the size of the superstructure and the area in which the ship operates.
Also, for other ships, there is expected to be a certain potential for reduction in power
consumption, perhaps in the order of 1-2%, by keeping the topsides as uncluttered and
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streamlined as possible. The efforts to achieve reductions may range from the simple (such as
grinding weld beads flat) to the more extensive (for example, redesigning and repositioning
cranes, applying spoilers to alter the airflow over the funnel and deck-houses, and designing
more streamlined deck-houses).

A2.20 The main abating effect of optimization of the propeller is obtained by increasing the
diameter of the propeller and reducing the number of its revolutions per minute (RPM).
The requirements to maintain adequate clearances between the propeller and the hull and to attain
sufficient submersion of the propeller when the ship is operating in a seaway and/or in ballast
condition set restrictions on the extent to which the diameter of a propeller can be increased.
A propeller that is operating at a low number of revolutions per minute may require the
additional cost of installing a reduction gear, while propellers operating at a higher number of
revolutions per minute can generally be directly connected to the main engine. Propellers with
a large diameter, operating at a low number of revolutions per minute, will therefore be best
suited to deep-draught ships; this includes most tankers and bulk carriers and many general cargo
vessels. Such propellers will be less suited to many container vessels, and they will not, in
general, be suited to RoPax vessels or cruise vessels.

A2.21 Podded (azipod) drives are systems where an electric motor with a propeller is suspended
under the appropriate (usually the aft) section of the hull. The pod can be rotated to direct the
thrust, resulting in very good ship manoeuvrability. In many cases, more than one pod is used.
New pod drives have pulling propellers, that face forward. This gives the pod a good flow of
water into the pod, resulting in high propulsion efficiency. However, the pod in itself increases
the drag, thus reducing total efficiency. Experience from tests of hulls in the towing tank at
MARINTEK clearly indicates that the net effect of podded propulsion on the energy efficiency of
propulsion is generally negative when compared to conventional designs of propulsion systems.

Optimization of the superstructure

A2.22 Optimization of the superstructure of ships to achieve reduced air and wind resistance has
traditionally not been an important subject, as operational effectiveness and building costs have
been more in focus. However, for ships with large superstructures and for ships operating at
relatively high speeds, there will be a potential for reduction of power consumption by carrying
out systematic streamlining of the superstructure to the greatest extent that is possible, such as
illustrated in figure A2-4. Also, wind resistance and drift/rudder resistance may be reduced by
modifications to the superstructure (see figure A2-4).

Figure A2-3 — A CFD analysis of wind resistance (CFD Norway)

[A\MEPC\S9\INF-10.doc



MEPC 59/INF.10
ANNEX
Page 227

Square
Corner Cut

Conventional Hull . Improved Hull

siant Bow

Figure A2-4 — Example of improvements to a superstructure (Universal Shipbuilding)
Recovery of propeller energy
Introduction

A2.23 A considerable number of devices have been invented for improving the power
consumption of ships by recovering as much as possible of this rotational energy in the flow from
the propeller, or to provide some pre-rotation of the inflow into the propeller. The most
important of these will be considered here.

Coaxial contra-rotating propeller

A2.24 The coaxial contra-rotating propeller is an obvious device for recovering some of the
rotational energy. To avoid problems with cavitation, the aft propeller usually has a smaller
diameter than the front propeller. The aft propeller is therefore not working on the complete
rotating flow field from the forward propeller. In addition, the more complicated shafting results
in mechanical losses that offset some of the gain that is obtained by recovering the rotational
energy. It is also reported that gearboxes for contra-rotating propellers may present problems.
Reported gains in power consumption range from 6% to 20%. Gains of 15% and 16% have been
reported from two different full-scale measurements. Contra-rotating propeller arrangements
require a short shaft line and are therefore primarily suited to single-screw ships.
The arrangement is particularly beneficial for relatively heavily loaded propellers, and the best
results (in the form of power consumption) have been found in fast cargo vessels, ro-ro vessels
and container vessels. Naturally, this type of technology is tested in cases where it is expected to
be particularly suitable. The analysis of losses of rotational energy in paragraphs A2.2 to A2.11
of this chapter suggests that the potential gains that could be obtained with this type of device
typically could be around ~3-6%.
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Free rotating vane wheel

A2.25 The vane wheel (Grim wheel) is a freely rotating propeller, installed behind the main
propeller. The vane wheel has a larger diameter than the main propeller. The part that is directly
behind the main propeller is turned by the swirl from that propeller and acts like a turbine,
driving the part of the vane wheel that is outside the diameter of the main propeller. This outer
part acts as a propeller. Part of the rotational energy is thus transformed into propulsive energy.
Improvements in power consumption are reported to be around 10%. It is claimed that
an important benefit of the vane wheel is that the smaller main propeller that can then be installed
results in a lighter and less costly propulsion unit. The long and slender vane wings may be
damaged at sea, especially in a heavy seaway. It should be noted that, if there is space in the
after body for a vane wheel, there will also be space for a main propeller of larger diameter,
offering approximately the same improvement in power consumption as the combination of a
small main propeller and a vane wheel. The vane wheel should be a suitable potential
improvement for cargo ships.

Ducted propeller

A2.26 The ducted propeller consists of a propeller mounted centrally in a ring foil. Compared to
the conventional propeller of the same diameter and thrust, this arrangement allows a larger mass
of water to be supplied to the propeller, improving the operating conditions around the propeller
and the ideal efficiency. The duct generates additional thrust. The potential for reduced power
consumption on relevant ships has been reported to be in the range 5-20%, with perhaps 10%
being a good average value. The duct results in increased resistance, but at higher propeller
loadings this is more than compensated for by the positive effects of the combination of propeller
and duct. Ducted propellers are therefore suited for ships operating at high propeller loadings,
such as tankers, bulk carriers, tugs and different offshore supply and service vessels.

Pre-swirl devices

A2.27 These are devices that aim to provide a favourable pre-rotation of the flow of water in
front of the propeller. They include radial reaction fins in front of the propeller and
an asymmetric stern. Considering radial reaction fins, a reduction in power consumption has
been given as 3-8% from tests with models, while the result that has been reported from a
full-scale test was 7-8%. For the asymmetric stern, improvements in power consumption of 1-9%
have been reported in tests on models. Radial reaction fins or an asymmetric stern should be
applicable to all single-screw ships, and should work according to expectations in many cases.
It should be noted, however, that in many cases the expected benefits have not been
demonstrated in full-scale operation.

Post-swirl devices

A2.28 A number of devices belong to this category. Several of them involve modifications to
the rudder. The most important among these devices may be additional thrusting fins at the
rudder, rudder bulb systems with fins, fins on the propeller fairwater (boss cap fins) and
an asymmetric rudder. For these devices, gains in power consumption of 1-8% have been
reported from tests on models. From full-scale measurements, a gain of 8-9% has been measured
for additional thrusting fins at the rudder, while 4% has been reported for boss cap fins.
Post-swirl devices should be applicable to all new ships, but, as for pre-swirl devices, the
benefits, in many cases, have been difficult to demonstrate in full-scale operations.
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Integrated propeller and rudder units

A2.29 As the name implies, the propeller and rudder are designed as an integrated unit, part of
the design being a bulb behind the propeller that is fitted into the rudder. At least two patented
designs exist. The effect of these units has been reasonably well documented in tests on models
and in full-scale trials. An improvement of 5% in power consumption may be taken as typical.
The units are applicable to general cargo vessels, RoPax vessels and container vessels operating
at relatively high speed.

After-body flow-control systems

A2.30 After-body flow devices give little improvements in the general case. Still, in the cases of
unsuccessful hull designs that lead to after-body flow separation and poor propulsive
performance, the flow-smoothing devices can be expected to be of benefit. Such non-optimal
designs are more likely to happen when designing ships with full hull forms, especially when the
ratio L/B is small. Flow-smoothing devices are therefore mostly beneficial for tankers and bulk
carriers. Two types are presented in the following discussion.

Guide vanes in front of the propeller

A2.31 The aim of guide vanes is to eliminate or reduce the cross-flow that is often observed in
front of the propeller. These vanes are fitted in front of the propeller on both sides of the
sternpost. The vanes straighten the flow in the boundary layer in front of the propeller, thereby
improving its efficiency. Cross-flow appears mostly in ships with stern bulbs and full hull forms
that operate at relatively low speed. The benefit is therefore largest for tankers and bulk carriers.
The improvement decreases with decreasing fullness of the hull form.

Wake-equalizing duct

A2.32 The wake-equalizing duct consists of one half-ring duct with foil-type sections attached
on each side of the after body, in front of the propeller. The half-ring duct accelerates the flow
into the propeller in the upper quadrant on each side and retards the flow in the lower quadrants.
This results in a more homogeneous wake field in front of the propeller, while the average wake
is almost unaltered. The improved power consumption that is obtained from well designed
wake-equalizing ducts results from several component savings:

improved efficiency because of more axial flow and a more homogeneous wake field;
— reduced resistance because of reduced flow separation at the after body;
— lift on the ducts directed forward;

— orientation of duct axes so that the inflow to the propeller is given a small
pre-rotation; and

— improved steering, due to straightened flow over the rudder and more lateral area aft.
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Alternative propulsion systems

A2.33 The invention and development of external propulsion systems as an improved alternative
to the screw propeller, like the development of improved alternatives to the conventional rudder,
has a very long history in ship technology. Unlike the field of rudders, where more efficient (but
also more complicated and costly) alternatives have been found, the improvements that have
been claimed to be obtained from different proposed alternatives to the screw propeller have not
been substantiated so far. On some alternatives, involving the design of integrated propeller and
rudder units, reduction in power consumption has been measured, but these solutions probably
belong under the heading “engine energy recovery” in the next section.

A2.34 The known alternatives go by various names, such as “duck feet”, “goose feet”, “whale
tail” and “fish tail”. They all base the development of forward thrust on a more complicated
motion than the rotating motion of the propeller. This leads to more complicated mechanical
structures that will be costlier to build, costlier to install and costlier to maintain. It is therefore
expected that the improvement in power consumption that is required to offset these potential
disadvantages needs to be considerable. Even with relatively complicated mechanical structures,
the various designs have difficulties replicating the efficient propulsive motion of the members of
the animal realm from which they have taken their names. Limited research is still going on in
this field, and new results may alter the view given here: however, this is not expected.

Engine energy recovery

A2.35 Energy-recovery systems for ship engines have been available from producers of
low-speed engines for many years. The first system offered was usually based on an additional
exhaust turbine which was fed from the exhaust receiver by a fraction of the engine exhaust flow,
in the range of 10%. The exhaust turbine could be connected to the engine’s crankshaft or
alternatively to an electric generator. Since fuel prices in the past have been too low to make
these systems profitable, the number of installed systems is relatively small.

Current situation

A2.36 For some years, more advanced systems have been developed and are today commercial,
at least for low-speed engines. An example is B&W’s system TES (thermo efficiency system),
which combines a turbine in the exhaust gas with a steam cycle that is driven by exhaust heat and
running a steam turbine. The two turbines are coupled to a generator for production of electrical
power. The power can then be used to drive a shaft generator/motor to assist the main engine, or
consumed elsewhere in the ship. The corresponding increase in engine power is estimated to be
in the range of 9 to 11%, which, in terms of shaft efficiency, increases to about 55% (from
about 49.5%). The contributions from the two systems are respectively 5% and 6%, from the
exhaust turbine and the steam turbine. The efficiency of the steam cycle is somewhat limited by
the minimum recommended temperature of the exhaust stack, which must be above 180°C to
control the formation of deposits and the corrosion by sulphur oxides that are related to the use of
heavy fuel oils.

A2.37 Based on a fuel price of US$160 per barrel (in 2004), the payback time has been
calculated by the equipment manufacturer to be five years for the largest engines and
about 11 years for the smallest engines considered (the range is from 80 MW to 20 MW).
A significant barrier to the use of such systems is the very large size, weight and complexity of
the installation. Such an installation is optimized for a single operating point, with the power
production rapidly decreasing at other loads.
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Future possibilities — medium-speed engines

A2.38 Steam cycles, as a means of energy recovery, have some properties that are quite
challenging on board a ship. The relatively low temperature level makes systems relatively
bulky. In particular, the condenser operates at the low steam density that exists at the actual
condensation temperature.

A2.39 There are some interesting forthcoming developments that are expected to make a
significant impact on the gain in engine efficiency. Organic Rankine Cycle systems have been
designed and are already commercial. They show some favourable properties, in particular much
smaller space requirements compared to a steam system. The working fluid is currently alkanes
or refrigeration fluids. Due to the properties of the working fluids (fire hazard, ozone-depletion
properties), high-pressure CO; is considered to be a more desirable working fluid.

A2.40 The medium-speed diesel engines have a lower fuel efficiency compared to low—speed
ones, usually in the range 42% to 44.5%. These engines normally have an exhaust gas
temperature in the range of 300°C to 360°C. While the minimum temperature of the exhaust
stack 1s 180°C or above, which poses a limitation to heat recovery, the energy utilization is
calculated to be in the range of about 3.5% of the shaft power.

Energy recovery from gas-fuelled engines

A2.41 Due to increasing prices of fuel oil and regulations to control exhaust emissions
(restricting operations or taxation), there is an increasing interest in using gas engines, burning
natural gas, in marine applications. The currently available gas-fuelled engines for ship
propulsion, with piston bores in the range of 25 cm to 50 cm, have slightly higher shaft efficiency
(at MCR) compared to their diesel counterparts, normally in the range of 44.5% to 47%
depending on engine size and engine concept (spark-ignited and dual-fuel). The gas engines offer
a higher potential for energy recovery. This comes from the higher exhaust temperatures
(normally in the range of 400°C to 430°C) and a possibility to run with an exhaust stack
temperature below 100°C. This can be done, while the fuel does not contain any sulphur and the
combustion produces very small quantities of particles. Thereby, the exhaust system is likely to
be little affected by the low temperature of the exhaust.

A2.42 A simplified calculation, based on an exhaust gas temperature of 430°C and an exhaust
stack temperature of 50°C, gives a theoretical (Carnot) efficiency of about 32.5%. Considering a
turbine efficiency of 80% and some additional losses related to pumping and heat exchangers, the
total recovery efficiency could be in the level of 22%. Using actual figures for exhaust heat flow
and engine shaft power, the energy-recovery figure is 13% of the shaft power. That means that
the actual shaft efficiency increases from 45% to 50.9%.

Machinery arrangement and hybrid propulsion
A2.43 Currently, tankers, bulk carriers, containerships and general cargo ships have one large

low-speed propulsion engine directly connected to the propeller. This arrangement has proven to
be very efficient and, since the ships operate mainly at high engine load, there is little to gain by
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complex multi-engine machinery arrangements or by using hybrid propulsion systems. For the
RoPax/cruise segment, it is currently common to use multiple engines and two or more
propellers. A primary reason for this is restrictions on draught and high power demand.
An additional reason is the space restrictions and the use of medium-speed engines; hence there
is already a need (and transmission loss) for a gearbox. This multi-engine situation opens up
some possibilities for designing systems that can handle variable loads.

Fuel-cell propulsion

A2.44 Fuel cells have high potential thermal efficiency and low emissions. For this reason,
fuel-cell technology is, in principle, also an interesting alternative to the use of traditional
combustion engines for merchant shipping. Fuel cells can be used either as standalone or in a
combined cycle, where exhaust heat is recovered for additional generation of power. Fuel-cell
systems have been identified as particularly promising power generators for both ship hotel
power and also for hybrid propulsion systems, where they work in combination with a diesel
engine [28]. That said, a small fuel cell has recently been installed as the main propulsion for a
small passenger barge [43].

A2.45 There are many issues relating to the use of fuel cells on board ships. Fuel cells use
non-conventional fuels, such as hydrogen or methanol, and/or require significant treatment of the
fuel. Moreover, there are considerations of price and reliability which make fuel cells presently
appear less interesting than other efficiency/abatement options. The main technological obstacles
to operating fuel cells on board medium to large ships are their excessive weight and volume as
well as the safety of onboard storage and handling of the fuel (hydrogen) [42]. Accordingly, the
further R & D priorities include:

— development of fuel processing systems for fuel-cell units capable of running on
liquid fuels;

— energy-recovery systems (e.g., boilers, turbines) for use in conjunction/integration
with high-temperature fuel-cell systems (MCFC and SOFC);

— standardization of fuel-cell systems (including auxiliary systems) into modules
of 0.5 MW to 1.0 MW size;

— intrinsically safe systems for onboard storage of fuel and fuel handling; and
— development and full-scale validation of systems with respect to their use in the

marine environment: reliability, availability, vibration, accelerations, salinity,
humidity, and ability to respond to transient power demands.
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Operational improvements
Fleet composition/selection of ships

A2.46 This relates to newbuildings and also secondhand purchase. Efficiency is dependent on
having ships that are suitable for the jobs they do. To this end, efficiency will be increased by
concentrating cargo on larger ships. This will reduce the energy consumption of shipping, but
the total impact on overall door-to-door logistical performance may be negative unless this move
is supported by smaller ships that can assist in the distribution of cargo. Barriers to such
development include harbour capacity and facilities for ship-to-ship or other efficient means of
transfer of cargo.

Speed reduction

A2.47 Strategic reductions of speed result in more ships being needed; hence, while the power
consumption of individual ships is reduced by the third power, the net effect on emissions is
a second-power reduction; hence, a reduction of speed by 10% roughly equates to a reduction in
shaft power by 27% and an energy saving of 19% on a tonne-mile basis. Reductions in speed are
expensive, since they directly affect the freight done and hence the income of a ship. However,
when freight rates are low and fuel prices are high, it will be profitable to reduce speed.

A2.48 Speed reductions on existing ships result in sustained operation on low power. This
results in a small reduction in thermal efficiency, and may also result in less complete
combustion and more deposits being formed within the engine. This is particularly the case for
engines with traditional cam-driven fuel pumps, where the injection pressure of the fuel is
speed-dependent. Engines with common-rail fuel injection handle low-load operational modes
much better.

A2.49 If a shipowner decides to operate at reduced speed on a permanent basis, the engine can
be de-rated. This will then result in better performances and also better fuel economy (although
the latter improvement is rather insignificant compared with the gains that are achieved by
reduction of speed).

Hull coatings
Selection of coatings and strategies for hull maintenance

A2.50 Frictional resistance is a very significant contributor to total resistance, particularly at
lower speeds. When the hull moves through the water, water will be dragged along, creating a
body of water following the ship that is called a “boundary layer”. In the forward part of the ship
this layer will be comparatively thin, but it grows in thickness along the sides of the hull.
A boundary layer will form even on completely smooth hull surfaces. Increasing the roughness
of the hull surface tends to increase the boundary layer, consequently increasing the viscous
(frictional) resistance. The effect of surface roughness on the resistance depends on the effective
speed of the water relative to the hull, and this varies over the hull surface [17]. Therefore,
increased surface roughness in the bow area will cause more additional resistance than, for
instance, in the aft areas near the propeller inlet or under the hull bottom.
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A2.51 The surface roughness of new ships depend on the quality of manufacture of the wetted
plates of the hull (including buckles and welding seams), the type of coating that is used and the
quality of application of the coating. The latter refers to achieving a uniform correct thickness
and the avoidance of contamination with dust, sand, etc.

A2.52 During operation of the ship, surface roughness can increase due to cracking and damage
to the coating as well as to attacks of rust. Additionally, the growth of organic species (including
various types of slime and weed fouling as well as acorn barnacles and gooseneck barnacles) can
be very detrimental. It should be noted that biological fouling is a very complex process that
depends on factors such as the ship’s loading condition, its operating zones, the effectiveness of
anti-fouling paint and environmental conditions. Furthermore, it predominates in the areas of the
hull where there is sunlight, i.e. along the sides of the hull and particularly near the waterline.

A2.53 To counteract organic growth, self-polishing coatings are used. These coatings degrade
over time to release substances that inhibit to organic growth. Traditionally, TBT was used;
however, currently, inhibitors are copper-based. Biocide-free silicon-based coatings are also
available; however, their market share is very small, due to their significantly higher costs.
These coatings are commonly referred to as “foul-release coatings” as their working principle is
that they have a soft surface onto which it is difficult for most organic foulants (except slime) to
hold [30].

A2.54 In aresearch project managed by MARINTEK, a number of coatings, of both anti-fouling
and foul-release type, from five major manufactures have been tested on 16 Norwegian ships
over a period of seven years. The results show that these new coatings are equally as effective as
TBT-based systems [26]. (TBT-containing paints are banned as a result of the International
Convention on the Control of Harmful Anti-fouling Substances on Ships, 2001 established by
IMO.)

A2.55 After a period of 3-5 years, the self-polishing coating must be renewed; however, its
performance is typically reduced gradually over time, and hence energy consumption may be
reduced by having shorter intervals between the application of coatings (which requires
dry-docking) and also by brushing the hull. Brushing is typically done by divers, but it may also
be done by automated systems. The whole hull or just critical parts can be targeted. Due to the
threat of invasive species, many ports have introduced restrictions on brushing. Also, the number
of dry docks is limited; hence, if the rapidly growing world fleet would desire to increase its
docking frequency, this would be expected to result in a temporary shortage of dry-dock
capacity.

A2.56 In order to know at what time it is beneficial to do hull maintenance, the ship operator
would need to know the performance of the hull, i.e. the speed obtained in relation to the
consumption of power or of fuel. Traditionally, this type of decision is made by fleet
management and is based on data reported from the ship. This would typically be “noon
reports”, giving information on position, speed, fuel consumption and weather. These data are,
however, typically not accurate enough to do such analysis. For instance, weather information is
only one single observation (for a 24-hour period). Currently, more accurate information is
difficult to obtain with sufficient accuracy since the instrumentation that is needed is typically not
available on board ships. Additionally, to account for the effect of current it is necessary to
measure accurately the speed of the ship relative to water. A GPS-derived speed would be
misleading. Obtaining speed through water is a technical challenge in itself, not least due to the
flow field that is generated by the ship and the uneven vertical flow profile that can occur in
currents. Best-practice performance monitoring today would be to do periodic speed trials,
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i.e. several runs back and forth in calm waters, although this has not been common practice in
recent years.

A2.57 An example of analysis based on data reported from ships is shown in figure A2-5. This
figure shows the correlation between speed gains (at reference power) observed after dry-docking
and the speed loss (at reference power) observed before docking. As seen here, the scatter is
wide. Lack of accurate data is part of this remedy and variability in the effect of hull cleaning is
another.
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Figure A2-5 — The effect of dry-docking on the speed of a tank ship; the analysis is based
on data reported by the ship (Primarily, TBT-based self-polishing coatings
were used)

Future coatings and the application of polymers and air lubrication

A2.58 Frictional resistance can be reduced by modifying the wetted surface of the hull, such as
by introducing riblets that mimic shark scales or by applying an artificial enhancement (such as
the use of air bubbles and/or air cavities and polymers). Research is still going on concerning air
lubrication on hull forms for conventional ships, but it has so far not provided significant
improvements. Air-lubrication technology is claimed to provide reductions in resistance that are
in excess of 5%, which is significant in this context.

A2.59 Adding a small amount of polymer to a turbulent Newtonian fluid flow can result in a
reduction of the viscous frictional resistance. During the past three decades, numerous research
activities were dedicated to the reduction of frictional resistance by applying polymers.
As a result, roughly three main methods of friction reduction by polymers have been developed.
The first method is based on a molecular scale, due to the fact that the behaviour of polymer
molecules in various model flows has been studied. The second type of method relies on
investigation of the effects of polymers on the time-averaged turbulence statistics, while the third
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type of method examines changes in the coherent turbulent structure due to the presence of
polymers. As in the previous case of air-lubrication technology, the three methods of using
polymers to reduce frictional resistance are not yet mature, i.e. research in that direction is still
going on. Additionally, the concept of continuously injecting polymers into the water may not be
suitable for sustainable operation. Therefore, the concept of polymer injection is not considered
to be very important for reduction of ship resistance.

A2.60 However, it should be noted that any improvements to the wetted surfaces of the hull that
are achieved by these means may also inhibit organic growth. None of the mentioned
technologies are proven in service. Additionally, an air-bubble system would require energy to
produce the bubbles.

A2.61 Hull coatings based on nanotechnology have been advertised by different companies for
some time now, and have also been mentioned in the media recently. It is claimed that these
coatings have the potential of reducing the basic viscous frictional resistance of the underwater
hull to a considerable extent and to delay the onset of marine growth for an extended period.
The claims are largely unsubstantiated at present, but, if they can be even partly realized in the
future, power reductions of perhaps 15% may be expected. Thus, this type of coating of the
underwater hull will be one of the most important contributions toward reducing fuel
consumption and CO, emissions for well designed conventional ships. It will be particularly
favourable that such coatings probably can be applied both to new ships and to existing ships.

A2.62 In summary, the friction resistance of a hull currently depends on the following
parameters:

A Initial roughness, including the application of a coating;

2 Robustness of the coating with respect to mechanical damage and biological
fouling; and

3 Maintenance of the hull
while barriers to improvement may be classified as:

A Lack of proper monitoring of hull condition/performance;

2 Lack of dry-dock capacity (short-term); and

3 Port restrictions on hull brushing.
A2.63 Taking into consideration the above discussion, it is likely that, in the future, the viscous
frictional resistance will depend on both the ability to reduce the friction of clean hulls and
significantly also on the ability to maintain performance over time. Based on MARINTEK
experience, the hull fouling of tank ships typically results in speed reductions of ~5% between
dockings, corresponding to a power increase of ~15% and an increase in frictional resistance

of 20%. By increasing the docking frequency, the average loss could be reduced, resulting in a
net power saving of about 5%.
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De-rating of engines

A2.64 Historically, de-rating has been used in the past in situations where the standard
MCR power is not used, for reasons of fuel savings, where the MCR rating and speed is not
utilized. A given engine has a design-related limitation in the peak (maximum) combustion
pressure that must not be exceeded in service. The traditional de-rating procedure implies
reduction of power combined with advancing the injection timing to restore peak combustion
pressure and thereby achieving a certain gain in shaft efficiency. Today, with a focus on
reducing NOy emissions, this method is generally not permissible because this will constitute a
“significant modification”, as defined in the IMO NOy Technical Code; hence the de-rating will
have to be done taking NOy emission into account.

A2.65 A modern approach to de-rating is targeting to increase the efficiency while at the same
time maintaining or even reducing the NOy emissions from the engine. Again, a reduction of
power output is the key to achieve this measure. The reduction of peak firing pressure that comes
from power reduction is restored by increasing the compression ratio and eventually adjusting the
ignition timing as a tool to adjust NOy emission. This method has been proven as successful,
particularly on older engines, which are usually built with a low compression ratio and thereby
have a significant potential to increase their efficiency.

Example: increase of compression ratio

A2.66 Older engine designs, dating back to 1980°s, were commonly built with a compression
ratio of 12.5:1. The compression ratios of IMO-compliant engines today normally lie in the
bracket between 14.5:1 and 16:1. Taking into consideration a certain power reduction combined
with the maximum allowed firing pressure, it is possible to calculate the response in fuel
consumption, and even in NOy emissions, using state-of-the-art engine simulation tools.

A2.67 To demonstrate the efficiency trade-off, an example is calculated below. However, only
engine efficiency is considered, using a simplified cycle calculation procedure. The engine in this
example has a brake mean effective pressure of 21 bars and a maximum peak firing pressure
of 155 bars. Given a planned power reduction to 18 bars BMEP, what will be the gain in
efficiency when maintaining the peak firing pressure by increasing the compression ratio?
Running the calculation model, the theoretical gain in efficiency is found to be 4.3% when the
compression ratio is increased from 12.5:1 to 15:1. In this calculation, the ignition timing has not
been changed. Potentially, the NOy emissions could change as a result of this. Also, an increase
in compression ratio from 12.5:1 to 15:1 requires relatively major changes in compression
volume at TDC. The solution is usually to produce new pistons (or piston crowns, in the case
that the pistons are built up by a skirt and a crown). Therefore, such an upgrade would be quite
costly. For most engines, complete engine upgrades, such as outlined below, would be preferred.

Engine upgrades

A2.68 Engine upgrading is usually motivated by the need to reduce NOy emissions, to reduce
fuel consumption or to increase power output. Upgrade packages are becoming more common as
fuel prices are rising and taxes on NOy emissions are introduced, as is the case in Norway today.
Also, IMOs revised MARPOL Annex VI and its provisions for existing engines will create an
incentive for engine upgrades. Upgrading packages could offer an extended service life to older
engines and business opportunities to engine manufacturers.
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A2.69 A typical engine upgrade, targeted at reducing NOy emissions, must also include
components to restore and even reduce the fuel consumption caused by the retarded fuel timing.
These components of the upgrade are usually included in an upgrade package:

1 new turbocharger or parts for rematching, in order to increase charge air pressure
(increase of air flow);

2 new pistons or piston crowns, with design modifications to increase compression
ratio;
3 new fuel pumps or fuel cams to increase injection rate. This is to minimize the

loss of combustion efficiency that is caused by the delayed ending of injection
resulting from retarding the timing. New fuel nozzles, with increased flow
capacity, to match the increase in injection rate; and

4 optional parts in such a package could include: a more efficient charge air cooler,
new designs of piston ring, new bearing shells for connecting rods and main
bearings (improved design/materials).

A2.70 The impact on engine parameters of a well-balanced upgrade package could show results
as follows: reduced NOy emissions (by 20-30%), reduced smoke emissions, reduced CO
emissions, reduced SFOC (typically in the range from 0 to 3%); higher figures should be applied
to older engines.

A2.71 A barrier to engine upgrades is the significant engineering work in developing the design
of the upgrade, the cost of the upgrade and the fact that they are best applied to older engines;
these may be installed in older ships, they may have a shorter residual lifetime and they may also
be less efficient in other areas.

Propeller maintenance and upgrades

A2.72 Existing ships of the displacement type mostly operate within a moderate Froude number
interval (Fn < 0.3). This fact dictates the choice of propulsive devices (propellers) that may be
used in order to achieve ship thrust. Figure A2-6 shows typical types of propellers that are used
on displacement ships.
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Figure A2-6 — Efficiency of propulsive devices [31]
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A2.73 Classification into three main groups, as shown in figure A2-6, is adopted in order to
illustrate the efficiency of representative propeller groups versus ship speed (in knots). As can be
seen from the figure, the most efficient type of propeller is a well-designed fixed-pitch (helical)
propeller. However, for other reasons, alternative propulsion devices need to be considered.
For instance, controllable-pitch (CP) propellers, although less efficient then fixed-pitched
propellers, may be selected if the ship in question needs to satisfy the requirements of rapidly
reversing thrust or efficient operation in significantly different environmental conditions. On the
other hand, for ships with demands for high manoeuvrability, propellers with a vertical axis
(azipods) represent a preferable choice. Propeller maintenance and upgrades are options for
existing ships, and consist mainly of polishing the propeller, installing a new propeller, and
optimizing the pitch of CP propellers.

A2.74 Tt has been indicated that polishing a roughened propeller surface may result in a decrease
in fuel consumption of up to 3%. Polishing will mainly reduce the frictional loss of the propeller
but may thereby also reduce the rotational loss. The effect will be greatest for propellers with
large area aspect ratios and for propellers running at high rates of rotation.

A2.75 Fitting a completely new propeller to an existing ship has been done in a number of cases,
especially when it is expected that there will be improvements in fuel consumption by replacing a
propeller with a relatively small diameter that is operating at relatively high RPM with a
propeller of larger diameter, operating at lower RPM. Reliable full-scale measurements have not
been obtained, but improvements in fuel consumption (up to the order of 15%) have been
claimed. This result is probably from a new ship that has an after body that was specially
designed for a large-diameter propeller. A more realistic expectation, if a propeller of larger
diameter can be installed, may be improvements in the range 5-10% in fuel consumption.
Naturally, such upgrades will only be appropriate for a limited subset of ships.

A2.76 A significant barrier to upgrading the propeller is that the shipowner may be unaware of
the potential, and there may be problems of documenting performance both before and after the
necessary investment has been made.

Other upgrades

A2.77 There are certain systems that may be improved to reduce energy consumption. This
includes speed-control pumps and fans and the substitution of steam with electricity for powering
cargo pumps. Some of these upgrades may be profitable; however, the effect of such upgrades
on the total energy consumption by the ship is limited.

Alternative fuels and energy

A2.78 The amount of CO; that is emitted from ships depends on the fuel type. For instance,
certain fuels may contain more carbon per energy output than other fuels, and hence may produce
more CO, emissions per unit of work done. The choice of future fuels will depend on a number
of factors, such as availability, price, practical suitability for use on board ships, and regulations.
Restrictions on the amount of sulphur in fuel are anticipated from the upcoming revised
MARPOL Annex VI, as previously discussed.
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Liquefied natural gas

A2.79 Gas that is stored in the liquid state, as liquefied natural gas (LNG), is predicted by many
as a forthcoming fuel for ships. Key drivers for this expected development are the low emissions
of nitrogen oxides (NOy), SOy and particulate matter (PM) from LNG-fuelled ships. Also, LNG
contains more hydrogen and less carbon than diesel fuels; hence emissions of CO, are reduced.
Unfortunately, increased emissions of methane (CH4) reduce the net effect to
about 15% reduction of CO, equivalents [21] The price of LNG is significantly less, compared to
distillate fuels; therefore there is a considerable economic incentive for a move towards using
LNG. The most important technical challenge is finding the necessary space for storage of the
fuel on board the ship and the availability of LNG in the bunkering ports. Therefore, LNG is
primarily interesting in a regional shipping context, where the ship’s range is less of an issue and
the next port of bunkering is more predictable. LNG could also become an interesting fuel for
tankers, since there is considerable space available for the LNG fuel tanks on deck. LNG-fuelled
ships would be particularly attractive in NOy emission control areas, since they can meet Tier 111
emission levels without after—treatment of the exhaust gases.

A2.80 LNG-fuelled ships can use either pure gas-fuelled engines or dual-fuel engines that are
capable of burning gas, diesel or combinations of these. LNG is a proven technical solution, with
10 ships already in operation and 19 ships on order.

A2.81 Currently, the cost of bulk LNG is about the same as that of residual (heavy) fuel oil, and
significantly cheaper than distillate (fossil) fuels. Natural gas can also be processed to produce
Fischer—Tropsch diesel, for use in diesel engines; however, in this case, the NOy benefit that is
associated with LNG operation would be lost. Also, natural gas can be reformed on site and used
as fuel for fuel cells; however, this is currently not considered to be an interesting option due to
the principal fuel-cell challenges (including cost, durability and power density). Presently, only
four-stroke medium-speed engines for direct-drive LNG propulsion are already on the market

Biofuels

A2.82 These fuels include current, “first-generation” biofuels made from sugar, starch,
vegetable oil or animal fats, using conventional technology. Among these, biodiesel (i.e. Fatty
Acid Methyl Esters, FAME) and vegetable oils can readily be used for ship diesel engines.
In rough terms, biodiesel could substitute distillate fuels and vegetable oils could substitute
residual fuels. With some biofuels, there may be certain issues such as stability during storage,
acidity, lack of water-shedding, plugging of fuel filters, wax formation and more which suggest
that care must be exercised in selecting the fuel and adapting the engine [22, 23, 24, 25].
Blending bio-derived fuel fractions into diesel or heavy fuel oil is also feasible, from the
technical perspective; however, compatibility must be checked, as is also the case with bunker
fuels. Future processes to convert biomass into liquid fuels can be designed to synthesize various
fuels that are suitable for use on board ships. Currently, biofuels are significantly more
expensive than oil-derived fuels [22]. This would have to change if there is to be an incentive to
use these fuels on board ships. Moreover, as discussed in the future scenarios, as long as there is
a demand, driven by legislation, for biofuels to be used and for carbon reductions on shore, it will
be natural to preferentially use biofuels on land, where this is credited, rather than on ships.
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Wind power
A2.83 Wind power can be utilized in various ways on ships. These include:
1 Traditional sails;
2 Solid-wing sails;
3 Kites; and
4 Flettner-type rotors.

A2.84 Although sails were once the only source of propulsion, sails are currently considered to
be interesting for providing additional supplementary power, as is suggested by recent studies,
for instance [18]. The use of traditional sails will impose bending moments to the hull, causing
ships to list. Strength issues could result in a need for masts to run down to the keel, and the
presence of the mast and rigging could have significant impacts on cargo handling. Kites differ
from other concepts of wind power by having a small footprint during installation and hence
being quite feasible to retrofit. Drawbacks with the kite systems include the complex launch,
recovery and control systems that are needed. Also, the durability of the lightweight materials
that are needed for kite sails is a challenge. Wing sails are solid structures resembling aircraft
wings, which provide more thrust with less drag than conventional sails. Flettner-type rotors
generate thrust from a rotating object in wind, taking advantage of the so-called Magnus effect.
These systems have different characteristics with regards to how the thrust that is generated
relates to other parameters, such as wind angle, wind strength, wind stability and ship speed.

A2.85 The energy of the wind varies by region and by area. In a study that was carried out at the
Technical University of Berlin [18], three different types of sail were modelled onto two types of
ships on three different routes. The objective of that study was to assess the savings of energy
and of fuel that might be obtainable over a period of five years, using actual weather data.
This study indicated that the potential for sail energy was better in the North Atlantic and North
Pacific as compared to the South Pacific. Fuel savings were slightly larger at higher speeds;
however, in terms of percentages; the fuel savings were greater at low speed due to the low total
demand for propulsion power. In percentage terms, savings were typically about 5% at 15 knots,
rising to about 20% at 10 knots. With optimal weather routeing, these figures improved.
The best ship with the best sail type, with optimal weather routeing, operating in the most
favourable five-year average weather (North Atlantic), was shown to save 15% at 15 knots
and 44% at 10 knots. Presently, full-scale trials are being undertaken using kites. This
technology is also discussed, in the context of marginal cost and abatement potential, in
appendix 4.

A2.86 Naturally, it is difficult to simulate such complex systems, and currently there is limited
full-scale experience with modern commercial sail ships against which such a model can be
validated. Also, without such experience, it is also difficult to assess the practical feasibility of
the size and number of sails modelled. The above figures should thus be considered indicative.
Nevertheless, sail-assisted power does seem to be an interesting opportunity for saving fuel in the
medium- and long-term picture.
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Solar power

A2.87 When assessing the potential of solar power for application on ships, it is interesting to
consider the potential available energy. Earth’s average solar irradiance on the surface is
approximately 342 W/m® [7]. On average, 30% of this radiation will be reflected back to
space [8]. Clouds are the main contributor to the reflection. The solar irradiance will vary with
latitude, season, weather conditions and time of day. How much of this energy a photovoltaic
cell will be able to capture depends on the efficiency of the cell and the positioning of the cell
relative to the solar beam. Current solar cells have an efficiency of about 13% [10]. Today, the
best technology, which is used in laboratories and on spacecraft, has an efficiency of
approximately 30% [9]. Efficiencies are predicted to reach 45-60% when third-generation
photovoltaic cells are developed and matured [9]. The specific power of solar cells is given in
table A2-3.

Table A2-3 — Indicative specific power of solar cells

Current | Current best Future
Approximate energy conversion efficiency (%) 13 30 60
Nominal power (W/m?) 44 103 205
Power adjusted for reflection (W/m?) 31 72 144

A2.88 To get an idea of how much power it is possible to get from photovoltaic cells on a ship,
the following example calculation has been made for a tanker with a length of 270 m and a
breadth of 50 m (see table A2-4). A tanker of this size is equipped with an engine that is rated to
approximately 18,000 kW, and the auxiliary power would be around 1,000 kW.

Table A2-4 — Power production by photovoltaic cells, assuming that the tanker’s deck area

is completely covered by solar cells

Current | Current best Future
Approximate energy conversion efficiency (%) 13 30 60
Nominal power (kW) 609 1406 2811
Power adjusted for reflection (kW) 426 984 1968

A2.89 Current solar-cell technology would thus, on average, only be sufficient to cover a
fraction of the auxiliary power even if the complete deck area was covered by photovoltaic cells.
Therefore, it can be concluded that, due to the limited capacity of solar cells in respect to surface
area that they cover, they do not yet appear to be a very efficient source of energy supply.
Furthermore, at certain times and in certain areas, solar radiation will be above average and the
auxiliary power demand could be met. Also, by using highly efficient (presumably expensive)
spacecraft-type solar cells, current power demand could, on average, be met.

A2.90 Also, since solar power is not always available (e.g., at night) backup power would be
needed; even if the power is available, on average, at day time, this would not help reduce the

demand for auxiliary power at night unless there is an energy storage system available on board.

A2.91 Solar energy can also be used for heating purposes, e.g.,of water while the ship is in port.
(Excess heat is normally available on board ships at sea.)
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A2.92 Currently, it would appear that solar cells are not very attractive for covering large
maritime power demands; however, in a long-term perspective, they could very well be
interesting as a partial source of the power that is needed, especially if combined with (or even
integrated into) sails.

Wave power

A2.93 This includes concepts for utilizing wave energy and/or ship motion. Examples include
internal systems (gyro-based) within the ship and external systems such as wavefoils, stern flaps
or the use of relative movement between multiple hulls (trimaran). These systems have high
technical complexity, limited potential and generally small interest, and are not considered
further here.

Emission-reduction options for other relevant substances

A2.94 This section briefly discusses emission-reduction options for NOy, SOy, PM, CO and
NMVOC.

Emission-reduction options for NOy

A2.95 Nitrogen oxides (NOy, are formed in the engine, mainly as a result of reactions between
nitrogen and oxygen from the combustion air. The formation of NOy is mainly dependent on the
combustion temperature and the detention time at high temperatures. Some of the NOy that is
formed is also related to the nitrogen that is in heavy fuel oil, although this is a small fraction.

A2.96 Key strategies for reducing NOy in the engine involve reducing peak temperatures,
reducing the time for which gases are at high temperatures and reducing the concentration of
oxygen in the charge air. This can be achieved through a range of approaches (figure A2-6).

Fuel modification

Charge air modification
l Exhaust gas treatment

Combustion process
modification

L

Figure A2-6 — Ways to reduce NOy emissions from a marine diesel engine

A2.97 Fuel modifications include using a water—fuel emulsion, the use of fuels that have a lower
nitrogen content and using fuels with different combustion properties that enable different
optimization of the engine. Water—fuel emulsions have limited potential to reduce NOy emissions
(~20%) [10] and may result in lower maximum power output. The deposit-forming tendency of
a fuel influences the possibilities for other emission-reduction technologies, such as exhaust gas
recirculation (EGR) or selective catalytic reduction (SCR).
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A2.98 Possible modifications of the charge air include its humidification (sometimes referred to
by trade names such as “HAM” or “SAM”) and a reduction in oxygen content through EGR or
by the use of air intake membranes to reduce the partial pressure of oxygen in the charge air.
In the latter case, the engine intake air is sucked through a membrane, which results in a lower O,
content in the intake air and lower formation of NOy. This does, however, result in a reduction in
the thermal efficiency of the engine. Sea trials with membrane technology in a sub-optimal
retrofit installation revealed reductions of only 6% [3]. The potential for EGR is limited, due to
the fouling of the engine that occurs with present-day marine fuels. The consumption and the
purity of water are issues with wet technologies. Potential reductions that can be achieved by
these technologies are about 40-70%, depending on the type of modification and the engine [10].

A2.99 Modifications of the combustion process include adjusting fuel injection rate, timing,
compression ratio, etc., to minimize the creation of NOx. Examples include the use of Miller
cycles to reduce charge temperature and direct injection of water into the cylinders. A certain
trade-off exists, as emissions of CO; and of PM increase when emissions of NOy are reduced.
This does not mean that future engines, with lower NOy levels, must have higher CO,, HC, CO
and PM emission levels than current models. Simultaneous improvement in several areas is
possible, as demonstrated in [1]. What remains is that, if the improved engine was re-optimized,
NOxy could still be traded against other pollutants. Miller cycling in combination with two-stage
turbocharging has resulted in reductions of NOy of >40% and improved fuel consumption in
four-stroke engines [1].

A2.100 The use of LNG as a fuel is both a switching of fuel and a change in the combustion
process. LNG operation can bring about very large reductions in NOy (~90%) in four-stroke
engines [21]. The potential to reduce NOy emissions for large two-stroke engines has not been
demonstrated. Use of LNG as a fuel is discussed in chapter 5 in the context of reduction of
emissions of CO,.

A2.101 At present, treatment of the exhaust gas to reduce NOy emissions exclusively uses
selective catalytic reduction (SCR), where urea (or, in certain cases, ammonia) is used with a
catalyst to convert NOy to nitrogen. Other post-treatment technologies have been proposed,
including NOy scrubbing and NOy adsorption traps. The potential for NOy scrubbing on board
ships is limited by the nitrogen limitation of the IMO scrubber effluent guidelines [41].
Adsorption of NOy is limited, inter alia, by fuel sensitivity.

A2.102 Tier II NOy limits, i.e. 15-20% reduction from current levels, can be achieved with
modifications of the process of internal combustion.

A2.103 At present, Tier III NOy reduction limits (~80% reduction from Tier I) can only be
achieved by selective catalytic reduction (SCR) post-treatment or by using LNG and lean
premixed combustion. These technologies are proven for four-stroke engines; however,
experience with large two-stroke engines is limited. However, engine manufacturers are pushing
the limits of NOy reduction through various dry and wet combinations of charge air and
modifications of the combustion process. It is not impossible that some engines may be certified
to Tier III by using other solutions.

A2.104 Using SCR and LNG technology, it is possible to achieve reductions of emissions even
beyond Tier III limits on some load points. However, achieving further reductions at low load is
problematic with SCR, principally because the temperature of the exhaust gas of marine engines
is not sufficiently high for effective operation of the catalyst. Achieving reduction of emissions
consistently to a very low level for extended time periods may prove problematic with a catalyst,
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due to its possible deactivation. Technology for reduction of NOy emissions at low load in marine
engines is presently being forced by IMO through the requirements of the modified Tier III test
cycle in the revised NOx Technical Code.

Emission-reduction options for SO,

A2.105 Emissions of SOy originate in the sulphur that is chemically bound to the hydrocarbon
fuel. When the fuel is burned, the sulphur is oxidized to SOy (mainly SO,). In order to reduce
SOy emissions, it is necessary to use a fuel with lower sulphur content or to remove the SOy that
is formed in the combustion process. The revised MARPOL Annex VI ensures significant SOx
reductions through limitations on the sulphur content of fuels.

A2.106 As an alternative to using low-sulphur fuels, an exhaust gas-scrubbing system can be
employed to reduce the level of sulphur dioxide (SO;). Two main principles exist: open-loop
seawater scrubbers and closed-loop scrubbers. Both systems rely on contacting the exhaust with
water Open-loop scrubbers use seawater directly, while closed-loop scrubbers use water with
chemicals added to provide ability to remove SO,. Both scrubber concepts may also remove PM
and limited amounts of NOxy [8, 9]. Scrubber technologies require energy, which is estimated to
be in the range of 1% to 2% of the MCR [10]. Scrubbing to remove SOy reduces the temperature
of the exhaust gas. On the other hand, SCR technology requires high temperatures of the exhaust
gas and at the same time low sulphur and PM content in that gas. Combining SCR with SOy
scrubbing is thus presently not feasible.

A2.107 Pollutant material that is removed from the exhaust is carried in the washwater. SO
react with the seawater to form stable compounds that are abundant in seawater and not believed
to pose danger to the environment. On the other hand, any particulate matter in the exhaust that is
trapped in the seawater may be harmful to the environment. The revised IMO Scrubber
Guidelines [41] provide limits for the effluent, including limits for Polycyclic Aromatic
Hydrocarbons (PAH), turbidity, pH, nitrates and other substances. Port State requirements for
effluent discharges will have a significant impact on the possible use of seawater scrubbers.
To fulfil these requirements, it will be necessary to install a treatment system to clean the
effluent. Generally, the more SOy and PM that is removed from the exhaust by the scrubber, the
more pollutant will have to be removed from the effluent.

Emission-reduction options for PM

A2.108 Unlike other emissions, which are chemically defined, particulate matter (PM) is
traditionally defined as the mass that is collected on a filter under specified conditions. Particle
growth is a complex process that starts during combustion but continues through the exhaust pipe
and in the atmosphere. Therefore, the sampling conditions are critical to the results that are
obtained. The chemical composition and the size distribution may also be very different before
and after a reduction measure has been applied. Therefore, although very significant
improvements may be obtained in terms of PM mass, the benefit in terms of public health may be
less significant.
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A2.109 As also discussed in chapter 7, particulate matter consists of:
A Organic Material (OM);
2 Elemental Carbon (EC);
3 Sulphate (SO4) and associated water; and
4 Ash.

A2.110 Organic material is related to the consumption of engine lubricating oil, which may
potentially be reduced. Changes in lube oil additives may also reduce the PM mass. Emissions
of elemental carbon are related to the soot that is formed during combustion, some of which may
be removed. Organic material and elemental carbon may therefore be considered to be
fuel-independent. Sulphate, associated water and ash are mainly determined by the fuel. When
the sulphur content of the fuel is high, the PM emissions are mainly fuel-dependent, while other
PM fractions are comparatively insignificant. When the sulphur content of the fuel is reduced,
fuel-independent PM is less prominent.

A2.111 Some PM emissions from high-sulphur fuels can be reduced by scrubbing exhaust gases
with seawater. Claims for the potential reduction of PM range from 90% to 20%, depending on
the source [9, 10]. With low-sulphur fuels, PM emissions can be further reduced by optimizing
combustion for increased oxidation of soot and of PM, minimizing the consumption of lube oil
and minimizing the use of lube oil additives. Using fuel-water emulsions instead of pure fuel can
also reduce PM emissions to a certain extent.

A2.112 Post-treatment technologies that have been considered or used in the automotive sector,
such as Non-Thermal Plasma, particulate traps and oxidation catalysts, are not regarded as being
suitable for marine fuels; even future SECA levels of 0.1% are insufficient [10].

Fuel influence on PM emissions

7 - m Mainly fuel dependent (sulphate, water, ash)

m Mainly fuel independent (OM, EC)

ISO 8178 PM [g/kWh]

BE =

27% S 0.5% S 0.1% S

Figure A2-7 — The influence of fuel on PM mass. Data: GL [7]
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Emission-reduction options for CH,; and NMVOC

A2.113 Emissions of methane (CH4) and NMVOC in engine exhaust are comparatively low.
Some reductions may be achieved by optimizing the combustion process. NMVOC may also be
oxidized with a catalyst. Oxidation catalysts are not uncommon in conjunction with
SCR installations, where they oxidize unused ammonia, thus eliminating emissions of ammonia.
Emissions of CHy4 are more difficult to reduce by using a catalyst.

A2.114 Emissions of CH4 from gas-fuelled engines are due to unburned methane from the
premixed combustion process. The level of CH4 emissions depends on the layout of the
combustion chamber. By careful design to avoid crevices, emissions can be significantly
reduced. However, there will be a remaining level of CH4 emissions. This CHy4 can be oxidized
by using a catalyst, although this is not as simple as reducing NMVOC, and this is an area for
research and development.

A2.115 Methane emissions from gas-fuelled engines can be virtually eliminated by replacing the
lean premixed combustion concept with high-pressure gas injection. This latter concept is
believed to be beneficial for large two-stroke engines. The disadvantage of this option is that the
reduction of NOy that can be achieved through direct injection is less than can be achieved with
lean premixed combustion.
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Appendix 3
Calculation of energy distribution on board ships
Introduction

A3.1  This appendix presents the calculation of energy distribution on board ships that is
described in appendix 2. The method gives estimates of energy consumption by using the
prediction of different loss components of displacement ships when sailing in calm water and
(head) weather conditions. Results are given for ten different ships at service speed and at
reduced speed. The ten ships that were selected include one tanker, one ultra-large ore carrier,
two containerships, three ro—ro ships, one chemical carrier and two cargo ships. The model
builds on work done by MARINTEK that was presented in AEA (2008).

A3.2  The present model expands the previous one by including estimation of the additional
power allowance due to weather (irregular wave field and wind) by using a recently published,
approximate method that has been formulated by Kwon (2008). The method, as will be shown in
the following discussion, is capable of predicting the involuntary reduction in speed and,
consequently, the additional power allowance with accuracy within the engineering practice for a
general type of ship which operates in generalized weather conditions.

Decomposition of total resistance Ry for displacement ships

A3.3  The total resistance Rt for a displacement type of ship is decomposed according to
figure A3-1. The decomposition consists of two main components, namely total resistance in
calm water Rrcw (Larsson and Baba, 1996) and total added resistance Rrapp, which is further
decomposed into added resistance due to current Rac, different (two) fluid layers Rar, ice loading
Rarce, waves Raw and wind Rawn. The first three components of added resistance (current, fluid
layers and ice) are not accounted for in the present study. This is because the ship, during its
operational lifetime, mostly experiences loading due to weather effects associated with the
short-wavelength irregular waves and wind (Faltinsen, 2005). Consequently, this means that the
additional loadings due to current, fluid layers and ice are considered here to be of local
exceptional importance.

A3.4  The evaluation of the ship’s total calm-water resistance Rrcw can be performed by
several different methods. According to Carlton (1994), these are classified in four basic classes
of methods: the direct model test, the traditional and standard series methods, the
regression-based methods and the computational fluid dynamics (CFD) methods. Since the
present study requires the optimal accuracy of the total calm-water resistance Rycw, the
regression analysis methods, which are based on results from direct model tests
(MARINTEK’s 2008 database of results from performance tests), are chosen as an efficient
approach for the prediction of this quantity. However, it should be noted that, although the
computational fluid dynamics-based methods give higher accuracy than the traditional and
standard series or regression analysis methods, they are excluded simply because their
application is too complex from the perspective and goal of the present study.
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Figure A3-1 The decomposition of total resistance Ry and effects due to waves and wind loading on displacement type of ships.

Note: |1 Added resistance due to current Rac, different (two) fluid layers Rap and ice Raye 1s not accounted for in the estimation of
involuntary speed loss that is presented later in this study. |* When a (displacement) ship executes manoeuvres in waves, all modes of ship
motions contribute to the evaluation of added resistance in waves Raw. |° Spray and spray rail resistance Rs have negligible effect. The reason
is that a displacement ship usually operates up to Froude number Frn <= 0.25, which is significantly below Froude number Fn > 0.5, when the
two mentioned components of the resistance start to show contributing effect to calm water total resistance Rrcw (Faltinsen, 2005).
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A3.5  The traditional and standard series methods have similarity with the regression analysis
methods, i.e. both methods only need a few global ship design parameters (block coefficient Cg,
prismatic coefficient Cp, ...) to predict the ship’s total resistance in calm water. However, they
are not selected because of their limited accuracy in the estimation of the total calm-water
resistance for the modern ship hull forms. The additional detailed discussion related to the
above-mentioned methods can be found in Carlton (1994), Schneekluth and Bertram (1998) and
Bertram (2000).

Direct model tests in calm water conditions

A3.6 MARINTEK’s 2008 database of the results of direct model tests is used to establish the
components of the propulsion loss that is associated with the calm water conditions. First, they
are obtained in coefficient form and then transformed to the ship scale for each particular group
of ships (four in total) mentioned previously. The following coefficients have been used for the
present purpose:

.1 Calm water total resistance: Crcw;
2 Friction resistance: Cg;
3 Residual resistance or wave resistance: Cy; and

4 (Still) Air resistance: Caa.

A3.7  From the propulsion tests, the following results have been used:

1 Mechanical efficiency: #u;
2 Quasi-propulsive coefficient: #p; and
3 Wake fraction: w.

A3.8 A set of calculation procedures is carried out in order to arrive at the estimation of
components of the propulsion loss. They are outlined as follows:

Calculation of resistance components

A3.9 Resistance components are predicted according to the following expressions:
1 Wave resistance Ry: Ry, = Cy, % V- Sg (N);
2 (Still) Air resistance Raa: R,,=C,, % Ve Sy (N);
3 Friction resistance Ry: R, = C; % V¢ Sy (N); and

4 Eddy-making resistance = (C; —Cy —C,, —C;) -%Vsz -Sg (N),

[A\MEPC\S9\INF-10.doc



MEPC 59/INF.10
ANNEX
Page 253

where:

Ss = wetted surface area of the hull (m?)
Vs = ship speed (m/s). Note: 1 knot =0.514 444 4 m/s
ps = mass density of seawater; ps = 1025.0 kg/m’.

The relative loss components are then found by calculating the resistance components above as
fractions of the total calm-water resistance Rtcw.

A3.10 The viscous resistance,Ry, which is the sum of the friction resistance and the
eddy-making resistance, will be almost independent of ship speed Vs in the speed region that the
ship has been designed for.

A3.11 The method above means that a simplification has been made. The transom stern
resistance, the appendage resistance, as well as the effect of the form factor have been lumped
together with the viscous resistance and finally with the eddy-making resistance. This should be
sufficiently accurate for the present purpose.

Calculation of propeller loss components

A3.12 The propulsive loss connected to the efficiency of the propeller when operating behind
the hull is expressed by 1 — #p, where #p is the quasi-propulsive coefficient, which is determined
by the propeller’s open-water efficiency 7o found in tests in open water, and the relative rotative
efficiency #r, and the hull efficiency #y. The two latter coefficients are determined in propulsion
tests.

A3.13 The total loss due to the propeller and propeller—hull interactions, expressed by 1 — #p,
has been divided into the components:

— Axial loss;
— Friction loss; and
— Rotational loss.

Only the total loss, expressed by 1 — #p, can be and has been extracted directly from the results
from propulsion tests. The mechanical efficiency coefficient for individual ship projects is
information that is provided by the designer of the ship. The other loss components that are
described above require some calculations in order to obtain their quantitative values.

Mechanical efficiency coefficient

A3.14 The mechanical efficiency coefficient #y is provided by the designer of the ship, and the
value is generally in the range 0.96-0.98 for ships with normal arrangements of the propeller
shaft (Carlton, 1994). In the adopted calculation methodology, the mechanical loss is considered
to belong to a separate level of loss factors. It is therefore subtracted from the engine power
before considering the relative magnitudes of the other loss components that have been analysed
in this study.
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Axial loss component

A3.15 The axial loss is set equal to the slip ratio sg = (nPo.7r — Va)/nPy7r, while the relative
magnitude of the axial loss component is expressed as (1 — #p)sg

where:
n = rate of revolution (per second) of the propeller
Po7r = propeller pitch at 0.7 times the propeller radius R (m)
Va = speed of advance of the propeller (m/s). Note: Va = (1 — w)Vs.

The magnitude of the axial loss component is obtained as a fraction of the total loss (1 — #p).
Friction loss component

A3.16 This component of the loss requires calculation of the friction force acting against the
rotation of the propeller blades. For this purpose, the following parameters have been calculated
or determined on the basis of experience:

1 Total area of propeller blades, calculated based on the blade area ratio (m?). This
has been taken as the area where the friction is being generated;

2 Velocity in the plane of the propeller blades (m/s), calculated on the basis of the
propeller’s rotational velocity and its advance velocity. The rotational velocity is
referred to 0.7 times the propeller’s radius R;

3 A reduction of the velocity in the plane of the propeller because of the swirl of the
fluid that has been introduced in the plane of the propeller, based on experience.
The reduction generally amounts to approximately 4%; and

4 The friction coefficient has been determined from published results providing the
magnitude of the friction coefficient as a function of a propeller’s blade area ratio
and the number of propeller blades. The values that are found are generally in the
range Cr = 0.008-0.010.

The friction force at 0.7-times the propeller’s radius R is then found as Fgo7z = O.SCFpsAprz.
The resulting friction torque is given as Qo7 = Fro.720.7(Dp/2), while the resulting friction power
is obtained from Py = 2ntnQro 7z
where:

Ap = total area of propeller blades, calculated based on blade area ratio (m?),

Dp = propeller diameter (m),

Ve = velocity in the plane of the propeller blades (m/s).

The relative value of the friction loss component is then found by dividing the resulting friction
power Pr by the engine power, corrected for the loss due to the mechanical efficiency .
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Rotational loss component

A3.17 The rotational loss component is assumed to be the remaining relative loss obtained by
subtracting the calculated relative axial loss and the relative friction loss from the total loss,
expressed by (1 — #p).

A3.18 The accuracy of the resistance components discussed above is on the engineering level
obtained by standard and accepted model test methods. This is also the case for the accuracy of
the total propulsive loss (1 — #p).

A3.19 Regarding the components of the propulsive loss (axial, friction and rotation), simplified
and practical calculation methods are adopted, and the accuracy to be expected must be seen in
this light. It should be mentioned that the propulsive loss components that were calculated in this
way agreed reasonably well with those obtained for one particular propeller, where similar
components were obtained by a full CFD calculation.

Statistical regression analysis model

A3.20 In order to facilitate further analysis and achieve the estimation of energy consumption
of a displacement ship in weather conditions, the present study adopts, as an intermediate step,
the statistical regression analysis model for calm water conditions. Further, this means that the
statistical regression method has been applied on the results that had been obtained from the
previous step, which was based on MARINTEK’s 2008 propulsion test database.

A3.21 Among various statistical regression-analysis-based methods for calculating the ship’s
total calm-water resistance (see, for an overview, Schneekluth and Bertram, 1998) is the
“Hollenbach” (1998) method, which is one of the most popular and extensively used methods
with general applicability. Since, the “Hollenbach” method provides a reliable prediction of the
total calm-water resistance for modern displacement ships in the preliminary design stage, it has
been chosen as a suitable tool in the present work. However, a detailed description of the
“Hollenbach” method will not be given here, simply because the method is very extensive in its
details, but an interested reader may found them in Hollenbach (1998).

Approximate estimation of loss of speed due to added resistance in weather conditions

A3.22 This section will provide the detailed description of a recently published approximate
method for the prediction of loss of speed due to added resistance in weather conditions
(irregular waves and wind) established by Kwon (2008). This approach is used by this work
simply because the “Kwon” method is very new and therefore not yet very well known amongst
the research community who are interested in the practical prediction of the involuntary drop in
speed due to the effects of weather loading upon an advancing displacement type of ship.

A3.23 The percentage of speed loss as given by Kwon (2008) is expressed as:

AV—VIOO% =CCyCrpm (1)

1
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from which, by using the relationship AV =V} — V>, it follows that the ship speed in the selected
weather conditions may be expressed as:

AV 1 1
V,=V,—| —100% V=V, -\C,C,Cqo.. | ——V] 2
2 1 [Vl OJIOO% 1 1 ( B~U Form)loo% 1 ( )
Here,
14 Design (nominal) operating ship speed in calm water conditions (no wind, no
waves), given in m/s. Note: 1 knot = 0.5144444.. m/s, 1m/s =
1.943 844... knots;
Vs Ship speed in the selected weather (wind and irregular waves) conditions, given

in m/s. Note: v, <V,

Note: 1 knot=0.514 444 4... m/s, 1 m/s = 1.943 844... knots;

AV=V,—V, Speed difference, given in m/s. Note: 1 knot = 0.514 444 4... m/s, 1 m/s =
1.943 844... knots;

Cp Direction reduction coefficient, dependent on the weather direction angle (with
respect to the ship’s bow) and the Beaufort number BN (Bft). Note: Cp (see
table A3-1) is a non-dimensional number. Loading due to wind and sea is
assumed to be from the same direction (angle) with respect to the ship’s bow;

Cy Speed reduction coefficient, dependent on the ship’s block coefficient Cg, the
loading conditions and the Froude number Fn. Note: Cy (see table A3-2) is a
non-dimensional number;

CForm Ship form coefficient, dependent on the ship type, the Beaufort number BN
(Bf?) and the ship displacement V, given in m>. Note: Crom (see table A3-3) is a
non-dimensional number. BN — Beaufort (non-dimensional) number (Bff — see
table A3-4).

Fn= V/ JL,g Froude number associated with the design (nominal) operating ship speed V)

(m/s) in calm water conditions, L,, is the ship length between perpendiculars,
given in metres, g = 9.806 65 m/s” is the acceleration of gravity;
Cg Ship’s block coefficient.

A3.24 In order to apply the “Kwon” method, the following four tables need to be used. The
first three tables, namely tables A3-1, A3-2 and A3-3, give expressions for the direction
reduction coefficient Cp, the speed reduction coefficient Cy and the ship’s form coefficient Crorm,
respectively, while table A3-4 provides values for the Beaufort number (BN — Bft) which
describe the sea state and the wind strength for the North Sea (Henschke, 1965).

Table A3-1 (Kwon, 2008)

Direction angle
Weather direction (with respect to Direction reduction coefficient Cy
the ship’s bow)

Head sea (irregular waves) and wind 0° 2C3=2

Bow sea (irregular waves) and wind 30° to 60° 2C3=1.7—0.03(BN — 4)?
Beam sea (irregular waves) and wind 60° to 150° 2C3=0.9-0.06(BN — 6)*
Svciyllll((i)wmg sea (irregular waves) and 150° to 180° 2C; = 0.4 — 0.03(BN - %
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Block coefficient Cy | Ship loading conditions Speed reduction coefficient Cy
0.55 normal 1.7 — 1.4Fn — 7.4(Fn)*
0.60 normal 2.2-2.5Fn—9.7(Fn)
0.65 normal 2.6 —3.7Fn — 11.6(Fn)
0.70 normal 3.1 —53Fn— 12.4(Fny’
0.75 loaded or normal 2.4 —10.6Fn — 9.5(Fn)*
0.80 loaded or normal 2.6 — 13.1Fn — 15.1(Fn)*
0.85 loaded or normal 3.1 — 18.7Fn + 28.0(Fn)*
0.75 ballast 2.6 — 12.5Fn — 13.5(Fn)*
0.80 ballast 3.0 — 16.3Fn — 21.6(Fn)*
0.85 ballast 3.4 —20.9Fn + 31.8(Fn)’

Table A3-3 (Kwon, 2008)

Type of (displacement) ship Ship form coefficient Cgyry
All ships (except containerships) in loaded loading conditions 0.5BN + BN*%/(2.7V*?)
All ships (except containerships) in ballast loading conditions 0.7BN + BN**/(2.7V*?)
Containerships in normal loading conditions 0.5BN + BN®3/(22.0V*?)

Table A3-4 — Wind strengths in Beaufort BN (Bft) and sea strengths for the North Sea,

coupled with wind strengths (Henschke, 1965)

Bfi Wind description Wind speed [m/s]
0 No wind 0.0-0.2
1 Gentle current of air 0.3-1.5
2 Gentle breeze 1.6-3.3
3 Light breeze 34-54
4 Moderate breeze 55-79
5 Fresh breeze 8.0-10.7
6 Strong wind 10.8-13.8
7 Suff wind 13.9-17.1
8 Violent wind 17.2-20.7
9 Storm 20.8-24.4
10 Violent storm 24.5-28.3
11 Hurricane-like storm 28.5-32.7
12 Hurricane =327
.'IIJ‘J'JJT}:\'J‘.L’H?II’.‘ N'l'Uf'ﬂgE,’
Sea scale Bfr Sea deseription Wave height [m] Wavelength [m]
0 0 Smooth sea
1 1 Calm, rippling sea 0-0.5 0-10
2 2-3 Gentle sea 0.5-0.75 10-12.5
3 4 Light sea 0.75-1.25 5
4 5 Moderate sea 1.25-2.
5 1] Rough sea 20-35
6 7 Very rough sea 3.5-6.0 60.0-105.0
7 §-9 High sea =6.0 =105.0
8 10 Very ligh sea up to 20 up to 600
9 11-12 Extremely heavy sea up to 20 up to 600
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A3.25 As can be seen from the above set of tables, the speed loss can be estimated for a general
type of ship advancing with arbitrary forward speed on a straight-line course and experiencing
irregular wave and wind field from various directions. In addition, the expressions that are given
within the above set of tables give insights into the ship loading conditions (expressed as
“normal”, “loaded” or “ballast” loading conditions) under which the ship in question currently
operates. Consequently, this has an important role in the prediction of fuel consumption and of
emissions of CO,, GHGs and solid particles which are of interest for any modern shipping
company today.

A3.26 At the end of this section, it should be emphasized that the application of the “Kwon”
(2008) method is dependent on knowledge of only a few parameters, amongst which are: weather
conditions, ship’s block coefficient, type of (displacement) ship, ship’s displacement, approach
(initial) forward speed (expressed through the Froude number) and the Beaufort number. Having
these parameters available, the percentage of speed loss or the ship’s speed in selected weather
conditions can be readily estimated by using the expressions (1) or (2), respectively.

Verification of the approximate formulae

A3.27 The approximate formulae for estimation of speed loss according to the “Kwon” (2008)
method have been verified on two significantly different types of ships, characterized by block
coefficients Cg of 0.84 and 0.62. Figure A3- 2 shows the predicted percentage of speed drop for
a tanker and container type of ship advancing on a straight linear course on considerably different
Froude numbers Fn of 0.15 and 0.25, respectively, while experiencing head weather (irregular
sea and wind) conditions having various strengths described by Beaufort numbers BN in the
range from 1 to 8.

A3.28 The results for percentage of speed drop that were obtained by using the “Kwon” (2008)
approximate method are compared with detailed hydrodynamic calculations provided by Kwon
(1982). As can be seen from figure A3-2, a very good agreement between the different
mentioned methods is present which, on the other hand, justifies the application of the “Kwon”
(2008) method. Furthermore, this means that reliable prediction of speed loss can be achieved in
an easier and quick way by avoiding complex hydrodynamic calculations (Kwon, 1982), which is
of practical importance for the present study orientated on the prediction of energy consumption
and emissions of CO,, GHGs and solid particles.
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Figure A3-2 — Speed loss (drop) of a ship in irregular head waves and wind (waves and
wind from the same direction 180°) — comparison between the approximate
formulae and detailed calculations for (a) Large tanker (loaded and/or
normal condition), displacement volume V = 350,000 m3, Fn=0.15,
Cz=0.84, L,, =336.0 m; (b) Large containership (loaded and/or normal
condition), displacement volume V = 60,200 m3, Fn=10.25, Cg = 0.62

Note:

Approximate formula (Townsin and Kwon, 1982),
------ Approximate formula: Tanker Cg = 0.80, Container Cg = 0.60 (Kwon, 2008),
------ Approximate formula: Tanker Cg = 0.85, Container Cg = 0.65 (Kwon, 2008),
~~~~~~~~ Detailed calculation (Kwon, 1982)

Performance in head weather (irregular waves and wind) conditions

A3.29 Performances of the displacement ships (classified according to the group classification
introduced previously) are discussed now from the perspective of delivered power in (head)
weather conditions (see figure A3-3). As has already been mentioned, the “Hollenbach (1998)
method is applied to predict the curve of delivered power in calm water. The same curve is
further used in combination with the “Kwon” (2008) method, which predicts involuntary speed
loss in respect to selected ship type and weather conditions according to tables A3-1 to A3-4.
As can be seen from figure A3-3, an application of the “Kwon” (2008) method provides
prediction of the curve of delivered power for head weather conditions versus ship speed, given
in knots. At the same time, the involuntary drop in speed is readily available under the
assumption that the selected ship is able to provide constant output of delivered power from its
main propulsive plant in the chosen head weather conditions.
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Figure A3-3 — Speed loss (drop) at constant delivered power Pp or at increased delivered
power Pp, at constant speed, of the advance of vessels in head weather
conditions (irregular waves and wind from the same direction 180°) for four
different types of ships, according to MARINTEK’s 2008 direct model tests
database, with the assumption of Beaufort number BN (Bff)=6 for
Tanker/Bulk, BN (Bft) = 6 for Container, BN (Bft) =3 for GenCargo, BN

(Bft) = 6 for RoPax

Note:

A3.30 On the other hand, it should be noticed that the requirement for maintaining constant
ship speed in calm water and weather conditions invokes a very steep gradient of the curve for
delivered power in head weather conditions in respect to calm water. Consequently, this very
steep gradient will cause significant fuel consumption and therefore emission of CO,, GHGs and
solid particles into the environment surrounding an advancing ship. Furthermore, in certain
situations, the peak point of delivered power in head weather conditions may not be available,
due to the fact that it is dependent on several parameters, amongst which are the condition of the
ship and the condition of the main power plant, economically justified requirements associated

with the ship’s route, etc.
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Appendix 4
Estimation of CO; marginal abatement costs for shipping
Introduction

A4.1 The different measures that contribute to the abatement of emissions of CO, in maritime
transport can be illustrated in a marginal abatement cost curve (MACC). A MACC depicts the
maximum abatement potential of abatement measures that do not exclude each other, sorted by
their cost efficiency. We derived such a MACC for 2020 (see chapter 5 and below).
Twenty-five different measures, allocated to the following groups, were thereby taken
into account:

1 Propeller maintenance;

2 Propeller/propulsion system upgrades;
3 Hull coating and maintenance;

4 Voyage and operations options;

5 Main engine retrofit measures;

.6 Retrofit hull improvements;

i Auxiliary systems;

8 Other retrofit options;
9 Speed reduction; and
.10 Air lubrication.

The groups were chosen such that measures from different groups do not exclude each other.
Measures from the same group exclude each other or are, most probably, not used together. Most
of the measures that are accounted for are retrofit measures. In paragraph A4.22 you find a list of
the individual measures.

A4.2 The MACC gives the cost efficiency and the maximum abatement potential for the
different groups. Although the cost efficiency and the maximum abatement potential have been
calculated for the individual measures, an estimation per group is being used. This is due to the
fact that uncertainty, particularly about the costs of the abatement measures, is still very high.
For the same reason, we distinguished between three estimates for every measure group: a low
bound, a high bound, as well as a central estimate.

A4.3 In the following we will first present the MACC for a price of US$500/tonne for bunker
fuel and an interest rate of 4%. Subsequently, we will briefly go into the changes of the MACC
that are implied by a change of the price of bunker fuel or by a change of the interest rate.
The derivation of the cost efficiency and the maximum abatement potential for the individual
measures is then described in greater detail.
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The marginal CO; abatement cost curve for 2020

A4.4 In figure A4-1 the marginal CO, abatement cost curve for 2020 is given for a fuel price of
US$500/tonne and an interest rate of 4%.

Marginal CO2 Abatement Cost Curve, 2020, Fuel Price 500$/ton
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Figure A4-1 — Marginal CO, abatement cost curve for 2020, a fuel price of US$500/tonne
and an interest rate of 4%

A4.5 The maximum abatement potential of the measures that are taken into account lies within
a range of 210 to 440 Mt of CO,, which is about 15-30% of the projected total emissions of the
vessel types taken into account.” There is a range of measures whose cost efficiency is negative.
That means that these measures are profitable even when CO, emissions have no price.
The range of the maximum abatement potential of these measures is 135 to 365 Mt of CO, and
lies, for the central estimate, at about 255 Mt. In table A4-1, the cost efficiency and the maximum
abatement potential are given for the different groups of measures.

A4.6 Speed reduction, other retrofit options and propeller/propulsion upgrades show the
highest abatement potential, whereas retrofit hull measures, voyage and operational options, and
air lubrication feature the best cost efficiencies.

As a baseline, we employ the A1B scenario of the IMO 2020 prediction (IMO, 2008), with the demand level
being medium and both the speed reduction and the transport efficiency level being low. The total baseline

emissions for the vessel types that were taken into account in this study (see below) amount accordingly to
about 1250 Mt.
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Table A4-1 — Approximate cost efficiency and maximum abatement potential for the
different groups of measures (2020, fuel price is US$500/tonne, interest
rate is 4%)

Cost efficiency Maximum abatement potential
(US$/tonne of CO,) (Mt)
Central estimate (low bound estimate / high bound estimate)

Retrofit hull measures —155 (—140/-160) 30 (10/55)

Voyage and operational options —150 (—140/-160) 25 (5/45)

Air lubrication —130 (-90/-150) 20 (10/25)
Propeller/propulsion upgrades —115 (=70/-155) 50 (45/60)

Other retrofit options =110 (=75/-135) 70 (40/100)

Hull coating and maintenance —105 (—65/-140) 40 (15/65)
Propeller maintenance =75 (-65/-120) 45 (25/65)
Auxiliary systems 80 (250/-90) 5 (2/10)

Speed reduction 110 (80/135) 100 (90/110)

Main engine improvements 175 (470/-120) 5(7/10)

A4.7 The MACC above has been derived for a bunker fuel price of US$500/tonne.
Figure A4-2 illustrates, for the central estimate, the impact of a change in fuel price on the
MACC. The maximum abatement potential does not change with the price of bunker fuel,
whereas the cost efficiency of the measures improves. This means that every level of CO,
abatement can be reached at lower costs, and also that the maximum abatement potential of those
measures with a non-positive cost efficiency does increase. Note that, for a fuel price of
US$1,500/tonne, the cost efficiency of all of the measures that were taken into account
is negative.

Marginal CO2 Abatement Cost Curves, 2020, Central Estiamte,
Alternative Fuel Prices
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Figure A4-2 — Marginal CO; abatement cost curve for alternative fuel prices, central
estimate only

Note that, since the measures are sorted by their cost efficiency, the order of the measures differs for the
different estimates.
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A4.8 The MACC as shown in figure A4-1 has been derived for an interest rate of 4%.
Figure A4-3 illustrates how the MACC would change if a higher interest rate, in this case 16%,
was applied. A higher interest rate leads to a rise of the measures’ annuities” and thus to an
aggravation of the cost efficiency. The MACC therefore moves upwards.

Marginal CO2 Abatement Cost Curves, 2020, Fuel Price 500$/ton,
Alternative Interest Rates
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Figure A4-3 — Marginal CO; abatement cost curves for a fuel price of US$500/tonne and
alternative interest rates, central estimate only

Cost efficiency and maximum abatement potential
Methodology and general assumptions

A4.9 The cost efficiency of an abatement measure is defined as its net costs for reducing a unit
of CO, emissions in a certain year. The net costs are the costs due to the application of the
measure minus the savings of fuel expenditure that are achieved by implementing it. Note that,
when there is no regulation of CO, at all, a measure is, according to this definition, only
profitable when its cost efficiency is negative.

A4.10 For the calculation of the cost efficiency, we allow for a low and a high reduction
potential of a measure. As will be outlined below, the uncertainty about the costs of the measures
is relatively high. That is why we also work with a high and a low cost estimate, leading, together
with the two reduction scenarios, to four different cost efficiency numbers per measure.
The low and the high cost estimate are thereby the same for the two reduction scenarios.

As will be outlined below, the non-recurring costs of an abatement measure are considered as annuities when
calculating the cost efficiency of a measure.

In paragraphs A4.18 to A4.69, the cost efficiency and the abatement potential of the individual measures are
presented for the four cases: low reduction potential and low cost estimate, low reduction potential and high cost
estimate, high reduction potential and low cost estimate, and high reduction potential and high cost estimate.
These numbers were the basis for the estimation of the cost efficiency and the abatement potential for
the 10 measure groups that are given in the MACC. Here, however, only three different estimations are given
per group: low bound, high bound and central estimation.
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A4.11 As to the costs of an abatement measure, we differentiate between non-recurring costs
and annual recurring costs. The non-recurring costs are translated into annual costs by calculating
an annuity. The number of years over which the investment is thereby spread depends on the
expected lifetime of a measure. In the following table, an overview is given of the expected
lifetime and the related assumption that is being made with respect to the years over which the
investment is spread.

Table A4-2 — Number of years over which non-recurring costs are spread, depending on
the expected lifetime of a measure

Expected lifetime of measure Investment/non-recurring costs are spread over... years
<10 years actual expected lifetime

11-30 years 10 years

> 30 years 30 years

A4.12 For a measure with an expected lifetime of 10 years or less, the spread is carried out over
the actual expected lifetime. For those measures whose expected lifetime is between 10
and 30 years, the investment is spread over 10 years, thus implicitly assuming a reinvestment
after 10 years.” For those measures whose expected lifetime is 30 years or more, the investment
is spread over 30 years.

A4.13 The interest rate that enters the calculation of the annuity is allowed to vary in the model.

A4.14 The data for bunker fuel consumption are taken from the IMO fleet prediction for 2020°.
Just as for the interest rate, the price of bunker fuel is allowed to vary in the model. We do not
differentiate between prices for different qualities of fuel.

A4.15 The maximum abatement potential of a measure is the maximum level of abatement that
can be achieved by a measure in a certain year, i.e. the abatement level when all the vessels to
which a measure can be applied actually make use of it. In order to calculate the maximum
abatement potential of a measure, we thus need to know the ship types that are able to make use
of a measure and also the number of vessels that can apply a measure in a certain year. For the
latter, it is crucial to differentiate between retrofit and non-retrofit measures. Non-retrofit
measures can only be applied to newly built ships. We therefore have to determine the number
of new ships that enter the market between the year of introduction of the measure onto the
market and the year under consideration. From the IMO fleet inventory we know the total
number of ships that are in place per ship class in 2007. The IMO prediction provides us with
this information for 2020. However, we neither dispose of information on the age structure of
the fleet in the two years, nor do we have information on the fleet in the period 2008-2020.
In order to fill this gap, we make the following four assumptions:

1 In 2007, no new ships enter the market;
2 The total number of ships per ship class rises/decreases linearly in the period
between 2007 and 2020;

The reinvestment only takes place if the lifetime of the vessel allows for a spread of the investment over the
following 10 years (see also the section on the maximum abatement potential).

More specifically, we employ the A1B scenario of the IMO 2020 prediction, with the demand level being
medium and both the speed reduction and the transport efficiency level being low.
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3 A vessel always reaches an age of 30 years/is no longer used when turning 31; and

4 In 2007, ships are uniformly distributed as to the age, i.e. 1/30 of the ships in 2007
are one year old, 1/30 of the ships in 2007 are two years old, etc .

Given these assumptions, the number of new ships that enter the market in a year is equal to the
difference between the total number of ships in that very year and the total number of ships in the
previous year minus one thirtieth of the total number of ships in 2007.

A4.16 Deriving size and age structure of the fleet for the different years also allows us to
determine the number of ships that can adopt a retrofit measure. Since it is implausible that a
retrofit measure is applied to a very old vessel, we additionally assume that, depending on the
expected lifetime of a measure, certain vintages of vessel are not retrofitted with
emissions-saving equipment. More specifically, a retrofit measure is assumed to be applied only
to those ships whose remaining lifetime allows the investment to be fully spread over the years
that are underlying the annuity calculation (see above). As an example: When a measure has an
expected lifetime of five years, its non-recurring costs are spread over five years. In the year of
introduction of a measure onto the market, the last four vintages of a ship class will then not
apply that retrofit measure.

A4.17 Note that possible shortages on the supply side of the measure or irrational behaviour on
the demand side for the measure are not taken into account when the maximum abatement
potential is being calculated.

Results and measure-specific assumptions

A4.18 In the following we will present the cost efficiency and the maximum abatement potential
of the individual CO, abatement measures that have been taken into account for the MACC.
Per measure, we will give information on the applicability of the measure, the application so far,
and on the costs and reduction potentials that are underlying the results. The results will be given
on a sector level, i.e. aggregated over all ship types. It should be borne in mind that measures
that turn out to be unprofitable on the sector level may nevertheless be profitable for a certain

ship type.

A4.19 The results presented below are given for a social interest rate. The average return on
10-year State bonds in the United States and Europe fluctuated during the past five years
between 3% and 5%. That is why we decided to work with an interest rate of 4%. The bunker
fuel price is assumed to be US$500/tonne.

A4.20 The ship types we have taken into account are as listed in table A1-8 of appendix 1
(Estimate of 2007 fuel consumption by international shipping). However, fishing vessels, vessels
for offshore purposes, service vessels (for example, research vessels) and yachts were not
accounted for.

The only ship type where the number of ships does decline more than (13/30) in the period between 2007
and 2020 are chemical tankers with a deadweight ton up to 4,999. Here we assume that no new ships enter the
market between 2007 and 2020.
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A4.21 According to the IMO study (2008), the total CO, emissions of the vessels taken into
account will be about 1,250 Mt in 2020.

A4.22 In order to set up the marginal abatement cost curve, we grouped the 25 different
measures as shown above. The groups were chosen such that measures from different groups do
not exclude each other and that measures from the same group exclude each other or are most
likely not used together. As indicated in the list below, only two of the measures analysed can be
applied to new ships only. All of the other measures can be retrofitted.

1 Propeller maintenance

- Propeller performance monitoring

- Propeller brushing (increased frequency)

Propeller brushing
2 Propeller/propulsion system upgrades
- Propeller/rudder upgrade
- Propeller upgrade (winglet, nozzle)
- Propeller boss cap fins
3 Hull coating and maintenance
- Hull performance monitoring
- Hull coating (two types)
- Hull brushing
- Hull hydroblasting (underwater)
- Dry-dock full blast (as opposed to spot blast)
4 Voyage and operations options
- Shaft power meter (performance monitoring)
- Fuel consumption meter (performance monitoring)
- Weather routeing

- Autopilot upgrade/adjustment
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5 Main engine retrofit
- Main engine tuning
- Common rail upgrade
.6 Retrofit hull improvements
- Transverse thruster opening (flow optimization, grids)
i Auxiliary systems
- Low-energy/low-heat lighting
- Speed control pumps and fans
- Power management (new ships only)
8 Other retrofit options: towing kite
9 Speed reduction
.10 Air lubrication (new ships only)
For every measure, we will present in the following the crucial assumptions and the resulting cost
efficiency as well as the maximum abatement potential. The measures are presented in the
following order: we will first present the last three groups (i.e. Other retrofit options: towing kite,
Speed reduction and Air lubrication) and the hull coatings in more detail and will then present the

other measures briefly in the order of the grouping above.

A4.23 Here, beforehand, is an overview of the assumptions that have been made as to which
ship type the individual measures can be applied.
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Table A4-3 — Applicability of the individual abatement measures to the different ship types

as assumed in the analysis

Applicability of measures as assumed in the study

Propeller maintenance

Propeller performance monitoring All ship types.
Propeller brushing (increased frequency) All ship types.
Propeller brushing All ship types.

Propeller/propulsion system upgrades

Propeller/rudder upgrade

All ship types other than ferries and cruise ships.

Propeller upgrade (winglet, nozzle)

Tankers (crude oil, product, chemical, LPG, LNG, and
other) only.

Propeller boss cap fins All ship types.
Hull coating and maintenance

Hull performance monitoring All ship types.
Hull coating (two types) All ship types.
Hull brushing All ship types.
Hull hydroblasting (underwater) All ship types.

Dry-dock full blast (as opposed to spot
blast)

All ship types; assumed to be applied to old ships only.

Voyage and operations options

Shaft power meter (performance | All ship types.

monitoring)

Fuel consumption meter (performance | All ship types.

monitoring)

Weather routeing

Autopilot upgrade/adjustment All ship types.

Main engine retrofit All ship types other than ferries and cruise ships.
Main engine tuning All ship types other than ferries and cruise ships.
Common rail upgrade All ship types.

Retrofit hull improvements

Transverse  thruster  opening  (flow | All ship types.

optimization, grids)

Auxiliary systems

Low-energy/low-heat lighting

Ferries and cruise ships only.

Speed control pumps and fans

All ship types.

Power management

Newly built ships only; all ship types.

Other retrofit options

Towing kite

Bulk carriers, tankers (crude oil, product, chemical,
LPG, LNG, and other)

Speed reduction

10% speed reduction of the entire fleet

All ship types.

Air lubrication

Air lubrication

Newly built ships only; crude oil tankers and bulk
carriers > 60,000 dwt, LPG tankers > 50,000 m’, all
LNG tankers, full container vessels > 2000 TEU
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Other retrofit options: towing kite

A4.24 A towing kite makes use of wind energy to substitute power of the engine. The system
can be retrofitted. It can be used on vessels with a minimum length of 30 m and works best on
ships with an average speed no higher than 16 knots. Due to this speed restriction, only tankers
(crude oil, product, chemical, LPG, LNG, other) and bulk carriers are being considered as
potential users (see Corbett et al. (2006) for the average speed per vessel type).

A4.25 Until now (December 2008), kites that have an area of up to 640 m” for cargo vessels,
fishing trawlers and yachts are available and kite systems have been installed on three vessels:
a testing ship and two commercial ships, both multipurpose cargo vessels. One of the commercial
ships is a newly built vessel, the other was retrofitted. Both vessels are equipped with a 160 m*
kite. Kites up to an area of 5000 m” are planned. For the calculation of the cost efficiency and
the maximum abatement potential of a towing kite, we assume that, in 2020, kites up to 5000 m?
are available in the market. In table A4-4, our allocation of the different kite sizes to the ship
types is given.

Table A4-4 —Surface areas of kites assumed to be applied in 2020 to the different ship types

. Kites applied in 2020
Ship type (m?)
Crude oil tanker 200,000+ dwt 5000
Crude oil tanker 120,000-199,999 dwt 2500
Crude oil tanker 80,000-119,999 dwt 1280
Crude oil tanker 60,000-79,999 dwt 1280
Crude oil tanker 10,000-59,999 dwt 640
Crude oil tanker 0-9999 dwt 160
Product tanker 60,000+ dwt 1280
Product tanker 20,000-59,999 dwt 640
Product tanker 10,000-19,999 dwt 320
Product tanker 5000-9999 dwt 320
Product tanker 0-4999 dwt 160
Chemical tanker 20,000+ dwt 1280
Chemical tanker 10,000-19,999 dwt 320
Chemical tanker 5000-9999 dwt 320
Chemical tanker 0-4999 dwt 160
LPG tanker 50,000+ m’ 640
LPG tanker 0-49,999 m’ 320
LNG tanker 200,000+ m’ 1280
LNG tanker 0-199,999 m’ 640
Other tanker Other (small) 160
Bulk carrier 200,000+ dwt 2500
Bulk carrier 100,000-199,999 dwt 2500
Bulk carrier 60,000-99,999 dwt 1280
Bulk carrier 35,000-59,999 dwt 640
Bulk carrier 10,000-34,999 dwt 640
Bulk carrier 0-9999 dwt 160
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A4.26 1t is difficult to determine the the potential reduction of fuel useage (and hence of CO,
emitted) of a towing kite, since the potential does not only depend on the area of a kite applied,
but also on the route a vessel takes and the respective weather conditions. In table A4-5, the
engine equivalent powers we used for the different kite sizes are given. These numbers hold
under standard conditions.”

Table A4-5 — Approximate engine equivalent power used for the different Kites

Kite area Engine equivalent power

(m?) under standard conditions (kW)
160 600

320 1200

640 2500

1280 4900

2500 9600

5000 19 200

A4.27 The cost data that were used in our calculations are given in table A4-6. The purchase
price varies with the kite system that is used. Installation and operational costs are taken to be a
certain share of the purchase price. For simplicity, we use the same percentage for installation
costs of retrofit and non-retrofit systems.

Table A4-6 — Approximate estimates of cost entries for a towing Kite as used in the analysis

Kite area (mz)
320 640 1280 2500 5000

Purchase price (USS$ thousand) 480 920 1755 2590 3430
. Assumed % of purchase price 7.5% 7.5% 7.5% 7.5% 7.5%
Installation Resultine installati ¢
esulting installation costs
t
costs (US$ thousand) 26 50 96 142 188
. 11- 13—
V) __ 70, QO __ 0
Operational Assumed % of purchase price 5-7% 7-9% | 9-11% 13% 15%
costs per Resulting operational Low 25 65 160 285 445
annum costs per annum .
(US$ thousand) High 35 85 195 335 515

A4.28 Note that the cost data are such that possible reinvestments during the lifetime of a vessel,
i.e. 30 years, are included. The resulting approximate cost efficiency and maximum abatement
potential are given in table A4-7. The low (high) reduction potential scenario thereby
corresponds to the case that the kite can be used 1/3 (2/3) of the days at sea.

Table A4-7 — Approximate cost efficiency and maximum abatement potential of towing
kites (price of bunker fuel US$500/tonne, interest rate 4%)

Maximum
abatement potential

% of total
emissions

Cost efficiency (US$/tonne of CO,)

Low cost estimate | High cost estimate | in Mt

Low reduction potential -85 =75 37.1 3.0%
High reduction potential —135 —130 | 100.9 8.0%

2020

The standard conditions are defined as follows: the vessel cruises at a speed of 10 knots at a true wind course
of 130°, the wind speed is 25 knots, waves are up to 60 cm high and the kite is manoeuvred dynamically.
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Speed reduction

A4.29 Emissions from a vessel are roughly related to the square of the vessel’s speed. A speed
reduction of, for example, 10% can thus lead to a reduction of emissions of 19% on a
tonne-kilometre basis. Since a reduction of speed affects the amount of freight that can be
transported by a vessel over a particular time period, an operator has to make use of additional
capacity in order to avoid losses (AEA, 2008). In our analysis we assume that the extra capacity
is provided by new vessels. In other words, the basic assumption is that, in the initial situation,
the market is in an equilibrium, with no overcapacity, and that reduction of ship’s speed will not
result in higher load factors. Another crucial assumption in the analysis is that all of the vessels in
the market reduce their speed by the same percentage and also that the number of new vessels
that consequently have to be purchased is determined as if the global fleet was in the possession
of a single owner. The fraction of ships that need to be purchased is determined as given in this

formula: ! —1; halving the speed would require doubling the fleet.

(1 — speed reduction in %)

A4.30 The non-recurring costs of the measure “speed reduction” are the costs for purchasing the
extra vessels. The recurring costs are the annual operational costs of the extra vessels, including
the fuel consumption at the lower speed. The emission reduction of the “original” fleet has to be
offset against the extra emissions of the additional vessels.

A4.31 The prices for the newly built vessels are deduced from UNCTAD (2008). Since the
prices for newly built vessels tend to be very volatile, with 2007 being a year with above average

prices when looking at the past 10 years, we applied a correction factor of 0.7 to the data
for 2007.

A4.32 We assessed the operational costs, excluding the fuel costs, for every ship type to be
between US$6,000 and US$8,000 per day. Four ship types were not taken into account. Cruise
vessels and ferries were excluded, because they have to stick to a route/time scheme. Ro-ro and
vehicle carriers were also not accounted for, since UNCTAD (2008) gives no indication for the
prices of newly built vessels of these types. In table A4-8 the results for a speed reduction
of 10% are given.

Table A4-8 — Approximate cost efficiency and maximum abatement potential for a speed
reduction by 10% of all vessels (price of bunker fuel is US$500/tonne, interest
rate 4%)

Maximum
abatement potential

% of total
emissions

Cost efficiency (US$/tonne of CO,)

Low cost estimate | High cost estimate | in Mt

10% speed reduction of

2020 the entire fleet

80 135 98.7 7.9%

A4.33 It has to be pointed out that the figures have to be considered as a conservative
estimation, since a speed reduction in this analysis is always assumed to be corrected for by the
purchase of new ships. Usage of possible overcapacity would make the measure certainly more
cost-effective.
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A4.34 1t also has to be emphasized that the estimates that are presented in table A4-8 are fleet
average figures. They show the abatement potential and the cost efficiency of a fleet-wide speed
reduction of 10%. While, for some ship types, such a speed reduction would be cost-effective, for
others it is not. In general, faster ships and larger ships demonstrate a better cost efficiency than
smaller and slower ships.

Air lubrication

A4.35 The frictional resistance of a vessel’s hull can be reduced by a so-called “air-cavity
system” (ACS). The ACS is a non-retrofit measure whose lifetime is assumed to be 30 years.
Tankers, bulk carriers and container vessels may make use of the system. Since the length of
a vessel should be minimal 225 metres (LOA), we decided to consider the following vessels as
potential users:

.1 Crude oil tanker and bulk carriers > 60,000 dwt;
2 LPG tankers with 50,000 m’ capacity and more;
3 All LNG tankers; and

4 Full container vessels > 2000 TEU.

Recently, the first sea-trial with a test ship and operational tests in open water have been
conducted. The technology was commercially available at the end of 2008.

A4.36 As to the potential reduction in fuel consumption and CO, emissions, the producer gives
the following ranges: 10-15% for tanker and bulkers and 5-9% for container vessels. We used in
our analysis half of this lower bound as the low reduction potential and the high reduction
potential as given by the producer.

A4.37 Operational costs of an ACS translate into 0.3 to 0.5 tonnes of fuel per day, depending on
sea conditions. Note that researchers from the Stichting FOM and the University of Twente
pointed out that the potential fuel savings of a system like the air-cavity system depend highly on
the smoothness of the hull. Good maintenance is thus required to actually realize the projected
fuel savings. The operational costs for maintenance may therefore rise due to the application of
an ACS. These extra costs are here not taken into account.

A4.38 The incremental non-recurring costs are expected to be 2-3% of the price of a
conventional newly built vessel (without ACS).

A4.39 Again, we deduced the prices for newbuilts from UNCTAD (2008), applying a correction
factor of 0.7. In table A4-9 you find an overview of the prices that were used in this analysis.

[A\MEPC\S9\INF-10.doc



MEPC 59/INF.10
ANNEX
Page 275

Table A4-9 — Prices for newly built vessels, deduced from UNCTAD (2008)

Deduced prices for newly
built vessels in 2007
($US millions)
Crude oil tanker 200,000+ dwt 87
Crude oil tanker 120,000-199,999 dwt 59
Crude oil tanker 80,000-119,999 dwt 47
Crude oil tanker 60,000-79,999 dwt 41
LPG tanker 50,000+ m’ 63
LNG tanker 200,000+ m® 168
LNG tanker 0-199,999 m’ 105
Bulk carrier 200,000+ dwt 149
Bulk carrier 100,000-199,999 dwt 60
Bulk carrier 60,000-99,999 dwt 37
Container vessel 8000+ TEU 120
Container vessel 5000-7999 TEU 104
Container vessel 30004999 TEU 91
Container vessel 2000-2999 TEU 46

A4.40 Taking the information together, the resulting cost efficiency and the maximum
abatement potential of an air-cavity system are as given in table A4-10.

Table A4-10 — Approximate cost efficiency and maximum abatement potential of an
air-cavity system (price of bunker fuel is US$500/tonne, interest rate 4%)

Maximum abatement

Cost efficiency (US $/tonne of CO,) potential

o
Low cost estimate | High cost estimate | in Mt Vo (.)f t.otal
emissions
2020 Low reduction potential —115 -90 7.5 0.9%
High reduction potential -150 —140 24.4 1.9%

Antifouling hull coatings

A4.41 By reducing the frictional resistance of a hull, consumption of bunker fuel and thus
emissionsof CO; can be reduced. One way of reducing the frictional resistance is to enhance the
smoothness of a hull by means of coatings that prevent/reduce fouling.

A4.42 We tried to estimate the cost efficiency and the maximum abatement potential of two
different coatings, which we will call, in the following, “coating 1” and “coating 2”. We
therefore had to make an estimation of the extra costs that have to be incurred and the extra
benefits that can be reaped by using these coatings in comparison to regular TBT-free coatings.
In the following we will briefly describe the estimation methods that were applied and the
respective outcomes. We will finally present the emanating cost efficiency and the maximum
abatement potential. Note that the results have to be considered not as a precise calculation but
rather as a rough estimation, due to the lack of data.

A4.43 The starting point of the estimation of the incremental costs of the coatings, in
comparison to regular TBT-free coating, is the cost data given for a Panamax bulker. These costs
can be estimated to lie in a range of US$43,000 to US$51,600 for coating 1 and in a range of
US$221,000 to US$265,200 for coating 2.

[A\MEPC\S9\INF-10.doc



MEPC 59/INF.10
ANNEX
Page 276

A4.44 We assume that the incremental costs vary between the different ship categories, since
these differ in the size of the hull surface to be treated. To make an estimation of the incremental
costs that have to be incurred by the different ship categories, we applied a cost factor to the costs
given for the Panamax bulker, based on the gross tonnage of the different ship categories. This

2/3
(Gross Tonnage,,, , )

cost factor is thus making the simplifying assumption that the

2/3 2
(GrOSS Tonnage Panamax bulker )

hull surface to be painted is proportional to the */3-power of the gross tonnage of the ship and that
the incremental costs vary linearly with this estimated surface. The resulting ranges of
incremental costs for the different ship categories are given in table A4-11.

A4.45 For the calculation of the cost efficiency, we assumed that the estimated costs have to be
borne every five years to be able to gain the fuel/emission benefit as specified below.
For simplicity, we use one cost figure for retrofitting and non-retrofitting of the coating.

Table A4-11 — Estimated approximate incremental costs (US$) for two different hull
coatings in comparison to regular TBT-free coating

Coating 1 Coating 2
Low cost | High cost | Low cost | High cost
estimate | estimate estimate estimate
200,000+ dwt 115,000 140,000 | 600,000 | 720,000
120,000-199,999 dwt 75,000 85,000 380,000 | 455,000
Crude oil tanker 80,000-119,999 dwt 55,000 65,000 275,000 | 330,000
60,000-79,999 dwt 40,000 50,000 220,000 | 260,000
10,000-59,999 dwt 25,000 30,000 135,000 165,000
0-9999 dwt 7,500 8,500 35,000 45,000
60,000+ dwt 50,000 60,000 250,000 | 300,000
20,000-59,999 dwt 35,000 40,000 170,000 | 205,000
Product tanker 10,000-19,999 dwt 20,000 25,000 115,000 135,000
5000-9999 dwt 20,000 20,000 95,000 110,000
0-4999 dwt 15,000 20,000 80,000 95,000
20,000+ dwt 35,000 40,000 170,000 | 205,000
Chemical tanker 10,00-19,999 dwt 20,000 25,000 115,000 135,000
5000-9999 dwt 20,000 20,000 95,000 110,000
0-4999 dwt 15,000 20,000 80,000 95,000
LPG tanker 50,000+ cbm 45,000 55,000 235,000 | 285,000
0-49,999 cbm 10,000 10,000 55,000 65,000
LNG tanker 200,000+ cbm 80,000 95,000 420,000 | 505,000
0—-199,999 cbm 60,000 70,000 305,000 | 365,000
Other tanker Other 10,000 15,000 60,000 70,000
200,000+ dwt 85,000 100,000 | 435,000 | 520,000
100,000-199,999 dwt 70,000 85,000 360,000 | 430,000
Bulk carrier 60,000-99,999 dwt 50,000 55,000 250,000 | 295,000
35,000-59,999 dwt 35,000 45,000 185,000 | 225,000
10,000-34,999 dwt 25,000 30,000 135,000 160,000
0-9999 dwt 15,000 20,000 85,000 105,000
10,000+ dwt 25,000 30,000 130,000 155,000
General cargo 5000-9999 dwt 9,500 10,000 50,000 60,000
0-4999 dwt 4,500 5,500 25,000 30,000
10,000+ dwt, 100+ TEU | 25,000 30,000 135,000 165,000
General cargo 1%08_9999 dwt, 100% 119000 | 10,000 | 50,000 | 60,000
0-4999 dwt, 100+ TEU | 5,000 6,000 25,000 30,000
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Coating 1 Coating 2
.| Reefer 10,000 ] 15,000 | 55,000 ] 65,000
Other dry bulk carrier =g o7 10,000 | 15000 | 65,000 | 75,000
8,000+ TEU 85,000 | 105,000 | 445,000 | 535,000
5000-7999 TEU 60,000 | 75,000 | 315,000 | 375,000
Unitized container 3000-4999 TEU 45,000 | 50,000 | 225,000 | 275,000
vessel 2000-2999 TEU 30,000 | 40,000 | 165,000 | 200,000
1000-1999 TEU 25,000 | 25,000 | 120,000 | 140,000
0-999 TEU 10,000 | 15,000 | 55,000 | 70,000
Unitized vehicle carrier. |- 2000 ceu 50,000 | 60,000 | 270,000 | 320,000
0-3999 ceu 25,000 | 30,000 | 130,000 | 155,000
Ro-ro vessel 2000+ Im 50,000 | 60,000 | 255,000 | 305,000
0-1999 Im 15,000 | 20,000 | 80,000 | 95,000
Pax only, 25kn+ 45,000 | 55,000 | 235,000 | 280,000
Ferry Pax only, <25kn 10,000 | 10,000 | 50,000 | 60,000
RoPax, 25kn+ 35,000 | 40,000 | 175,000 | 210,000
RoPax, <25kn 15,000 | 20,000 | 85,000 | 100,000
100,000+ gt 115,000 | 135,000 | 580,000 | 695,000
60,000-99,999 gt 70,000 | 85,000 | 360,000 | 435,000
Cruise ship 10,000-59,999 gt 40,000 | 50,000 | 210,000 | 250,000
2000-9999 gt 10,000 | 15,000 | 65,000 | 75,000
0-1999 gt 4000 | 4,500 20,000 | 25,000

ANNEX
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A4.46 The starting point of the estimation of the incremental benefits, in comparison to regular
TBT-free coating, is again the data given for a Panamax bulker. These incremental fuel/CO,
savings can be estimated to lie in a range of 0.5-2% for coating 1 and in a range of 1-5% for

coating 2.

A4.47 We assume that these benefits differ between the different ship types. To make the
distinction of the different fuel savings per ship type, we make use of the fuel savings that are
guaranteed by one manufacturer in the initial period for one of its coatings. Assigning the
difference between the ship types given there to the range of fuel saving given for the Panamax
bulker, we come to the ranges of incremental fuel savings as given in table A4-12.

Table A4-12 — Approximate incremental fuel reduction potential per ship type

Coating 1 Coating 2
Low estimate | High estimate | Low estimate | High estimate

(%) (%) (%) (%)
Crude oil tanker 0.7 2.9 1.5 7.3
Product tanker 0.6 2.4 1.2 6.1
Chemical tanker 0.6 2.4 1.2 6.1
LPG tanker 04 1.7 0.9 43
LNG tanker 0.4 1.7 0.9 4.3
Other tanker 04 1.6 0.8 4.1
Bulk carrier 0.5 2.0 1.0 5.0
General cargo 0.5 2.0 1.0 5.0
Other dry bulk carrier 0.4 1.6 0.8 4.1
Unitized container vessel 0.6 2.2 1.1 5.5
Unitized vehicle carrier 0.4 1.6 0.8 4.1
RoRo vessel 04 1.6 0.8 4.1
Ferry 0.4 1.6 0.8 4.1
Cruise ship 0.4 1.6 0.8 4.1
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A4.48 As to the applicability, we assume that both kinds of coating can be used by every ship
type. Retrofitting is assumed to be possible.

A4.49 Given the data, and the simplifying assumptions that are specified above, the cost
efficiency and the maximum abatement potential of the two different types of coatings turn out to
be as given in tables A4-13 and A4-14.

Table A4-13 — Approximate cost efficiency and maximum abatement potential of hull
coating 1 (price of bunker fuel is US$500/tonne, interest rate 4%)

Cost efficiency (US$/tonne of Maximum
CO») abatement
? potential
Low cost High cost in % of total
estimate estimate Mt emissions
L(‘)’tvevnrt‘;:l“““’“ ~115 ~105 6.6| 0.50%
2020 I}’I. e
igh reduction ~150 ~150 261  2.10%
potential

Table A4-14 — Approximate cost efficiency and maximum abatement potential of hull
coating 2 (price of bunker fuel is US$500/tonne, interest rate 4%)

Cost efficiency (US$/tonne of CO,) Maximum al?atement
potential
o
Low cost estimate | High cost estimate | in Mt Vo (.)f t.Otal
emissions
2020 Low reduction potential =40 -15| 132 1.10%
High reduction potential —140 —-130 | 653 5.20%

A4.50 In the following we will briefly present the other measures, in the order of the grouping
mentioned above. For several measures, the cost data will not be given explicitly. The data for
these measures were taken from Wirtsild (2008). In this brochure, the reduction potential and
the payback time of different measures are specified. Assuming that the price of bunker fuel
underlying these data is US$300/tonne, and making use of the IMO fuel consumption data of the
fleet in 2007, we derived the corresponding costs of the measures for the different ship types.
Since the reduction potential and the payback time are not differentiated with respect to ship
types, whereas fuel consumption is, the costs for a measure differ per ship type. In table A4-15
you find these measures, the respective average reduction potentials and the payback times that
were used in our calculation. You find the lifetime/the frequency of the investment that were
assumed in the third column. As to the other measures, the data are, if not otherwise mentioned,
based on an expert assessment by the consortium.
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Table A4-15 — Approximate average reduction potential and payback time for cost
calculation of measures, taken from Wiirtsila (2008)

Measure ::;elc.?i%en Payback time | Lifetime/frequency of
po tl:,n tial (years) investment
Autopilot upgrade/adjustment 1.75% 0.5 10
Common rail upgrade 0.30% 5 10
Low-energy/low-heat lighting 0.45% 10 10
Main engine tuning 0.45% 10 10
Propeller brushing 3.50% 0.5 1
Propeller performance monitoring 2.25% 0.5 10
Propeller/rudder upgrade 4.00% 10 10
Propeller — upgrade  (winglet, 2.50% 10 10
nozzle)
Speed control pumps and fans 0.60% 10 10
Er(ig;:r management (newbuilts 225% 10 30
Transvers.e . t.hrustef opening 3.00% 05 10
(flow optimization, grids)

Propeller maintenance

Propeller performance monitoring

Table A4-16 — Approximate cost efficiency and maximum abatement potential for
propeller performance monitoring (price of bunker fuel is US$500/tonne,
interest rate is 4%)

Cost efficiency (US$/tonne of CO,)

Maximum
abatement potential

1 o
Low cost estimate ng.h cost in Mt Vo (.)f t'otal
estimate emissions
2020 Low reduction potential -135 -130 5.4 0.4%
High reduction potential -160 -160 42.5 3.4%

Increased frequency of propeller brushing

A4.51 Assumptions:

1 Low cost estimate: US$3000, high cost estimate: US$4500;

2 Costs data apply to 5-year period;

3 Costs are the same for every ship type;

4 Low reduction potential: 0.5%, high reduction potential: 3%; and

5 All vessel types can make use of the measure.
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Table A4-17 — Approximate cost efficiency and maximum abatement potential for an
increased frequency of propeller brushing (price of bunker fuel is
US$500/tonne, interest rate 4%)

. Maximum
Cost efficiency (US$/tonne of CO,) abatement potential
1 o
Low cost estimate ng.h cost in Mt Vo (.)f t.otal
estimate emissions
2020 Low reduction potential -160 —130 6.2 0.50%
High reduction potential -160 -160 36.7 2.90%
Propeller brushing

Table A4-18 — Approximate cost efficiency and maximum abatement potential for
propeller brushing (price of bunker fuel is US$500/tonne, interest rate 4%)

Maximum

Cost efficiency (US$/tonne of COy) abatement potential

o
Low cost estimate | High cost estimate | in Mt Vo (.)f t.otal
emissions
2020 Low reduction potential =75 —65 254 2.00%
High reduction potential -125 —-120 | 62.8 5.00%

Propeller/propulsion system upgrades

Propeller/rudder upgrade

Table A4-19 — Approximate cost efficiency and maximum abatement potential for
propeller/rudder upgrade (price of bunker fuel is US$500/tonne, interest

rate 4%)
Cost efficiency (US$/tonne of CO,) Maximum
¥ : abatement potential
o
Low cost estimate | High cost estimate | in Mt Vo (.)f t.otal
emissions
2020 Low reduction potential 90 120 19.7 1.60%
High reduction potential —80 =70 | 585 4.70%

Propeller upgrade (winglet, nozzle)

Table A4-20 — Approximate cost efficiency and maximum abatement potential for
propeller upgrade (various) (price of bunker fuel is US$500/tonne, interest

rate 4%)
Cost efficiency (US$/tonne of CO,) Maximum
y : abatement potential
o
Low cost estimate | High cost estimate | in Mt Vo (.)f Fotal
emissions
2020 Low reduction potential 530 600 1.3 0.10%
High reduction potential =90 —80 11.2 0.90%
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Propeller boss cap fin

A4.52 Assumptions:

1

Capital costs: US$20 000 for 735 kW engine to US$146 000 for 22 050 kW
engine (Frey and Kuo, 2007);

Linear relationship between kW of main engine and price;
No recurring costs;

Reduction potential: 4-5%;

Expected lifetime: 10 years; and

All vessels can make use of it.

Table A4-21 — Approximate cost efficiency and maximum abatement potential for a propeller

boss cap fin (price of bunker fuel is US$500/tonne, interest rate 4%)

Maximum abatement
potential

% of total
emissions

Cost efficiency (US$/tonne of CO,)

Low cost estimate | High cost estimate | in Mt

2020

Low reduction potential —155 -150 429 3.40%

High reduction potential —155 —-155 53.1 4.20%

Hull coating and maintenance

Hull performance monitoring

A4.53 Assumptions:

1

Non-recurring costs: US$45,000 (every 5 years);
Annual operating costs: US$5000;
Costs are the same for every ship type; and

Reduction potential: 0.5-5%.

Table A4-22 — Approximate cost efficiency and maximum abatement potential for hull

performance monitoring (price of bunker fuel is US$500/tonne, interest rate 4%)

Maximum
abatement potential

% of total
emissions

Cost efficiency (US$/tonne of CO,)

Low cost estimate | High cost estimate | in Mt

2020

Low reduction potential —45 —45 6.2 0.50%

High reduction potential -150 -150 61.2 4.90%
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Hull brushing
A4.54 Assumptions:
1 Low cost estimate: US$26,000; High cost estimate: US$39,000;

2 Brushing is being done every five years;

3 To differentiate costs between ship types, the same cost factor is being applied as
for the hull coating measures;

4 1-10% reduction potential;
5 Can be applied to all ship types.

Table A4-23 — Approximate cost efficiency and maximum abatement potential for hull
brushing (price of bunker fuel is US$500/tonne, interest rate 4%)

Maximum
abatement potential

% of total
emissions

Cost efficiency (US$/tonne of CO,)

Low cost estimate | High cost estimate | in Mt

Low reduction potential -95 —65 12.7 1.00%
High reduction potential —-155 —150 125.6 10.00%

2020

Underwater hull hydroblasting
A4.55 Assumptions:

Nl Low cost estimate: US$33,000; High cost estimate: US$49,500;
2 Brushing is being done every 5 years;

3 To differentiate costs between ship types, the same cost factor is being applied as
for the hull coating measures;

4 1-10% reduction potential; and

5 Can be applied to all ship types.

Table A4-24 — Approximate cost efficiency and maximum abatement potential for underwater
hydroblasting (price of bunker fuel is US$500/tonne, interest rate 4%)

Maximum
abatement potential

% of total
emissions

Cost efficiency (US$/tonne of CO,)

Low cost estimate | High cost estimate | in Mt

Low reduction potential —80 -35 12.7 1.00%
High reduction potential —-155 —150 125.6 10.00%

2020
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Dry-dock full blast instead of spot blast
A4.56 Assumptions:
Nl Low cost estimate: US$68,000; High cost estimate: US$81,600;
2 To differentiate costs between ship types, the same cost factor is being applied as

for the hull coating measures;
3 5-10% reduction potential; and

4 A full blast, instead of a spot blast, is applied once to old ships to restore their
condition (assumed to be vessels at the age of 25 years).

Table A4-25 — Approximate cost efficiency and maximum abatement potential for
dry-dock full blast (price of bunker fuel is US$500/tonne, interest rate 4%)

Maximum
abatement potential

% of total
emissions

Cost efficiency (US$/tonne of CO,)

Low cost estimate | High cost estimate | in Mt

Low reduction potential —155 -150 8.2 0.60%
High reduction potential -160 —160 16.1 1.30%

2020

Voyage and operations options
Performance monitoring: shaft power meter
A4.57 Assumptions:

1 Low cost estimate: US$26,000; High cost estimate: US$31,200 (purchase costs of
meter);

2 Costs are the same for every ship type;

3 Expected lifetime of a meter is 10 years;

4 0.5-2% reduction potential;

5 Benefit is due to optimization of ballast, load and trim; and

.6 Can be applied to all ship types.
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Table A4-26 — Approximate cost efficiency and maximum abatement potential for a shaft
power meter (price of bunker fuel is US$500/tonne, interest rate 4%)

Maximum
abatement potential

% of total
emissions

Cost efficiency (US$/tonne of CO,)

Low cost estimate | High cost estimate | in Mt

Low reduction potential 70 115 54 0.40%
High reduction potential —-105 —95 21.3 1.70%

2020

Performance monitoring: fuel consumption meter
A4.58 Assumptions:

1 Low cost estimate: US$46,000; High cost estimate: US$55,200 (purchase costs
for a meter);

2 Costs are the same for every ship type;

3 Expected lifetime of a meter is 10 years;

4 0.5-2% reduction potential;

.5 Benefit is due to optimization of ballast, load and trim; and
.6 Can be applied to all ship types.

Table A4-27 — Approximate cost efficiency and maximum abatement potential for a fuel
consumption meter (price of bunker fuel is US$500/tonne, interest rate 4%)

Maximum
abatement potential

% of total
emissions

Cost efficiency (US$/tonne of CO,)

Low cost estimate | High cost estimate | in Mt

Low reduction potential 245 330 5.4 0.40%
High reduction potential -60 —40 21.3 1.70%

2020

Weather routeing

A4.59 Assumptions:
1 Low cost estimate: US$800 p.a.; High cost estimate: US$1,600 p.a.;
2 0.1-4% reduction potential; and

3 Applied by ocean-going vessels that have route flexibility/not applied by ferries
and cruise ships.
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Table A4-28 — Approximate cost efficiency and maximum abatement potential for weather
routeing (price of bunker fuel is US$500/tonne, interest rate 4%)

Maximum
abatement potential

% of total
emissions

Cost efficiency (US$/tonne of CO,)

Low cost estimate | High cost estimate | in Mt

Low reduction potential -130 —100 1.2 0.10%
High reduction potential —165 —160 46 3.70%

2020

Autopilot upgrade/adjustment

Table A4-29 — Approximate cost efficiency and maximum abatement potential for
autopilot upgrade/adjustment (price of bunker fuel is US$500/tonne, interest

rate 4%)
Cost efficiency (US$/tonne of CO,) Maximum
y : abatement potential
o

Low cost estimate | High cost estimate | in Mt Vo (.)f t.otal
emissions

2020 Low reduction potential —140 —140 54 0.40%

High reduction potential -160 —160 31.9 2.50%

Main engine retrofit measures
Common rail upgrade

Table A4-30 — Approximate cost efficiency and maximum abatement potential for a common
rail upgrade (price of bunker fuel is US$500/tonne, interest rate 4%)

Maximum
abatement potential

% of total
emissions

Cost efficiency (US$/tonne of CO,)

Low cost estimate | High cost estimate | in Mt

Low reduction potential 25 45 1.1 0.10%
High reduction potential -125 -120 53 0.40%

2020

Main engine tuning

Table A4-31 — Approximate cost efficiency and maximum abatement potential for main
engine tuning (price of bunker fuel is US$500/tonne, interest rate 4%)

Maximum
abatement potential

% of total
emissions

Cost efficiency (US$/tonne of CO,)

Low cost estimate | High cost estimate | in Mt

Low reduction potential 405 470 1.0 0.10%
High reduction potential -90 -85 7.8 0.60%

2020
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Retrofit hull improvements
Transverse thruster opening (flow optimization, grids)

Table A4-32 — Approximate cost efficiency and maximum abatement potential for
transverse thruster openings (price of bunker fuel is US$500/tonne, interest
rate 4%)

Maximum

Cost efficiency (US$/tonne of CO,) abatement potential

V)
Low cost estimate | High cost estimate | in Mt o (.)f t.Otal
emissions
2020 Low reduction potential —145 —140 10.7 0.9%
High reduction potential -160 —160 53.1 4.2%

Auxiliary systems
Low-energy/low-heat lighting

Table A4-33 — Approximate cost efficiency and maximum abatement potential for low-
energy/low-heat lighting (price of bunker fuel is US$500/tonne, interest rate 4%)

Maximum

Cost efficiency (US$/tonne of CO,) abatement potential

0,
LOV.V cost High cost estimate | in Mt o (.)f t.Otal
estimate emissions
2020 Low reduction potential 385 440 | 0.1 0.0%
High reduction potential =95 -85 | 0.6 0.0%

Speed control pumps and fans

Table A4-34 — Approximate cost efficiency and maximum abatement potential for speed
control pumps and fans (price of bunker fuel is US$500/tonne, interest rate 4%)

Maximum

Cost efficiency (US$/tonne of CO,) abatement potential

o
Low cost estimate | High cost estimate | in Mt Vo (.)f t.otal
emissions
2020 Low reduction potential 210 250 2.1 0.2%
High reduction potential -90 —80 10.6 0.8%

Power management

Table A4-35 — Approximate cost efficiency and maximum abatement potential for power
management (price of bunker fuel is US$500 /tonne, interest rate 4%)

Maximum

Cost efficiency (US $/tonne CO,) abatement potential

V)
Low cost estimate | High cost estimate | in Mt o (.)f t.Otal
emissions
2020 Low reduction potential 100 130 0.1 0.0%
High reduction potential -130 -125 0.7 0.1%

[A\MEPC\S9\INF-10.doc



MEPC 59/INF.10

ANNEX
Page 287
References
1 AEA (2008), Greenhouse gas emissions from shipping: trends, projections and abatement potential, Final
report.
2 Corbett, J.J., Wang, C. and Firestone, J. (2006), Estimation, Validation, and Forecasts of Regional
Commercial Vessel Inventories, Tasks 1 and 2: Baseline Inventory and Ports Comparison, Final Report.
3 De Nederlandsche Bank, Rendement 10-jaars staatsleningen eurogebied, VS en Japan,
http://www.statistics.dnb.nl/index.cgi?lang=nl&todo=Rentes, (Accessed: 15 December 2008).
4 Frey, H.C. and Kuo, P.-Y. (2007) Best practices guidebook for greenhouse gas reductions in freight
transportation. Report prepared for U.S. Department of Transportation.
5 IMO (2008), Updated Study on Greenhouse Gas Emissions from Ships, Phase 1 Report,
1** September 2008.
6 UNCTAD (2008), Review of Maritime Transport.
7 Wirtsild (2008), Boosting energy efficiency, Energy efficiency catalogue.

[A\MEPC\S9\INF-10.doc



