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Abstract

Shipping is the world’s largest mode of transportation, considering mass moved a distance: it is the
most effective way to carry large volumes far. In order for the shipping industry to keep its posi-
tion and develop even further, efforts are made to increase efficiency and reduce the environmental
footprint from the industry. More efficient ships, reduced fuel consumption, use of alternative fuels
and exhaust gas treatment are some of the choices to reduce shipping’s environmental footprint
and achieve the sustainability goal established by EU and enforced by the International Maritime
Organization.

Throughout the thesis, en evaluation of 18 energy efficiency measures and 4 alternative fuels is
performed. Energy efficiency measures reduce a ship’s fuel consumption and alternative fuels sub-
stitutes fossil fuels with higher content of environmentally harmful content. The measures and
fuels, covered in the study, are evaluated for nine representative container ships’. Data from year
2016 are used for the nine container ships. The current procedure followed for new investments is
analyzed for all measures and fuels for each ship, focused on the financial study of each measure
and fuel. The results are then included in a risk and benefit analysis that introduces external
aspects, not included in the traditional financial evaluation, that include: those that influence the
ship and the ship’s environment and those affected by the ship’s operations.

The main goal is to evaluate the possibilities to reduce emissions by considering these aspects and
involve more stakeholders in the investment of measures and fuels for shipping to keep its position
as the most efficient mode of transportation.

Keywords
Alternative fuel, benefit analysis, capital expenses, operational expenses, carbon dioxide emission,
CO2 emission, container ship, energy efficiency, environment, payback period, risk analysis, sus-
tainability

1



Table of Content

1 Introduction 6
1.1 What does shipping have to with population growth and GDP? . . . . . . . . . . . 6
1.2 Untapped potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3 Barriers and trailblazers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 Aims and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.5 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Background 10
2.1 This is how we consume oil products . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2 World fleet, ship fuel and emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.1 The world’s merchant fleet . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.2 Fuel for dinosaurs - Yesterday’s ship fuel . . . . . . . . . . . . . . . . . . . . 12
2.2.3 Bad breadth - Emissions from shipping . . . . . . . . . . . . . . . . . . . . 12

2.3 Regulations and Legislations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3.1 International Maritime Organization, IMO . . . . . . . . . . . . . . . . . . 14
2.3.2 Automatic Identification System Data . . . . . . . . . . . . . . . . . . . . . 18
2.3.3 Energy Efficiency Design Index and Ship Energy Efficiency Management Plan 18

3 Analysis 20
3.1 Vessel Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.1.1 Vessel Segment Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.1.2 Container Ship Subsegment Selection . . . . . . . . . . . . . . . . . . . . . 23

3.2 Representative Container Ships . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2.1 Main Particulars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2.2 Operational Profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.3 Energy Efficiency Measures and Alternative Fuels . . . . . . . . . . . . . . . . . . . 33
3.3.1 Energy Efficiency Measures . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.3.2 Fuel Savings for Energy Efficiency Measures . . . . . . . . . . . . . . . . . 39
3.3.3 Payback Period, PBP, Energy Efficiency Measures . . . . . . . . . . . . . . 41
3.3.4 Alternative Fuels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.3.5 Payback Period, PBP, Alternative Fuels . . . . . . . . . . . . . . . . . . . . 46
3.3.6 Conclusions on the Financial Analysis . . . . . . . . . . . . . . . . . . . . . 47

3.4 Risk and Benefit Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.4.1 Shore Power, SP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.4.2 Waste Heat Recovery System, WHRS . . . . . . . . . . . . . . . . . . . . . 54
3.4.3 Air Cavity Lubrication, ACL . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.4.4 Liquefied Natural Gas, LNG . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.4.5 Risk Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.4.6 Benefit Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
3.4.7 Conclusions on the Risk and Benefit Analysis . . . . . . . . . . . . . . . . . 88

4 Summary and Conclusions: What Guidelines to Follow 91

References 95

5 Appendix 98
5.1 Subsegment Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.2 The Energy Efficiency Measure’s Fuel Savings . . . . . . . . . . . . . . . . . . . . . 99
5.3 PBP vs CO2 Savings - Energy Efficiency Measures . . . . . . . . . . . . . . . . . . 101
5.4 PBP vs CO2 Savings - Alternative Fuels . . . . . . . . . . . . . . . . . . . . . . . . 106

2



Acknowledgements

First and foremost, we would like to thank our main supervisor; Area Manager Anders Swerke at
DNV GL, Stockholm for your challenging questions, time and advice as well as for giving us the
freedom to pick the direction of our work, we are aware that others are not so lucky.

And of course, a big thank you to our second supervisor; Senior Researcher Christos Chryssakis
within research and development at DNV GL Høvik, for your guidance and most importantly for
your immense and invaluable assistance during our data analysis stage. To Hans Anton Tvete
Senior Researcher within research and development at DNV GL Høvik; we appreciate all your
contributions during our visit at DNV GL in Høvik.

A thank you is also directed to our KTH supervisor; Researcher Karl Garme at the KTH Centre
for Naval Architecture, Stockholm for your assistance and all your pieces of advice.

We would also like to express our appreciation to everyone who has shown an interest in our
work, especially Researcher and Docent Hans Liwång at the KTH Centre for Naval Architecture,
Stockholm for helping us with the risk and benefit analysis and researcher Hannes von Knorring at
Gothenburg Research Institute, Gothenburg for contribution with valuable comments and sugges-
tions throughout the project. A big thank you is also directed to Project Manager Carl Fagergren
and Site Manager Henrik Hammarberg at Wallenius Marine AB for hosting us during a rainy day
in February and spending the whole midmorning discussing the future of sustainable shipping.

To Anna Berglund Principal Surveyor / Auditor at DNV GL Stockholm we say a big thank you
for your interest and engagement in bringing us on surveys and sharing of impressive knowledge.

Veronica and the DNV GL Stockholm office, thank you for all the breakfasts and coffee breaks!

We do also want to express our heartfelt gratitude to the Naval Architecture class of 2018. It has
been a pleasure sharing these two years with you, having you as a mini family. Together we have
excelled academically and had great fun on the way. We wish all the best in your future endeavors.

Johanna: My deepest thanks go to my love, Gustav Pettersson, who has always been very sup-
portive and cheering on from day one, thank you for being my rock. A big thank you also to my
brother William and my dad, my best friend Martina, and of course Jenny for all your love, support
and for always being there for me. To mom, I am eternally thankful for your support and your
unconditional love, you will always be my guiding star and my biggest role model, I miss you dearly.

Sofía: To my dad Luis Pedro, my mom Delfina and my entire family, I direct my most heartfelt
thank you. I am forever grateful for your constant support, guidance and unconditional love,
you’re a gigantic part of my achievements. Thanks for being my inspiration. And to René, for
your support and encouragement throughout these two years; words can’t describe how much I
appreciate you.

Thank you all.

Johanna and Sofía

June, 2018

3



Nomenclature
Abbreviations

AE Auxiliary Engine
ACL Air Cavity Lubrication
AIS data Automatic Identification System data
BOG Boil-off gas
CapEx Capital Expenses
CMS Cable Management System
CO2 Carbon Dioxide
CSI Clean Shipping Index
DNV GL Det Norge Veritas and Germanischer Lloyd
EGB Exhaust Gas Boiler
ECA Emission Control Area (NOx, PM, SOx)
EEDI Energy Efficiency Design Index
EMSA European Maritime Safety Agency
ESD Energy Saving Devices
EU European Union
GHG Green House Gases
GPS Global Positioning System
HFO Heavy Fuel Oil
ICS International Chamber of Shipping
IEA International Energy Agency
IEEC International Energy Efficiency Certificate
IMO International Maritime Organization
LED Light Emitting Diode
LNG Liquefied Natural Gas
LPG Liquefied Petroleum Gas
LSHFO Low Sulphur Heavy Fuel Oil
MARPOL International convention on the prevention of pollution from ships
ME Main Engine
MEPC Marine Environment Protection Committee
MGO Marine Gas oil
MV Medium Voltage
NECA NOX Emission Control Area
NOx Nitrous Oxides
OpEx Operational Expenses
PBP Payback Period
PID Propulsion Improving Devices
PM Particulate Matter
PT Power Turbine
PTG Power Turbine Generator
RoPax Roll-on/Roll-off Passenger
SECA Sulphur Emission Control Areas
SEEMP Ship Energy Efficiency Management Plan
SFOC Specific Fuel Oil Consumption
SOx Sulphur Oxides
ST Steam Turbine
STG Steam Turbine Generator
TEU Twenty-foot Equivalent Unit
ULSFO Ultra Low Sulphur Fuel Oil
VLSFO Very Low Sulphur Fuel Oil
VOC Volatile Organic Compound
WHRS Waste Heat Recovery System
WTP Well-To-Propeller
WTT Well-To-Tank

4



Units

DWT Dead Weight Tonnage
GT Gross tonnage
m/m by mass
rpm Revolutions per minute
t Metric Tonnes
USD US Dollar
MW Mega Watts
g/kWh grams per kiloWatt hour

5



1 Introduction

1.1 What does shipping have to with population growth and
GDP?

The world merchant fleet today transports almost 90 % of the global trade (ICS, 2017b) and as
much as 95 % of the Swedish foreign trade (Transportstyrelsen, 2018). Effective and sustainable
transportation is essential to the upholding of the present generations living standards without
compromising the ability of future generations to meet their own needs. Effective and sustainable
transportation is exceptionally important for a country like Sweden because of the country’s long
and narrow shape that complicates transportation routes.

Since the beginning of industrialization the living conditions have improved for a greater part of
the worlds population. As countries grow and new economies emerge, growing out of poverty in
to healthy growing entities, our demand for products and services produced both locally and in-
ternationally increases. Over the last four decade our trade patterns have globalized increasingly
and the seaborne trade has in terms of tonne-kilometer (meaning movement of 1 tonne of cargo
over a distance of 1 kilometer) quadrupled (ICS, 2017c). In 2015 the seaborne transported goods
exceeded 10 billion tonnes and the estimated trade reached 33,305 billion tonne-km (UNCTAD,
2017). Shipping became the world leading mode of transportation by effectively utilizing its advan-
tages, such as competitive freight costs and capacity to carry large volumes far and fast. These are
features that make shipping cost efficient while being the most fuel and emission efficient means
of transportation.

Growth in seaborne trade has historically been strongly correlated to the growth of the world
population as well as growth in gross domestic product, GDP, Figure 1.1.1. During the last
decade, international shipping has also increased due to multinational corporations finding more
cost-effective means for production and transportation of goods and services.

Figure 1.1.1: Global Seaborne Trade, GDP and Population

Because of shipping’s international nature and the correlation with growth in world GDP, the sec-
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tor has been relieved from scrutiny, environmental regulations and taxes relative to other transport
sectors. As the consequences of harmful emissions become more tangible, awareness increases and
shipping, though being the most energy efficient means of transportation, has at last come under
scrutiny. According to the International Maritime Organization, IMO, today shipping contributes
2.6 % of the global carbon dioxide, CO2, emissions, 12 % of the global sulphur oxide, SOx, emis-
sions, 13 % of the global nitrogen oxide, NOx, emissions as well 1,400 million tonnes of particulate
matter (IMO, 2014). If the sector were to continue business as usual, it is anticipated to surpass all
land-based air pollutions together and become the most polluting sector within EU in the coming
decade (Transport & Environment, 2017).

The decoupling of emissions from transportation and world GDP growth has come to be one of
the toughest environmental challenges of today but it is one needed to be addressed. There are
several scenarios for limitation of future greenhouse gas, GHG, emissions. GHG may be limited
by regulations implemented to reduce risk of dangerous climate change or because of rising prices
of, or uncertain supply of, conventional fuels. To reduce this risk, substitution to alternative fuels
and energy sources with smaller environmental footprint are considered. The credibility for any of
these scenarios to happen is based on energy scenarios derived and evaluated by the International
Energy Agency, IEA (International Energy Agency, 2010).

1.2 Untapped potential

Today’s shipowners have many existing energy efficiency measures and alternative fuels from which
to choose. Many measures were developed before the environmental argument saw light in order to
reduce costs through fuel consumption reduction. For example, wind assisted ship propulsion was
developed early on as a reaction to the increased oil prices during the 1970’s and the disruptive
oil supply due to several Middle East conflicts (Clayton, B, 1987). The financial crisis that began
during 2008 made many shipowners take ships out of operation or turn to slow steaming in order
to maximize profit during a time of high fuel prices and low freight rates.

Today the focus has developed into reduction of emissions, which still must be aligned with shipown-
ers’ financial interests. The measure must be profit maximizing and/or simplify compliance with
regulations as well as being risk minimizing. DNV GL CEO, Remi Eriksen, formulated a key ques-
tion to stakeholders in the maritime sector - "How can shipping reduce its environmental footprint,
improve cost effectiveness while at the same time remain the preferred mode of transportation of
goods?". The answer to this question would solve the dilemma that shipowners and operators
are currently facing. At present, there is a gap between what shipowners and operators can do
and want to do. The high investment cost for many of the measures and alternative fuels make
investors hesitant due to the long payback period.

1.3 Barriers and trailblazers

The main obstacle for implementation of many measures and alternative fuels is the high levels of
uncertainty in regards to market, regulations and technology. New limitations and regulations on
emissions are implemented more frequently and there will always be an uncertainty in how soon
newer, better, cheaper technology will be available. The fuel price has historically changed quickly
and the maritime industry is highly dependent on it. New regulations are implemented with in-
creasingly high pace. All these aspects create priority to invest in options with shorter payback
periods since they are connected to smaller investment risks.

There are several aspects of the investment needed to be carefully evaluated on beforehand, which
are often not generalizable and therefore difficult to estimate without deeper investigation. The
most important aspects include: mitigation effect on GHG emissions, substantial installation costs,
general arrangement of ship, availability of fuels, operational risks, crew training/knowledge, in-
vestment risks, uptake of new technologies, fleet growth estimate, fuel price and payback period.

To increase the uptake of new technologies and support the sectors route to more sustainable op-
erations, knowledge about the alternatives must be accessible and easier to evaluate. Studies have
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been performed by DNV GL to lay out what alternatives are available to shipowners and how the
alternatives can be assessed in order to help shipowners and regulatory bodies to make a selection.
DNV GL published a report called "Low Carbon Shipping Towards 2050" in May 2017 (DNV GL,
2017b) where the use of energy efficiency measures and alternative fuels to reduce GHG emissions
were investigated. The report describes the possibility of implementing new energy solutions in
ship design considering different ship types.

This study is based on DNV GL’s second phase “VERification for DEcarbonization”, which aims at
developing a road map to evaluate and predict the previously mentioned risks. This road map aids
the assessment of investments for solutions with longer payback period, PBP, aligning stakeholders’
interests and thus enabling faster implementation of more sustainable solutions.

1.4 Aims and Objectives

As mentioned in the introduction, there are studies that have demonstrated that technology, in
terms of energy efficiency measures and alternative fuels, is accessible for the world fleet to reduce
fossil fuel consumption and therefore CO2 emissions. Regardless, the actual uptake rate is lower
than the potential and a major barrier for faster uptake is the lacking experience and knowledge
about performance and costs/savings related to operation. This uncertainty in combination with
high implementation costs make shipowners hesitant when considering implementing energy effi-
ciency measures or changing to an alternative fuel.

Increased knowledge and understanding of energy efficiency measures, alternative fuels and how
they are included in ship design can contribute to faster uptake. An increased uptake rate trans-
lates to a higher amount of energy efficient measures in the maritime industry’s operations and
therefore less emissions emitted.

The thesis project aims to develop a guide which can aid investors when evaluating uptake of
efficiency measures and alternative fuels in the container ship segment focused on reducing CO2
emissions.

The guide lays out important aspects to consider when evaluating efficiency measures and alterna-
tive fuels for implementation on container ships. It will, on an early stage, help investors to focus
on aspects that are considered the most important to consider when evaluating uptake of these
measures and fuels versus conventional alternatives. This aid includes elements both inside and
outside of the ship system to give perspective to the investment that is being considered.

1.5 Methodology

A specific vessel segment is chosen based on market share in the world fleet and CO2 emissions.
CO2 is not yet regulated but regulation on CO2 is expected soon and therefore will be the focus
of this thesis. From the chosen segment, representative vessels are selected for which the effects of
the applicable energy efficiency measures and alternative fuels are evaluate.

Efficiency measures and alternative fuels, that are best fitted to the chosen ships, are selected.
Each efficiency measure and alternative fuel is analyzed and ranked with respect to:

– Fuel oil consumption
– Capital expenses
– Operational expenses
– Payback period
– CO2 emission reduction

8



Assumptions and Baseline: Each energy efficiency measure and alternative fuel is compared
to an establish baseline. Several assumptions are also made for simplification purposes:

– No measures or alternative fuels are previously installed on the vessel
– The same route and operational profile will be followed after the installation of the new
measure or fuel

– Baseline fuels are: LSFO outside of ECAs and VLSFO/MGO inside ECAs (Compliance with
IMO’s 2020 regulations regarding SOx and NOx)

– Fuel reduction potential and capital expenses based on previous studies made by DNV GL
and experience for previous application

– 5 % discount rate (including devaluation and inflation etc.)
– Additional savings and revenue from CSI financial support, branding, etc. are not considered
– CO2 emission reduction in compliance with IMO’s 2020 regulations regarding SOx and NOx

Following are four measures and fuels selected and further evaluated. These four are selected to
limit the scope of the project. The four measures and fuel are then analyzed at two levels: ship
as an isolated system, ship as part of the environment and society. The first analysis is performed
from a financial perspective to analyze investments and payback periods. The second analysis is
performed as a risk and benefit analysis considering additional values such as external elements to
the ship. The additional aspects are, today, not taken in to consideration in large extent in the
first step of an investment evaluation, but may have effect on the actual implementation.

Based on the financial analysis and the risk and benefit analysis, a guideline is developed including
those elements that are considered to have the largest effect on the evaluation. A recommendation
on elements to consider when evaluating the possibility of implementing energy efficiency measures
or alternative fuels in a container ship is made.
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2 Background

2.1 This is how we consume oil products

Figure 2.1.1: Oil products consumption per
sector

"Fossil fuels, including coal, oil and
natural gas, are currently the world’s
primary energy source." (EESI, 2014)
Crude oil is extracted and processed
in refineries and several products
are obtained, ranging from pesticides
and fertilizers for the industry and
household to gasoline and heavy fuel
oil, HFO, for cars respective ships.
The consumption of crude oil, or
petroleum, per sector as reported by
EEA (2015), is displayed in Figure
2.1.1. This figure shows the aver-
age of the years 2008 - 2013 and it
is clear that the main consumer is
the transport sector accounting for
72 % of the world’s oil product con-
sumption which corresponds to ap-
proximately 345 million tonnes of oil
equivalent. This sector includes both
private, public and trading trans-
ports and is divided in the following
transportation modes.

1. Road transport: light duty vehicles, buses, light, medium and heavy duty trucks.
2. Airborne transport
3. Marine transport
4. Railway transport

Figure 2.1.2: Energy consumption per
transportation mode

According to WEC (2011) is the
energy consumption per transport
mode distributed as shown in Fig-
ure 2.1.2. Over the past years
have the fastest-growing energy de-
mand, within the transportation sec-
tor, come from international ship-
ping. This have been reason for
a worldwide concern regarding effi-
ciency and fuel consumption within
shipping due to the sectors large
share of the transportation market.
The concern is much connected to the
expected growth of the total trans-
portation demand. As mentioned
in Section 1, Figure 1.1.1, is the
consumption of goods expected to
grow with the world economy. In-
creased world economy growth and
consumption of goods directly trans-
lates into increased global trading,
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mainly carried out by shipping. In-
creased global trade then translates into increased fuel consumption. Increased consumption of
fossil fuel is directly translatable to increase in harmful emissions and volatile compounds, which is
fueling the green house effect and acidification of land and sea as well as degradation of air quality
in the cities due to smog formations.

2.2 World fleet, ship fuel and emissions

2.2.1 The world’s merchant fleet

Today, the world fleet consist of over 50,000 merchants ships divided between 150 flag states. The
world fleet, as defined by DNV GL, can be divided in to 17 main segments, shown in Figure 2.2.1
along with their share of the world’s fleet according to number of vessels. These segments represent
the major ship-types and their name and description, obtained from DNV GL (2018b), are detailed
in Table 2.2.1. These include only vessels that are regulated by IMO, which will be explained in
upcoming sections.

Table 2.2.1: World Fleet Segments

No. Segment Name Description
1 Crude Oil Tankers Vessel purpose carriage of crude oil and/or oil prod-

ucts in bulk
2 Chemical/Product Tankers Ships designed for carriage of all types of liquid chem-

icals or liquid products
3 LPG Tankers Ship designed for transportation of liquefied gas
4 LNG Tankers Ship designed for transportation of liquefied gas
5 Other Tankers Ship designed for transportation of liquid products
6 Bulk Carriers Carriage of dry bulk cargo
7 General Cargo Carriage of unitized and dry bulk cargo
8 Other Dry Cargo
9 Reefers Ship primarily intended for the carriage of refriger-

ated cargo
10 Container Ship primarily intended for the carriage of containers
11 Ro-Ro Vessels intended for loading and unloading the cargo

by Roll on/Roll of (includes car carriers)
12 Passenger Ship arranged for transport of more than 12 persons
13 RoPax Ship arranged for transport of more than 12 persons

and arranged for carriage of vehicles, either on en-
closed decks or weather decks

14 Cruise Ship arranged for transport of more than 12 persons
15 Offshore Offshore structures including: drilling, production,

fish farming and installations
16 Fishing Ships designed for fishing as main purpose
17 Work Boats Ships designed for special operations, e.g. cable lay-

ing vessels, fire fighter, crane vessel, seismic vessel,
etc.
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Figure 2.2.1: Percentage of segments according to
number of vessels in the world fleet

2.2.2 Fuel for dinosaurs - Yesterday’s ship fuel

HFO is currently the most commonly used fuel for international shipping. From 2020, HFO cannot
be used in shipping without a scrubber system installed due to its high sulphur content. To comply
with 2020 regulations, very low sulphur fuel oil, VLSFO, is used outside emission control areas and
ultra low sulphur fuel oil, ULSFO or distillates, MGO, are used inside emission control areas, ECAs.
These areas will be specified in further sections. These fuels are considerably more expensive than
HFO and generate higher costs for ship operations.

2.2.3 Bad breadth - Emissions from shipping

CO2, SOx, NOx, and volatile compounds, VOC, are the most harmful emissions from shipping.
Each creating different adverse effects on the environment and therefore need to be reduced as
soon as possible.

2.2.3.1 Carbon Dioxide, CO2

CO2 is not harmful by itself but it contributes to the greenhouse effect and global warming. The
amount of CO2 produced is related to the fuel’s carbon content. The CO2 emissions can be reduced
by decreasing fuel consumption, switching fuel or increasing thermal efficiency.

In Figure 2.2.2 the CO2 emissions from the world fleet are compared to those generated by the
entire world. The emissions from shipping adhere to an average of 3 %, but considering the increase
in fuel consumption, the absolute value increases year by year.

12



Figure 2.2.2: Global CO2 emissions compared to % from the Shipping Industry

2.2.3.2 Sulphur Oxides, SOx

SOx contribute to acidification of local areas as it reacts with water in the atmosphere and falls as
acid rain over land areas. The acidification of forests and lakes contribute to dehydration of leaves
and damaged nutrition system of plants as well as deaths of fish. It is also a problem in harbor
cities and coastal urban areas as acid rain is corrosive to several materials and tear on building
facades. SOx are created when the sulphur content in the fuel oxidate during the combustion
process. The amount of SOx formed is a function of the fuel’s sulphur content and hence the
only effective method to reduce SOx emissions is to reduce amount of fuel, switch to a fuel with
less sulphur content, swith to an alternative fuel or apply a exhaust gas treatment system. It is
important to consider, if switching to a lower sulphur content fuel, the fuel is more expensive and
has lower lubrication properties and can therefore increase the wear and tear on the system, which
could increase maintenance costs.

2.2.3.3 Nitrogen Oxides, NOx

NOx are among the most harmful emissions to the environment. NOx acidify the air, form ozone,
and smog. In contrast to SOx emissions, which are mainly related to local environmental problems,
NOx emissions are tied to global environmental problems. NOx are formed in the combustion
process and the amount of NOx produced is a function of the maximum temperature in the engine’s
cylinders, oxygen concentration and the residence time. Nitrogen in the fuel reacts with the oxygen
in the intake air. When increasing the temperature of the process amount of NOx increases 3 times
for every 100◦C. NOx is best reduced by reducing the peak cylinder temperature, which is achieved
by increasing engine efficiency and lowering the temperature of the combustion.

2.3 Regulations and Legislations

Reducing emissions from shipping is not an easy task, but it is achievable. Shipping is the most fuel
and emission efficient transport according to the International Chamber of Shipping, ICS (2017a),
and the industry is focused on continuously improving its energy efficiency to assure the maritime
sector’s position as the worlds largest and most sustainable mode of transport. Several global
and local regulations and legislations, detailed in Section 2.3, have been put in place to trigger
the industry to begin the process towards a sustainable future and reduce the harmful emissions
detailed in Section 2.2.3.
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2.3.1 International Maritime Organization, IMO

The regulations that govern the shipping industry are those established by the International Mar-
itime Organization. IMO, is the United Nations specialized agency with responsibility for the
safety and security of shipping and the prevention of marine pollution by ships. The world fleet
must follow regulations, put in place by IMO, in order to operate. The IMO was established in a
convention adopted in 1948 and entered into force in 1958 and its goal is to "to 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" (IMO,
2018).

2.3.1.1 IMO’s Pollution Control

In 1973, IMO adopted the International Convention for the Prevention of Pollution from Ships,
MARPOL, focusing on the prevention of pollution from operation of ships or from accidents related
to shipping. MARPOL currently comprises six annexes which are displayed with the respective
date they entered into force below:

– Annex I: Regulations for the Prevention of Pollution by Oil, 2nd of October 1983
– Annex II: Regulations for the Control of Pollution by Noxious Liquid Substances in Bulk,
2nd of October 1983

– Annex III: Prevention of Pollution by Harmful Substances Carried by Sea in Packaged Form,
1st of July 1992

– Annex IV: Prevention of Pollution by Sewage from Ships, 27th of September 2003
– Annex V: Prevention of Pollution by Garbage from Ships, 31st of December 1988
– Annex VI: Prevention of Air Pollution from Ships, 19th of May 2005

Annex VI, which focuses on the prevention of air pollution from ships, will be referred to in the
following sections. The 1th version of Annex VI was added to MARPOL in 1997 and its goal is to
minimize airborne emissions from ships focusing specifically on ozone depleting substances, NOx,
SOx, and VOC. This annex entered into force on 19th of May 2005 and a revision was made to
restrict the emission limits on October 2008, which entered into force on 1st of July 2010. Spec-
ification of the regulations included in the 2008 revision are discussed in the following section as
well as the revision that was performed in 2017 that will enter into force in 2020.
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Regulation 6: Issue or endorsement of a certificate

Regulation 6 in Annex VI applies to any ship of 400 GT and above that participates in voyages to
ports or offshore terminals under the jurisdiction of any other parties.

Regulation 12: Ozone-depleting substances

Regulation 12 prohibits any deliberate emission of ozone-depleting substances and applies to ships
depending on their construction date as displayed in Table 2.3.1. Regulation 12 control emissions
from the following activities on any system or equipment on board:
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– Maintaining
– Servicing
– Repairing
– Disposing

Table 2.3.1: MARPOL Annex VI -
Regulation 12: Ozone-Depleting Substances

Installations that contain Date of construction of ship
Ozone-depleting substances, other
than hydro-chlorofluorocarbons 19th May 2015 ≤ construction
Hydro-chlorofluorocarbons 1st Jan 2020 ≤ construction

Ships that have permanently sealed equipment do not fall under Regulation 12. Having perma-
nently sealed equipment means not having any refrigerant charging connections or potentially
removable components that can contain ozone-depleting substances.

Regulation 13: Nitrogen Oxides, NOx

Regulation 13 applies to a ship dependent on its engine speed installed and the date of construction.
The different ranges and Tiers which the Regulation 13 applies to are displayed in the following
Table 2.3.2.

Table 2.3.2: MARPOL Annex VI -
Regulation 13: NOx

Range & Allowed emis-
sions in g/kWh

Tier I Tier II Tier III

Marine diesel engines in-
stalled on a ship

1st Jan
2000 ≤ con-
structed <
1st Jan 2011

1st Jan 2011
≤

1st Jan 2016
≤

n < 130 rpm 17 14.4 3.4
130 rpm ≤ n < 2,000 rpm 45n−0.2 44n−0.23 9n−0.2

2000 < n 9.8 7.7 2

Where n = rated engine speed

Marine diesel engines installed on a ship constructed between 1st of January 2000 and 2011 need
to comply with Tier I. Engines installed on or after 1nd of January 2011 need to comply with Tier
II and the ones installed on ships, operating in NECA’s, on or after 1nd of January 2016 need to
comply with Tier III (IMO, 2017b). The NOx emission standards for the different Tiers are given
for the engines rotation per minute, rpm. For Tier II is it 7.7 - 14.4 g/kWh and for Tier III is it
2.0 - 3.4 g/kWh.

Regulation 13 does not apply to:

– Marine diesel engine exclusively intended to be used for emergencies or to power equipment
used to power devices to be used for emergencies

– Marine diesel engine exclusively intended to be used within waters subject to the jurisdiction
of the State of the Ship’s flag

Regulation 14: Sulphur oxides, SOx, and particulate matter

Regulation 14 controls the sulphur content of any fuel oil used on board a ship. The sulphur con-
tent of the fuel shall not exceed the limits displayed in Figure 2.3.1 depending on the area where
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they are operating. There are limits for international waters operation and other limits for ECAs,
previously known as SECAs, which are Sulphur Emission Control Areas. These are all sea areas
in which stricter controls are established by IMO to minimize airborne emissions from shipping.
These areas are defined in MARPOL Annex VI and include (DNV GL, 2016):

– Baltic Sea area: regulation of SOx
– North Sea area: regulation of SOx
– The English Channel: regulation of SOx
– North American area which includes waters 200 nautical miles from the coasts of the USA
and Canada: regulation of SOx, NOx and PM

– United States Caribbean Sea area: regulation of SOx, NOx and PM

The Mediterranean area as well as Australia’s, South Korea’s and Japan’s coastline is proposed
for new SECA’s.

The sulphur cap on fuel in ECAs was already reduced in 2015 from 1 % to 0.1 % and the interna-
tional sulphur cap on fuel will, on 1st of January in 2020, be reduced from 3.5 % to 0.5 %, (IMO,
2017b). The stricter limitations were decided on with purpose of spurring a transition to alterna-
tive fuels and increased uptake of energy efficiency measures. There are currently three strategies
to fulfill the new legislations. A shipowner can continue to burn HFO and install scrubbers to clean
the exhaust gases, convert to low sulphur content fuels or distillate fuels, or choose to implement
alternative marine fuels.

Appendix III of Annex VI in MARPOL, (MEPC, 2008, October), treat the criteria and proce-
dures for designation of emission control areas, in detail. Some of the adverse public health and
environmental effects of air pollution that are discussed in annex III are premature mortality, car-
diopulmonary disease, lung cancer, chronic respiratory ailments, acidification and eutrophication.
The criteria to designate ECAs are listed below:

1. Proposed area of application including reference chart with marked area
2. Type of emission(s) that are proposed to be controlled
3. Description of human population and environmental areas at risk from impact of emissions
4. Assessment that emissions of ships operating in designated area are contributing to air pol-

lution
5. Information relative to meteorological conditions in designated area that contribute to am-

bient concentrations of air pollution or adverse environmental impacts
6. Nature of the ship traffic in designated area, including traffic patterns and density
7. Description of control measures taken by proposing Party regarding land-based sources of

emissions that are in place and operating
8. Relative cost of reducing emissions from ships versus land-based controls
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Figure 2.3.1: MARPOL Annex VI -
Regulation 14: Sulphur Oxides, SOx
and Particulate Matter, PM

Regulation 15: Volatile organic compounds, VOCs

Emissions of VOCs from tankers are regulated at ports or terminals under jurisdiction of a Party.
These ports or terminals shall, according to Regulation 15, have vapour emission control systems
that comply with safety standards defined by IMO. Regulation 15 applies to both tankers carrying
crude oil and gas carriers if the type of loading and unloading and containment systems allow safe
retention of non-methane VOCs on board or their safe return ashore.

2.3.1.2 IMO control of CO2 emissions

Today there are no regulations on CO2 emissions from shipping, as seen on the previous section,
but several targets have been formulated by different organizations within shipping. The European
Commission included in its white paper on strategies toward a competitive and resource efficient
transport system a limitation target for 2050 of 40 % reduction in CO2 emissions from shipping
with the baseline of 2005’s levels (European Commission, 2011).

An industry goal on CO2 emission reduction was formulated by the ICS which is the international
trade association for merchant shipowners. They expressed an industry goal with a 20 % reduction
of CO2 emissions per tonne-km by 2020 and as much as a 50 % reduction per tonne-km by 2050,
with the baseline being 2005’s emission levels (ICS, 2014).

Today, a regulation on CO2 emissions from shipping is closer than ever before. From 9th - 13th

of April 2018 during the MEPC 72nd session (IMO, 2018), IMO discussed the pathway of CO2
emission reduction and the need for it to be aligned with the global temperature goals established
in the Paris Agreement. The initial strategy focuses on different levels of ambition for which an
initial action plan will be presented in October 2018 which will feed a roadmap that will be estab-
lished in a revision of the strategy during 2023. The levels of ambition include:

– Strengthen EEDI requirements to comply with carbon decline in new ships
– Reduction of CO2 from international shipping 40 % by 2030, pursuing a reduction of 70 %
by 2050 compared to 2008.
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– Peak GHG emissions from shipping as soon as possible and to reduce total GHG from shipping
50 % by 2050 compared to 2008.

2.3.1.3 IMO’s Ship Identification Number

There are exemptions to what vessels are regulated by the IMO, e.g. pleasure yachts, docks,etc.
which do not have to comply with the emission limits outlined in the previous section. For this
study, all merchant vessels that are part of the analysis are compliant with the requirements for
application of the IMO Ship Identification Number. The IMO Ship Identification Number Scheme
was introduced in 1987 with the purpose of enhancing the "maritime safety, and pollution pre-
vention and to facilitate the prevention of maritime fraud". All ships included in the study are
considered to be regulated by IMO. By permanently assigning a number to each ship, identification
was simplified and systematized. The IMO Ship Identification Number was through the Interna-
tional Convention for the Safety of Life at Sea, SOLAS, regulation XI/3 (adopted in 1994) made
mandatory for all propelled cargo ships of 300 GT and above.

According to this criteria, the following vessels was excluded from the study:
– Ships without mechanical means of propulsion
– Pleasure yachts
– Ships engaged on special service
– Hopper barges
– Hydrofoils, air cushion vehicle
– Floating docks and structures classified in a similar manner
– Ships of war and troopships
– Wooden ships

2.3.2 Automatic Identification System Data

Relevant information was collected from Automatic Identification System, AIS, data for the ships.
AIS data "includes the identification of the ship, its position, speed, draft and main dimensions"
(DNV GL, 2015a). The AIS data is received from a Global Positioning System, GPS, which is
installed on board all passenger vessels regardless of size and route and on board all international
voyaging vessels with a gross tonnage over 300 tonnes, in accordance to IMO’s international con-
vention on Safety of The AIS data can be combined with data like fuel consumption, emissions,
etc., to generate different analyses, this specific data extracted from this database will be specified
throughout the study. However, it is important to keep in mind, there might be gaps in the data
that is being analyzed. The gap may be a result of signal interruption or the captain choosing to
turn of the GPS, in areas where there is a threat of piracy.

2.3.3 Energy Efficiency Design Index and Ship Energy Efficiency Management
Plan

The Energy Efficiency Design Index, EEDI, and the Ship Energy Efficiency Management Plan,
SEEMP, were together with the Energy Efficiency Operational Indicator, EEOI, originally pre-
sented on the Marine Environment Protection Committee’s, MEPC’s, 59th session in July 2009 as
voluntary measures. The EEDI and the SEEMP were, in July 2011, put in effect, as mandatory
measures, from 1st of January 2013 (IMO, 2011). The two measures were imposed with the objec-
tive of reducing fuel consumption for ships and thus minimize the increase of CO2 emissions. Both
measures are to be verified on board the ship and a Energy Efficiency Certificate, IEEC, shall be
issued for compliance.

The EEDI was formulated for all “new” ships where “new” was defined as those; with a building
contract on or after 1st of January 2013, the keel laid or entered a similar stage on or after 1st

of July 2013 or delivered on or after 1st of July 2015. The EEDI was formulated as a minimum
requirement on a ships energy efficiency and to provide a mean of comparison for similar ships. A
reference line, a curve that represents an average index value for each ship type was established
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based on the IHS Fairplay database (IMO, 2012b). The Specific ships calculated EEDI must be
smaller that corresponding value on the reference line. For the full description see MEPC Circ.681
(IMO, 2009b) where the EEDI initially were given and Resolution MEPC.212(63) (IMO, 2012a)
were it in 2012 was updated.

The EEDI pushes shipowners to invest in more energy efficient designs which will be part of a new,
fuel-efficient and sustainable, ship generation. The EEDI can be reduced by energy optimizing the
design of a newbuild. There are several ways to do this, among else are modification of hull shape,
propeller, bow bulbs, rudders and engine efficiency.

The SEEMP was formulated for ships, with a gross tonnage of 400 or above, build before 1st

of January 2013 (IMO, 2017a). Exception is a ship that is altered in major extent after 1st of
January 2013 are to be considered as a “new” ship and ruled by EEDI. The SEEMP dictate best
practice of fuel efficient operation. A ship operator has several measures to choose between to
achieve this. Voyage planning, hull maintenance and speed management are all good examples of
measures through which the ship operation can be optimized.

The EEOI was formulated as a operational measure which describes the ratio CO2 mass per unit
transported work and is calculated for each voyage and averaged (IMO, 2009a). The EEOI is based
on the actual fuel consumption and work performed rather than the design fuel consumption and
cargo carrying capacity which the EEDI is based on. Therefor the EEOI is more affected by the
route, cargo and charterer. The EEOI increases significantly for a ship that is traveling half the
time with ballast. The EEOI is not mandatory but, when applied, it is a better indicator of actual
CO2 emissions.
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3 Analysis

3.1 Vessel Selection

The vessel selection is the first step described in the methodology, Section 1.5. A specific vessel
segment is chosen based on market share in the world fleet and CO2 emissions. From the chosen
segment, representative vessels are selected for which the effects of available energy efficiency
measures and alternative fuels are evaluate.

3.1.0.1 Data

The selection is based on AIS statistics for the world fleet of year 2016, provided by DNV GL. The
world fleet is divided into 17 segments detailed in Table 2.2.1, representing the major ship-types
which are further divided in to 47 subsegments which describe different size ranges in the segment.
The subsegment definitions and number of vessels per subsegment are detailed in Table 5.1.1 in
Appendix 5.1.

The AIS data shared by DNV GL includes:
– Fuel oil consumption by main engine, ME, auxiliary engine, AE, and boiler
– Number of vessels
– Time spent in and out of ECAs

The data was summarized by inputting AIS data for every vessel in a activity-based bottom up-
model developed by DNV GL. There are sometimes gaps in the AIS data for vessels that have been
in operation the whole year but not been connected at all times. The model was adjusted for this
in retrospect. With this information, CO2 emission was calculated based on the fuel consumption
multiplied by a factor, which, depending on the fuel, is:

– Fuel oil (VLSFO, ULSFO): 3.11
– LNG: 2.80
– LPG: 3.11 - 0.17 * 3.11

Liquefied natural gas, LNG, is assumed to be used as fuel in LNG tankers and liquefied petroleum
gas, LPG, for LPG tankers. For all other segments, CO2 emission was calculated based on the factor
established for fuel oil. Estimates for fuel consumption of the ME are obtained according to DNV
GL’s calibrations. The calibrations are fairly accurate for the main engines but larger deviations
were found in the AEs and boilers fuel consumption. Nevertheless, the total fuel consumption es-
timates were deemed satisfactory since most of the fuel is consumed by main engines of larger ships.

As mentioned above, not every vessel in the world is regulated by IMO. A criteria for the vessel
selection was therefore formulated as: all vessels included in the selection are compliant with the
requirements for application of the IMO Ship Identification Number. According to this criteria,
the following vessels were therefore excluded:

– Ships without mechanical means of propulsion
– Pleasure yachts
– Ships engaged on special service
– Hopper barges
– Hydrofoils, air cushion vehicle
– Floating docks and structures classified in a similar manner
– Ships of war and troopships
– Wooden ships
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3.1.1 Vessel Segment Selection

3.1.1.1 Selection Process

Exclusions were done in the beginning of the selection process, for simplification reasons. Segments
15, 16 and 17 are excluded from the selection for the study because of their energy consuming on
board activities and unique operational profile. Segment 14 is excluded because of their energy
consuming on board activities, complexity of the general arrangement and because its main pur-
pose is carrying passenger and not goods. Segment 12 is excluded based on the fact that its main
purpose is carrying passengers and not goods.

After these exclusions, the rest of the segments are analyzed in regards to number of vessels, fuel
consumption and CO2 emissions, see Table 3.1.1 for values.

Table 3.1.1: World Merchant fleet by Segment, 2016

Sub Subsegment No. of Fuel cons., CO2
segment Name Vessels [t] emissions,

No. [t]
1 - 6 Crude Oil Tankers 6,222 35,751,411 111,186,889
7 - 11 Chem./Prod. Tankers 4,867 17,618,939 54,794,902
12 - 13 LPG Tankers 1,333 5,683,351 14,670,434

14 LNG Tankers 476 8,548,431 23,935,607
15 Other Tankers 58 134,619 418,666

16 - 21 Bulk Carriers 11,961 53,458,298 166,255,308
22 - 24 General Cargo 9,914 11,676,343 36,313,426

25 Other Dry Cargo 279 870,517 2,707,309
26 Reefer 763 2,453,279 7,629,697

27 - 34 Container 5,415 60,446,944 187,989,994
35 Ro-Ro 2,025 10,177,873 31,653,186

The values from Table 3.1.1 are used to create Figure 3.1.1. The Figure 3.1.1 shows that a few vessel
segments, Containers Carriers, Bulk Carrier, Crude Oil Tankers and Chemical/Product Tankers,
represent the segments with the highest fuel consumption. The four segments alone consume over
70 % of the total fuel although they represent just approximately 40 % of number of vessels.

Figure 3.1.1 also shows that the CO2 emissions to number of vessels ratio for the container ship
segment is by far the largest. The average container vessels are contributing the most to the world
fleet’s CO2 emission. The container ship segment is also the fourth largest in terms of number of
vessels.
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Figure 3.1.1: World Fleet Fuel Consumption and CO2 Emissions

A decision matrix method is formed for the segment selection. The decision-matrix method is
a qualitative technique which can be used to rank the segments according to their values for se-
lected variables. Selected variables are: total and average CO2 emissions and number of vessels
per segment. The five segments representing the largest values for each variable are given a rank-
ing from one to five, five being the largest value, the remaining segments are given a ranking of
zero. The four variables are given a weight depending on their priority. The total CO2 emissions,
which is directly related to the fuel consumption, is considered the most important aspect for the
selection and is therefore weighted the heaviest. CO2 emissions per vessel are ranked in second
place, followed by number of vessels and average fuel consumption per average distance sailed in
last place. Table 3.1.2 shows the completed decision matrix and Table 3.1.3 shows the top five
segments. Based on this decision matrix, the the segment chosen for the study is container ships.

Table 3.1.2: Decision Matrix for Segment Selection

CO2 CO2 No. of
emissions, /Vessel [t] Vessels
[t]

Weight 5 4 3
5 Container LNG Tanker Bulk Carrier
4 Bulk Carrier Container General cargo
3 Crude Oil Tanker Crude Oil Tanker Crude Oil Tanker
2 Chem./Prod. Tanker Ro-Ro Container
1 General cargo Bulk Carrier Chem./Prod. Tanker

22



Table 3.1.3: Segment Result

Segment Rate
Container Carrier 53
Crude Oil Tanker 44
Bulk Carrier 41
LNG Tanker 20
General Cargo 17

3.1.2 Container Ship Subsegment Selection

The container ship fleet is divided into eight subsegments that describe the size range of the fleet
by cargo capacity. The subsegments are 27 - 34 from the 47 world fleet’s subsegments and their
division and specifications are found in Table 5.1.1 in Appendix 5.1.

3.1.2.1 Selection Process

As for the segment selection, a decision matrix method is used for the subsegment selection. All
subsegments are ranked in terms of total and average CO2 emissions and number of vessels per
subsegment. For the selection, all eight subsegments are included in the ranking and given a value
from one to eight. The four variables are weighted in the same way as for the segment selection.
Table 3.1.4 shows the completed decision matrix.

Table 3.1.4: Decision Matrix for Subsegment Selection

CO2 CO2/ No.of
emissions, Vessel, Vessels
[t] [t]

Weight 5 4 3
8 8,000 - 11,999 TEU > 15,000 TEU 1,000 - 1,999 TEU
7 3,000 - 4,999 TEU 12,000 - 14,999 TEU 3,000 - 4,999 TEU
6 5,000 - 7,999 TEU 8,000 - 11,999 TEU < 1,000 TEU
5 1,000 - 1,999 TEU 5,000 - 7,999 TEU 2,000 - 2,999 TEU
4 2,000 - 2,999 TEU 3,000 - 4,999 TEU 5,000 - 7,999 TEU
3 12,000 - 14,999 TEU 2,000 - 2,999 TEU 8,000 - 11,999 TEU
2 > 15,000 TEU 1,000 - 1,999 TEU 12,000 - 14,999 TEU
1 < 1,000 TEU < 1,000 TEU > 15,000 TEU

After summarizing the ratings, the results are shown in Table 3.1.5:

Table 3.1.5: Subsegment Result

Subsegment Size. TEU Rate
No.
32 Container 8,000 - 11,999 TEU 85
30 Container 3,000 - 4,999 TEU 80
31 Container 5,000 - 7,999 TEU 72
33 Container 12,000 - 14,999 TEU 63
28 Container 1,000 - 1,999 TEU 61
34 Container >15,000 TEU 61
29 Container 2,000 - 2,999 TEU 53
27 Container < 1,000 TEU 29

The same way some exclusions were done in the segment selection, some are made for the sub-
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segment selection. Subsegments considered have to include vessels trading to Swedish ports. The
reason being that some of the energy efficiency measures discussed in following sections of the
study, are dependent on port and country. Because the thesis project is developed in collaboration
with DNV GL and a KTH being a Swedish university, accessibility to information on this increases
for Swedish ports. AIS data was used to find which vessels are trading to Swedish ports and the
frequency of visits during the year 2016 and it is summarized in Table 3.1.6.

Table 3.1.6: Container fleet, based on "Containers to Sweden, 2016
Number of vessels trading in Sweden and

in the world fleet per subsegment

Subsegment Size. Name Growth, Trading World
No. TEU 2006 - 2016 [%] in Sweden Fleet, 2016
27 < 1,000 Feeder & Feeder-

max
1 59 923

28 1,000 - 1,999 Handy 2 67 1 350
29 2,000 - 2,999 Sub-Panamax 1 5 712
30 3,000 - 4,999 Panamax & Post-

Panamax
4 7 963

31 5,000 - 7,999 Panamax & Post-
Panamax

incl. in 30 1 624

32 8,000 - 11,999 Post-Panamax 23 1 584
33 12,000 - 14,999 Ultra Large Con-

tainer Ship
45 13 189

34 > 15,000 Ultra Large Con-
tainer Ship

incl. in 33 25 70

Considering the data,only one container ship belonging to subsegment 31 operated, med one visit,
to Swedish ports in 2016. Subsegment 31 is henceforth eliminated from the selection. Only one
container ship in the subsegment 32 were operating, two calls, to Swedish ports during 2016.
Therefore, it is assumed these visits were during special circumstances and subsegment 32 is hence
excluded from the selection. The container ships trading to Swedish port during 2016 are displayed
in Table 3.1.6, along with the total number of ships in the world fleet that correlate to each sub-
segment.

Using the information detailed in Table 5.1.1 in Appendix 5.1 and excluding subsegments 31 and
32, the evaluation of the rest of subsegments continues.

For the remaining subsegments, the growth rate of each is analyzed. In Table 3.1.1, one can see
that subsegment 33 has had a considerable growth since 2016, 45 % when comparing 2016 to 2006.
During the same period, subsegment 30 had a growth of merely 4 %, having a difference between
subsegments of 41 % percentage points (Sand, 2016). It is believed among industry experts that
this development will continue and therefore subsegment 33 is chosen over subsegment 30 for the
study. Subsegment 33 is generally referred to as Ultra Large Container Ship, ULCS.

Subsegment 28 is chosen as an additional segment for the study because of its large fleet. Sub-
segment 28 is generally referred to as Handy ship. The subsegment 28 comprises 25 % of the
world fleet, considering number of vessels, as shown in Table 3.1.1 and it is considered an interest-
ing comparison because of the size difference with subsegment 33. The size difference allows for
several analyses throughout the study regarding technology and capital expenses costs analysis.
representative vessels are chosen for each subsegment in the following section for the purpose of
evaluating the energy efficiency measures and alternative fuels.
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3.2 Representative Container Ships

In purpose of exemplifying the analysis throughout the following sections, nine ships are chosen
from the container ships operating in Swedish ports. The representative ships include three ships
(Container 1, 2 and 3) belonging to subsegment 28 and six ships (Container 4, 5, 6, 7, 8 and 9)
belonging to subsegment 33. Throughout this section, main particulars and operational profile of
each ship are discussed.

3.2.1 Main Particulars

The information about each ship include main dimensions, design speed and installed power. The
data for the nine chosen ships are presented in Tables 3.2.1 and 3.2.2.

Table 3.2.1: Main Particulars of the Handy Ship Subsegment

Data Container 1 Container 2 Container 3
Subsegment 28 28 28
Length overall, [m] 161.09 157.60 157.63
Breadth moulded, [m] 25.00 23.19 23.19
Depth, [m] 13.90 11.51 11.51
Draught, [m] 9.90 8.60 8.60
Design speed, [kn] 19 18.3 18.3
Cargo capacity, [TEU] 1,304 1,025 1,025
Main engine 1x MAN-B&W 1 x Caterpillar 1 x Caterpillar

6S60MC-C 9M43C 9M43C
MCR: 13,530 kW MCR: 9,000 kW MCR: 9,000 kW
at 105 rpm at 514 rpm at 514 rpm

Auxiliary engine 3 x Caterpillar 2 x MAN-B&W 2 x MAN-B&W
6M20 7L28/32H 7L28/32H
MCR: 1,140 kW MCR: 1,400 kW MCR: 1,400 kW
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Table 3.2.2: Main Particulars of the Ultra Large Container Ship Subsegment

Data Container 4 Container 5 Container 6
Subsegment 33 33 33
Length overall, [m] 366.52 366.52 366.42
Breadth moulded, [m] 48.20 48.20 48.20
Depth, [m] 29.85 29.85 29.85
Draught, [m] 15.50 15.50 15.50
Design speed, [kn] 24.7 24.7 24.7
Cargo capacity, [TEU] 13,167 13,167 13,169
Main engine 1x MAN-B&W 1x MAN-B&W 1x MAN-B&W

11K98ME 11K98ME 11K98ME
MCR: 58,274 kW MCR: 58,274 kW MCR: 58,274 kW
at 91 rpm at 91 rpm at 91 rpm

Auxiliary engine 1 x Daihatsu 1 x Daihatsu 1 x Daihatsu
6DC-32E 6DC-32E 6DC-32E
MCR: 3,000 kW MCR: 3,000 kW MCR: 3,000 kW
3 x Daihatsu 3 x Daihatsu 3 x Daihatsu
8DC-32E 8DC-32E 8DC-32E
MCR: 4,000 kW MCR: 4,000 kW MCR: 4,000 kW

Data Container 7 Container 8 Container 9
Subsegment 33 33 33
Length overall, [m] 368.50 368.50 368.50
Breadth moulded, [m] 51.00 51.00 51.00
Depth, [m] 29.85 29.85 29.85
Draught, [m] 15.52 15.52 15.52
Design speed, [kn] 23.2 23.2 23.2
Cargo capacity, [TEU] 13,892 13,892 13,892
Main engine 1x MAN-B&W 1x MAN-B&W 1x MAN-B&W

11S90ME-C9 11S90ME-C9 11S90ME-C9
MCR: 62,030 kW MCR: 62,030 kW MCR: 62,030 kW
at 83 rpm at 83 rpm at 83 rpm

Auxiliary engine 2 x Hyundai Himsen 2 x Hyundai Himsen 2 x Hyundai Himsen
8H32/40 8H32/40 8H32/40
MCR: 4,000 kW MCR: 4,000 kW MCR: 4,000 kW
2 x Hyundai Himsen 2 x Hyundai Himsen 2 x Hyundai Himsen
9H32/40 9H32/40 9H32/40
MCR: 4,500 kW MCR: 4,500 kW MCR: 4,500 kW

3.2.2 Operational Profile

The two subsegments differ on route and operational profile. Ships belonging to the handy ship
subsegment are generally trading regionally. Handy ships trading to Swedish port are generally
spending most of the time in ECAs. Ship belonging the ULCS subsegment generally trade in-
ternationally and are ocean going ships. Ships belonging to the ULCS subsegment are therefor
spending a larger share of their operation in international waters. A ships operational profile is
partially defined by the ships operational mode. The operational modes are defined by the speed
of the vessel and are defined as follows:
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Table 3.2.3: Operational Modes

Mode Speed
Still 0 - 1 kn
Maneuvering 1 - 5 kn
Transit > 5 kn

The operational profile, for each of the nine ships, is detailed in Table 3.2.4.

Table 3.2.4: Operational Profile, % of time spent in each
operational mode in year 2016

Vessel Still Maneuv. Transit
Container 1 39.5 2.6 58.0
Container 2 37.8 3.0 57.7
Container 3 38.8 3.4 57.7
Container 4 24.7 1.5 73.7
Container 5 25.7 2.8 71.5
Container 6 22.1 1.9 76.0
Container 7 20.9 1.5 77.6
Container 8 33.6 2.7 63.7
Container 9 25.8 1.6 72.6

3.2.2.1 Routes

The three handy ships are spending a considerably larger part of operational time in still or ma-
neuvering mode. The reason being shorter routes and more port visits per year. The ships routes
are obtained from AIS data and are plotted in Figures 3.2.1 and 3.2.2 for each subsegment. The
Figures 3.2.1 and 3.2.2 show the handy containers to trade in Northern Europe and the ULCS to
trade between China and Europe.

(a) Container 1 (b) Container 2 (c) Container 3

Figure 3.2.1: Routes for the Handy Ship Subsegment
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(a) Container 4 (b) Container 5 (c) Container 6

(d) Container 7 (e) Container 8 (f) Container 9

Figure 3.2.2: Routes for the ULCS Subsegment

The AIS data enables confirmation of time spent inside and outside of ECAs. The time in and
out of ECAs tells about the emission regulations to be followed, specified in Section 2.3. The % of
time each ships spent inside and outside of ECAs during 2016 is displayed in Table 3.2.5.

Table 3.2.5: % of Time inside and outside of ECAs

Vessel % of total hours in % of total hours in % of total hours
North Europe ECA North America ECA outside ECA

Container 1 100 0 0
Container 2 100 0 0
Container 3 100 0 0
Container 4 13 0 87
Container 5 13 0 87
Container 6 11 3 87
Container 7 22 0 78
Container 8 19 0 81
Container 9 21 0 79

3.2.2.2 Fuel consumption and Speed

When a ship is designed, it is designed for an optimal operating point which is defined by a
number of aspects. At the optimal operating point, the resistance is minimized and therefore fuel
consumption is minimized. A ship operating the largest amount of time possible in this optimal
operating point will have an optimized fuel consumption. One of the most important aspects of
the optimal operating point is the design speed. The ME and AEs are generally selected to have a
low specific fuel oil consumption, SFOC, at the design speed. A speed exceeding or falling below
the design speed will increase the fuel consumption per distance traveled per time spent in travel
and therefore also CO2 emissions per work performed. Resulting in increased amount of CO2
emissions throughout the operation of the ship, because the world fleet speeds are largely differing
from the design speed. The fuel consumption, for the chosen ships, during 2016 and throughout
each operational mode is displayed in the following section.
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Still Mode

The ship is still when it is waiting to go to port or when it is berthed at port. The ship can be
loading and unloading as well as having maintenance or other activities that can happen while
in port during still mode. To support on board activities in still mode, the ships use the AEs
at an average of 40 % of load, increasing SFOC considerably. The following figures show the
concentration of fuel consumption in ports or while waiting to enter port.

(a) Container 1 (b) Container 2 (c) Container 3

Figure 3.2.3: Fuel Oil Consumption in Still Mode for the Handy Ship Subsegment

(a) Container 4 (b) Container 5 (c) Container 6

(d) Container 7 (e) Container 8 (f) Container 9

Figure 3.2.4: Fuel Oil Consumption in Still Mode for the ULCS Subsegment
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Maneuvering Mode

Following the pattern on the still operating mode, the ship is in a considerably lower speed than
design speed while in maneuvering mode as well. This mode can be when maneuvering to port
or also in hazardous or small channels or areas throughout the route of each ship. The following
figures show the fuel consumption concentration for each of the ships when in maneuvering mode.

(a) Container 1 (b) Container 2 (c) Container 3

Figure 3.2.5: Fuel Oil Consumption in Maneuvering Mode for the Handy Ship Subsegment

(a) Container 4 (b) Container 5 (c) Container 6

(d) Container 7 (e) Container 8 (f) Container 9

Figure 3.2.6: Fuel Oil Consumption in Maneuvering Mode for the ULCS Subsegment
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Transit Mode

According to the information in Table 3.2.4, it seems the ships spend more than 50 % of their
operating time in transit overall. Their routes are different and therefore the concentration of
fuel consumption for each ship is also different. During transit mode the ship should be operated
as close to design speed as possible to ensure the lowest SFOC possible according to design. In
Figures 3.2.7 and 3.2.8, the fuel consumption concentration for the ships in transit mode is dis-
played. Using AIS data, the percentage of the time operating at different speeds in transit mode
are presented in Figures 3.2.9 and 3.2.10. With this information, a mode value of the speed of
each ship is extracted and an approximate variation versus the design speed is calculated and the
results displayed in Table 3.2.6. These results imply that all the ships are operating under design
speed for large portions of their journeys, increasing their fuel consumption and CO2 emissions
considerably. This issue is considered and discussed throughout the next sections.

(a) Container 1 (b) Container 2 (c) Container 3

Figure 3.2.7: Fuel Oil Consumption in Transit Mode for the Handy Ship Subsegment

(a) Container 4 (b) Container 5 (c) Container 6

(d) Container 7 (e) Container 8 (f) Container 9

Figure 3.2.8: Fuel Oil Consumption in Transit Mode for the ULCS Subsegment

31



(a) Container 1 (b) Container 2

(c) Container 3

Figure 3.2.9: Speed Profiles in Transit Mode for the Handy Ship Subsegment

(a) Container 4 (b) Container 5

(c) Container 6 (d) Container 7

(e) Container 8 (f) Container 9

Figure 3.2.10: Speed Profiles in Transit Mode for the ULCS Subsegment
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Table 3.2.6: Design Speed vs Mode Speed Value in Transit Mode

Vessel Design
Speed, [kn]

Mode Speed
Value, [kn]

Variation,
[%]

Container 1 19.0 14.0 - 26
Container 2 18.3 15.0 - 18
Container 3 18.3 15.0 - 18
Container 4 24.7 17.0 - 31
Container 5 24.7 17.0 - 31
Container 6 24.7 17.0 - 31
Container 7 23.2 16.0 - 31
Container 8 23.2 17.0 - 17
Container 9 23.2 16.0 - 31

3.3 Energy Efficiency Measures and Alternative Fuels

As mentioned in Section 2.2, the shipping industry is committed to reduce GHG emissions. Addi-
tional to regulations that legal entities have determined, there are several entities that have focused
their time and resources on research and testing of different energy efficiency measures to reduce
fuel consumption and the use of alternative fuels, both of which are focused on the reduction of
emissions. All of these options entail possible high investment and operational costs as well as
installation complexity, which constitutes an intricate and challenging selection when considering
them for a ship. It is also important to notice that this process may differ for one ship-segment
compared to another because of different propulsion requirements, size, available space, among
others.

In addition to energy efficiency measures and alternative fuels, there are operational measures that
can be implemented regardless of which energy efficiency measure or fuel is chosen for the ship.
These operational measures will add to the potential savings and are often considerably easier to
evaluate and implement. It is important to mention that every operational measure may have
different impact on different ships, with the possibility of having the favorable or adverse effects.

In the following sections, different energy efficiency measure and alternative fuels will be evaluated
and discussed. These will be limited to measures and fuels that are currently available in the
market and are applicable on container ships, meaning that they are measures or fuels that have a
positive effect in regards to fuel consumption reduction or emissions reduction. For each measure
and alternative fuel is data from Section 3.2 analyzed in purpose of displaying the potential impact
on emissions emitted from each one of the ships as well as the possible difference between the two
sub segments.

Fuel oil consumption, emissions and investment costs for each of the measures is calculated through-
out the section. Calculations are performed for each ship as well as for an average of each segment.

For the measures and fuels that can be considered for both retrofit and new-buildings, the calcu-
lations are considered only for new-buildings. The motive of this is based on the increased costs
when installing them on retrofits. These costs can increase up to 50 % versus if it is installed in a
new ship. Considering the fact that the uptake of these types of technology is low, it is assumed
that shipowners will not consider this as an attractive prospect, therefore these options will be
considered only on new-buildings.

For the analysis, the volatility of fuels is also considered. For each fuel there is a high and low
price scenario (DNV GL, 2015b), and the assumed prices for these are displayed in Table 3.3.1.
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Table 3.3.1: Fuel Prices Assumption per Scenario

Fuel Low Cost High Cost Measure
Scenario Scenario

ULSFO/MGO (0.1% S) 650 750 USD/ton
VLSFO (0.5% S) 500 650 USD/ton
Biodiesel 905 1,055 USD/ton
LNG 8 12 USD/GJ
LPG 5 13 USD/GJ
Methanol 15 20 USD/GJ

3.3.1 Energy Efficiency Measures

The energy efficiency measures considered for the study are detailed in the Global Maritime En-
ergy Efficiency Partnership’s page in the Energy Efficiency Technologies Information Portal (IMO,
2016). These, which are known measures that have been applied to different vessel types,have
been developed with purpose of reducing the world fleets fuel consumption and includes not only
technical but also operational measures that can be implemented in existing and planned ships.
The technical measures are focused on machinery and propulsion and hull improvements, while
operational measures are focused on energy consumption and operation optimization.

For each energy efficiency measure, the portal offers information including: description, associated
costs and expected savings, among others. In the following sections, the measures applicable to
container ships are summarized in Table 3.3.2 and briefly explained. The measures described in the
Energy Efficiency Technologies Information Portal (IMO, 2016) on the Global Maritime Energy
Efficiency Partnership’s page that is not technically applicable or do not generate a fuel saving in
the container segment are not included or discussed in this study.

For each of the included measures, a potential fuel saving reduction percentage is defined based on
the yearly fuel consumption of each segment defined in DNV GL’s model and detailed in Table 3.3.3
and taking into consideration the fuel consumption of each container ship segment, the fuel saving
is calculated. The fuel savings are displayed in Figure 3.3.1 for the two container subsegments and
further details about the savings potential are included in Appendix in Table 5.2.1 and Table 5.2.2
for Segment 28 and 33 respectively.
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Table 3.3.2: Technology Groups and respective Energy Efficiency Measures

Technology Group Goal Energy Efficiency Measure
Machinery Improve Efficiency Auxiliary system optimization

of ME and AE Automatic engine performance optimization
Engine de-rating
Manual engine performance optimization
EGB on AE
Hybridization (Plug-in or conventional)
Improved auxiliary engine load
Shaft generator PTO/PTI
Shore power
Waste heat recovery

Propulsion and Improve hydrodynamic Air cavity lubrication
hull improvements performance Hull cleaning

Hull coating
Hull form optimization
Hull modification
Propulsion efficiency devices
Propeller efficiency
Propeller retrofit

Energy consumers Optimize equipment or Efficient lighting system
devices that use energy Variable frequency drives
during operation

Operation Improve operation Autopilot optimization
optimization of ship Trim/draft optimization

Weather routing

3.3.1.1 Machinery

Machinery - Auxiliary System Optimization, Aux Syst Opt

Vessels are comprised of auxiliary systems designed for 100 % load but as seen in Table 3.2.6, their
operational profile shows that they spend most of their transit time at around 70 - 80 % of the
design speed. In addition, during the era of slow steaming, the loads were even below 50 % of
the design loads. By optimizing the auxiliary system, the vessel can be optimized for these lower
loads. According to IMO (2016), the possible optimizations include:

– Speed control of pumps and fans
– Control strategies of cooling water systems
– Replacement of heat exchangers with new more efficient heat exchangers
– Adjusted room ventilation, and better control strategies
– Redesign of piping and instruments
– Smarter utilization of heat recovery from the high-temperature and exhaust gas systems
– Smarter sensor and power management systems controlling distribution and consumption of
auxiliary energy

Machinery - Automatic Engine Performance Optimization, Aut Eng Perf Opt

An accurate measure regarding the engine’s condition is critical to increase the vessel’s performance
by optimizing fuel consumption. These measurements are currently obtained by tests done by the
crew with very limited tools that often include manual testing and limited knowledge about the
tests they are performing and the measurements they are obtaining.
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To obtain measures that will actually support the possible performance increment, correct and
real time measurements can be actively used to maintain the engine in its optimal condition for
the operation state the vessel is at the moment. To be able to obtain these measures, an auto-
matic engine performance optimization can be applied for all vessels with 2-stroke engines as main
propulsion.

According to IMO (2016), the measurements that are obtained include:

– Improved balance of cylinder pressures for more efficient combustion
– Maximum combustion pressures closer to rated values
– Peak engine efficiency by maximizing ratio of maximum combustion pressure over the com-
pression pressure.

With auto-tuning as part of the ship’s systems, control of fuel injection and exhaust valves is a
possibility.

Machinery - Engine de-rating

The propulsion system of a ship is optimized for it’s designed speed. As shown in Table 3.2.6, the
majority of the time, the ship’s are not operating at design speed, but around 15 - 30 % below.
Because of this, the optimized fuel consumption, which is minimum at design speed, is not being
utilized. Instead, a higher fuel consumption occurs, increasing costs and therefore, GHG emissions.

A possibility exists to de-rate the main engine, which means decreasing the available power and
optimizing the fuel consumption for the actual operational speed. After de-rating the engine, a
decrease of SFOC is measured as well as a reduced maximum speed. This process can be applied
to any vessel type and age with a speed reduction expectation of 10 - 15 %. De-rating can be
both permanent and temporary and it has been used mainly in the era of slow-steaming when fuel
prices have increased in the market.

According to IMO (2016), some measures to de-rate an engine include:

– Installing shims between the crosshead and piston rod to reduce stroke length
– Cut out one or several turbochargers, with permanent or flexible flanges
– Cut out or deactivate cylinders

Machinery - Manual Engine Performance Optimization, Man Eng Perf Opt

This optimization can be implemented when the automatic one is not available. For this opti-
mization maintenance, testing and tuning of the engines is performed to ensure an ideal balance
of cylinder pressures, the same as in the automatic optimization. To achieve the desired fuel con-
sumption reduction with this measure, the method is split in two steps:

1. Test engine’s condition and performance with accurate tools and methods. Make sure that
the conditions are comparable and the data being used are from sea trials.

2. Act on the potential identified and verify results with re-testing

Machinery - Exhaust gas boiler on auxiliary engine, EGB on AE

The exhaust gas boiler’s goal is to increase the auxiliary engine system by recovering heat from its
exhaust gases. This heat can then be used for process heating or to generate steam. When using
an exhaust gas boiler, which is applicable to all ship types that don’t have a shaft generator, the
efficiency of the auxiliary engine is increased by up to 20 % (IMO, 2016). The efficiency increase
of the auxiliary engine is directly related to reduced fuel consumption from the auxiliary engine
since there is not such a large need for it any longer.
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Machinery - Hybridization, Plug-in or conventional

Hybridization occurs when a ship has a conventional engine and is fitter with batteries to either
increase engine performance or for operation to and in port. The two types of hybrid ships differ
on the following:

– Plug-in charges batteries with shore power
– Conventional does not use shore power but instead uses its own systems to charge the batteries
when in transit

Conventional hybrid ships use batteries to be able to install smaller engines to operate at optimal
loads but still cover peak loads with the extra power supplied by batteries. These can then be
charged when the loads are low and there is excess energy generated by running the main engine at
optimal load, even though this load is not required for operation. When the ship is having very low
load operations it can also use the battery power to reduce fuel consumption and maintenance costs.

In the case of a full-electric ship, the battery power is used for propulsion and auxiliary loads. These
vessels are able to charge their batteries with support of shore power, cold ironing, and generally
also have a conventional engine installation. For certain parts of the operation, e.g. maneuvering
and berthing, the vessel can use full power from the batteries.

Currently, hybridization is possible for short distance vessels, e.g. ferries. This is mostly because
of the battery capacity and efficiency in the current market and the size of the batteries needed
for operation. This is a limitation in applicability to merchant ships that travel internationally on
long journeys.

Machinery - Improved Auxiliary Engine Load, Improved AE Load

The goal of this measure is to improve efficiency of auxiliary engines. In normal transit operation,
vessels run more auxiliary engines simultaneously than they actually need. To be able to minimize
fuel consumption from these engines, the average engine load needs to be increased so the number of
auxiliary engines that are running simultaneously needs to be the closest to the possible minimum.
This also decreases maintenance costs since the hours that each engine is running is less.

Machinery - Shaft generator Power Take Off/Power Take In, Shaft Gen. PTO/PTI

The auxiliary engines installed in a ship have generally less efficiency and therefore higher SFOC
than the ME. The idea of this measure is using these more efficient engines, ME, to generate the
auxiliary load that is usually generated by the AEs. When using shaft generators, the maintenance
and lubrication costs are reduced for the AEs and the number of these can be reduced as well.
The shaft generator will also increase the load of the ME, helping it to reach optimal points and
minimizing SFOC. This option can be installed on vessels with diesel mechanic propulsion and the
ones with a need for larger amount of power for heating or cooling are the most benefited.

Machinery - Shore power

The power needed when a ship is berthed, for ventilation, heating, cargo handling, etc., is generally
provided by running the ship’s AEs. This is an issue regarding air emissions close to populated
areas and can be avoided by using electricity available in form of shore power. Using this measure,
the ship can connect through some electrical installations, either on board or on shore, to available
electric power and use this as main power when berthed. This measure is available for all types of
vessels and is especially attractive for those ships that spend large amounts of time in port. To be
able to have this measure in ships there are installations to be done in the ship itself but also in port.

On the land side, the high power cold ironing system consists of the following:

– High voltage grid to the port
– Frequency and voltage converters/transformers
– Cable reel and connectors
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On the ship side the following will have to be installed:

– Transformer
– Power distribution system
– Control panel
– Frequency converter (optional for greater flexibility)
– Connectors and cable reel (optional for greater flexibility)

This measure contributes to reduction of fuel consumption by auxiliary engines and therefore to
emissions close to populated areas. The fuel consumption rate will depend on the size of the
auxiliary engines, their specific fuel consumption and the time the vessel spends in port.

Machinery - Waste heat recovery system, WHRS

The goal of this measure is to use the exhaust gas heat and turn it into electrical energy. The
heat that cannot be turned into electrical energy is used for ship services. This system’s efficiency
depends greatly on the ship type, general arrangement and machinery installed on board but it is
applicable to all types of ships, with varying efficiency depending on the specific case.

3.3.1.2 Propulsion and hull improvements

Propulsion and hull improvements - Air cavity lubrication, ACL

This measure reduces drag resistance by decreasing the wetted surface of a ship. This is done by
creating an air cushion on the flat bottom part of the ship’s hull by injecting air from the front
of the ship. This technique is most efficient in ships with low Froude number where frictional
resistance dominates. These ships normally have a flat hull, some examples are bulkers, tankers
and container ships. Added benefits include decrease of fouling because of the decreased wetted
surface during operation.

Propulsion and hull improvements - Hull cleaning

Because of the contact with water, there is a growth of marine fouling on the hull of ships. This
increases drag which results in higher power required and therefore increased fuel consumption.
Performing hull cleaning will remove this fouling without damaging coating or increase the rough-
ness of the hull’s surface, which will help eliminate the extra drag without compromising the hull
structure. This process is performed by divers with brushers or with remotely operated vehicles
controlled from land.

This process can be effected on all vessel types and the operation time will depend on the vessel’s
size and the amount of fouling on the hull. Because of this, fuel reduction can vary significantly
from case to case.

Propulsion and hull improvements - Hull coating

All vessels have a hull coating application when they are built. This coating delays growth of
fouling and therefore decrease added resistance throughout the vessel’s life. Generally, vessels are
re coated every fifth year. When applying a higher performance coating, the hull resistance can be
kept constant for longer time until the hull is re coated again. When this measure is combined with
correct hull monitoring and maintenance, a reduction on possible increase in fuel consumption is
achievable. This measure is performed on every type of vessel.

Propulsion and hull improvements - Hull form optimization

The purpose of hull form optimization is to reduce hull resistance which will lead to reduced fuel
consumption. This is done by modifying the ship’s hull shape and optimize it for its specific service
conditions, instead of using a standard design. This method can be applied to all vessel types and
the saving potential increases when the operating profile differs considerably from the standard
design design operating profile and service conditions.
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Propulsion and hull improvements - Hull modification

The operating profile of a ship can vary throughout its life depending on its purpose. This profile
can vary significantly from the initial design point of the vessel, which means that it may not be
optimized for the new operation. To optimize these ships there is the option to retrofit the bow,
position of bilge keel and shape of thruster tunnels. These options improve resistance and result in
fuel savings. These modifications can be performed on tankers, LNG carriers and container vessels
that operate large amounts of time outside of their design conditions.

Propulsion and hull improvements - Propulsion efficiency devices, Propulsion Eff.
Devices

Propulsion improving devices, PIDs, or energy saving devices, ESDs, reduce fuel consumption by
improving the flow around the propeller. This can be done by installing different devices, which
according to IMO (2016) include:

– Pre-swirl fins
– Fins on hull
– Contra-rotating propeller

The main areas of focus for modifications are in front or the propeller, behind the propeller or on
the propeller or cap itself. These measures are most efficient when the hull has not been optimized
for its specific operational profile and service conditions. The range of applications varies depending
on the specific device to be implemented and these details are established in IMO (2016).

Propulsion and hull improvements - Propeller efficiency

Comparably to the relation between hull coating and hull resistance reduction, propeller efficiency
is directly related to the state of the surface of the propeller. Because of turbulent flow around the
propeller of a ship, the blades can suffer some cavitation damage, reducing its efficiency. To fix
this, a regular polishing or coating can be done on the propeller to improve its efficiency towards its
design state. This can be done on all vessel types and is generally performed when the ship is docked
or berthed with the aid of divers. When this is implemented, a reduction of fuel consumption will
be noticed, directly related to decreasing power loss because of decreased propeller efficiency.

Propulsion and hull improvements - Propeller retrofit

This measure’s aim is to change propeller to the operational profile that the vessel is currently on.
This can include a change to a high efficiency propeller or a complete change of propeller when the
vessel’s operation changes, e.g. slow steaming era. This change increases the propeller efficiency
which leads directly to reduction of fuel consumption.

3.3.2 Fuel Savings for Energy Efficiency Measures

As mentioned in the introduction for this section, the potential fuel savings for each measure are
calculated for each of the representative ships. This calculation is based on data shared by DNV GL
related to potential fuel saving percentages, found in the Appendix Tables 5.2.1 and 5.2.2 on each
of the container ship segments. These percentages are then applied to AIS fuel oil consumption
data for the year 2016 shown in Table 3.3.3 to obtain the amount of metric tons that can be
saved when using each specific measure, Figure 3.3.1. The percentage of fuel oil consumption that
each measure can reduce when comparing to Table 3.3.3 is summarized in Table 3.3.4. These fuel
savings are then directly related to CO2 emissions by the factors established in Section 3.1.0.1.
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Table 3.3.3: Fuel Consumption per Vessel in 2016

Vessel Total ME FOC,[t] Total AE FOC,[t] Total Boiler FOC,[t]
Container 1 4,839 955 495
Container 2 4,078 1,352 515
Container 3 3,440 1,353 516
Average Seg.28 3,917 957 501
Container 4 18,924 5,754 375
Container 5 18,458 5,995 352
Container 6 17,804 6,097 371
Container 7 25,527 4,906 294
Container 8 27,357 5,144 291
Container 9 28,412 5,169 311
Average Seg.33 23,391 4,469 366

Table 3.3.4: Percentage of Fuel Reduction per Energy Efficiency Measure
vs Total Fuel Oil Consumption in 2016

Measure C1 C2 C3 AVG C4 C5 C6 C7 C8 C9 AV
28 33

Aux syst opt 0.15 0.23 0.25 0.18 0.23 0.24 0.25 0.16 0.16 0.15 0.16
Aut eng perf opt 2.29 2.04 1.92 2.17 2.25 2.22 2.19 2.48 2.49 2.50 2.47
Engine de-rating 2.29 2.04 1.92 2.17 3.75 3.70 3.65 4.13 4.15 4.17 4.12
Man eng perf opt 2.29 2.04 1.92 2.17 2.25 2.22 2.19 2.48 2.49 2.50 2.47
EGB on AE 0.39 0.43 0.49 0.47 0.07 0.07 0.08 0.05 0.04 0.05 0.06
Battery hybrdization 1.79 2.68 3.00 2.10 2.70 2.85 2.96 1.88 1.85 1.80 1.86
Improved AE load 0.42 0.64 0.71 0.50 0.62 0.66 0.68 0.43 0.43 0.41 0.43
Shaft gen PTO/PTI 0.10 0.15 0.16 0.11 0.31 0.33 0.34 0.22 0.22 0.21 0.22
Shore power 2.27 11.82 10.32 12.09 5.91 7.45 7.05 5.32 4.50 4.70 5.76
WHRS 2.29 2.04 1.92 2.17 6.01 5.92 5.83 6.61 6.63 6.67 6.59
Air cavity lub. 2.29 2.04 1.92 2.17 3.75 3.70 3.65 4.13 4.15 4.17 4.12
Hull cleaning 1.91 1.70 1.60 1.80 3.75 3.70 3.65 4.13 4.15 4.17 4.12
Hull coating 1.52 1.36 1.28 1.44 3.00 2.96 2.92 3.30 3.32 3.33 3.30
Hull form opt. 4.57 4.08 3.85 4.33 4.51 4.44 4.38 4.96 4.98 5.00 4.94
Hull modification 3.81 3.40 3.21 3.61 2.25 2.22 2.19 2.48 2.49 2.50 2.47
Propulsion eff.devices 0.76 0.68 0.64 0.72 0.75 0.74 0.73 0.83 0.83 0.83 0.82
Propeller efficiency 2.67 2.38 2.25 2.53 2.63 2.59 2.55 2.89 2.90 2.92 2.88
Propeller retrofit 2.29 2.04 1.92 2.17 3.75 3.70 3.65 4.13 4.15 4.17 4.12
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(a) Average Segment 28

(b) Average Segment 33

Figure 3.3.1: Fuel Savings per Energy Efficiency Measure

3.3.3 Payback Period, PBP, Energy Efficiency Measures

Payback period, PBP, is an essential concept when considering an investment. PBP is the amount
of time that it will take for an investment to be returned as income. According to several shipown-
ers, the acceptable time for investments on these types of measures is around 5 years, for some
that are more progressive in terms of increasing their sustainability profile it could be up to 10
years in special cases.

The PBP is calculated based on not only the fuel saving potential data but also considering the
CapEx and OpEx and comparing it to the baseline case which is if the shipowner would continue
business as usual.

For this analysis, the payback period is compared with the potential CO2 savings from each
measure. The PBP is obtained from the model developed by DNV GL, considering devaluation
and inflation.
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The result of the analysis is shown in Figure 3.3.2 for the average of the segments and the results
per vessel can be found in the Appendix 5.3. When analyzing these graphs, there are different
aspects worth taking note on from a financial perspective.

(a) Average Segment 28

(b) Average Segment 33

Figure 3.3.2: PBP per Energy Efficiency Measure
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Sub Segment Operational Profile

When choosing a measure, the operational profile and size of the sub segment are of high priority.
For example, according to Table 3.2.4 sub segment 28 spends in average of 57 % in transit mode
compared to sub segment 33, which spends in average 75 %. Taking into account that sub seg-
ment 33 consumes a considerably larger amount of fuel on average and considering that ME fuel
consumption is generally larger than AE, there would probably be larger savings when selecting a
measure to impact fuel consumption of the ME in sub segment 33. This is the fuel consumption
affected the most when in transit mode as the ME is responsible for propulsion and therefore larger
fuel savings in ME will translate into larger CO2 savings as well.

Sub Segment Size

When evaluating Figure 3.3.2, it is obvious that larger ships have the possibility to be more efficient
regarding fuel consumption than smaller ships. This can be seen in the development and increase
of large container ships as shown in Table 3.1.6. Larger containers also use more fuel and therefore
any measure that is installed to reduce this fuel consumption will be more effective in economical
terms. The investment is sometimes larger because of the ship’s size, but because of the savings
proportions, the PBP is generally smaller in larger ships.

Considering this, an issue with larger containers could be the limits regarding dimensions and
safety for these ships to enter different ports around the world, and the fact that reducing the
amount of smaller ships would mean that the voyage time would generally increase when using
only large ships. Even though this does not necessarily translate into a problem, it is definitely
something to prioritize when considering the possibility of transforming the container ship fleet
split throughout sub segments.

Capital Expenses

In addition to the size and operational profile, an important element is the value of the capital
expense. This can be an obstacle for measures that have a high fuel consumption reduction
potential. The possibility of the CapEx to be too high can mean that the choice will not be
defined by the highest saving possible nor the PBP but by the one that is less expensive, having
less savings as a consequence. This means that even though the case would be that PBP is short
and the emission reduction potential is large, the investment itself is not an option for a specific
shipowner or investor. This could happen in the case of smaller companies with less access to
larger capital for their fleet.

Assumptions on input

Using Figure 3.3.2, it is clear that even though some measures have high potential CO2 savings,
the investment is considerably higher than others with similar CO2 savings.

There is also a considerable difference when comparing energy measures between the two sub
segments. This difference is mostly due to their operational profile, time spent in ECAs, fuel con-
sumption, among others and the fact that in some cases the CapEx is very similar but the saving
is considerably larger in larger segments.

Shore power for Container 1 compared to container 2 and 3 have a much longer PBP due to the
number of calls that the ship makes. Container 1 made about 50 calls in 2016, compared to about
the 200 which the other two ships made respectively. Meaning that the utilization of cold ironing
by Container 1 is much less than for container 2 and 3.

Most ships today go on slow steaming in order to reduce fuel consumption. The PBP is calculated
based on potential % reduction of fuel consumption, which is for design speed, times the actual
fuel consumption, which is in slow steaming. This meaning that if the vessel where to go in
design speed, the PBP would decrease since the fuel consumption would be higher and therefor
the absolute fuel saving would be larger.

43



3.3.3.1 Energy Consumers and Operation Optimization

These measures are focused on reducing energy consumption and optimizing the operation to
reduce fuel consumption on board. These can be installed in any vessel and normally consist on
relatively low investments and they generally do not require large amounts of space. They will be
briefly explained and the possible reduction for each subsegment is included in Tables 5.2.1 and
5.2.2 in Appendix 5.2. Because of their low investment and considering they can be implemented
in any vessel, actually most of them already have one or more of this measures, they will not be
part of the financial evaluation nor will they be discussed further.

Energy Consumers - Efficient Lighting System

The same way people are trying to reduce the amount of electricity used in their houses, the
lighting system in a ship can be more efficient. This is done by changing the equipment to low
energy halogen lamps, fluorescent tubes and LED and can be performed in any ships. There is also
the possibility of combining this with dimming systems and automatic light switches. The highest
potential is on passenger vessels because of their increased need for lighting versus cargo vessels,
and by reducing the need for electricity for lighting, the power used to produce this electricity can
be reduced as well. The savings will translate into saving on AE consumption.

Energy Consumers - Variable Frequency Drives

Similarly to some of the measures for decreasing fuel consumption related to machinery, this
measure focus on installing the frequency of the electrical engines to be able to run them in
different loads. This is needed because the auxiliary systems are designed for full load operation,
which is not the case most of the operating time. This measure can be installed in an electrical
motors on any ship segment and it will regulate the frequency of the ship’s electrical engines to
match the load it is operating under.

Operation Optimization - Autopilot optimization

This measure focuses on automatizing the control of the ship’s rudder. By doing this, the fuel
consumption can be reduced by improving the transition from large angle changes in the rudder
to slower,fewer and smaller changes. This measure can be installed on any type of vessel and is
easily installed on those which have already an autopilot installed.

Operation Optimization - Trim/draft optimization

This measure is focused on reducing the resistance by actively modifying the trim angle of the
vessel. This will help to achieve an optimal trim depending on the loading condition at the time
and therefore saving fuel by reducing resistance. It is applicable for any type of vessel but those
which have limitations, e.g. passenger ships, regarding trim angles may observe less reduction.

Operation Optimization - Weather routing

By planning the route and avoid unwanted weather conditions can reduce the exposure to bad
weather and therefore reduce the need for extra power needed to propel the ship in these conditions.
This system is used in most ships, specially those realize intercontinental trades, and is combined
with safest and quickest route. When using this measure, the resistance is reduced in certain parts
of the voyage and consequently there is a decrease in fuel consumption.
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3.3.4 Alternative Fuels

Alternative fuels are those that have lower emissions of GHG, NOx and SOx versus conventional
fossil derived fuels. Their goal is to either be used in combination with fossil fuels or replace them
to reduce emissions while offering the same amount of energy for the operation of the ship. A
relevant part of these types of fuels is that their emissions are considered from well-to-propeller,
WTP, to make sure that the decrease in emissions accounts for the whole production and transport
process as well as the usage in the ship’s propulsion.This is specially important since the production
and transport of the fuel, Well-To-Tank, WTT, accounts for roughly 10 - 20 % of the contribution
to the fuel’s total GHG emissions, WTP, depending on the fuel (Chryssakis; Stahl, 2013). The
alternative fuels that are currently considered to be feasible to use in shipping (EMSA, 2017) are
displayed in Table 3.3.5.

Table 3.3.5: Alternative Fuels

Alternative Fuel
Natural Gas: Liquefied Natural Gas /
Compressed Natural Gas
Liquefied Petroleum Gas
Alcohols: Ethanol/Methanol
Biodiesel
Biogas
Synthetic fuel
Hydrogen
Nuclear Fuel

The shipping industry has been interested in the development of these fuels to avoid using the
same fuels as other transport sectors, e.g. road and aviation. If all transport sectors would make
use of the same distillate fuels to reduce GHG emissions from shipping, the price of these would
increase and there would be a lack of availability because of limited capacity in refineries. If an
alternative fuel is developed for shipping, this competition would not take place and the current
prices for other transportations would continue as present.

Because of their very different densities and heating capacities, these fuels are not evaluated accord-
ing to mass but their energy content. This is also a large impact when referring to the requirements
regarding installations and storing conditions for each one. Because of this, not all fuels are avail-
able for every ship type. For this case study, those options that are feasible to install in container
ships will be further evaluated.

3.3.4.1 Biodiesel

Biodiesel for shipping is more commonly known as renewable diesel or hydrogenated vegetable oil.
The most widely used in Europe is rapeseed, which grows in the North of Europe. The rapeseed
is crushed in a mill and the oil extraction is done by using steam and hexane. The oil is then
neutralized and clarified to be used as marine fuel. This oil can then be refined into biodiesel and
this can also be used as marine fuel.

3.3.4.2 Biogas

Biogas is a product of the breakdown of organic matter in the absence of oxygen. This process can
happen both naturally and artificially, the latter one being produced using digesters reactors.

3.3.4.3 Alcohols - Ethanol and Methanol

Both methanol and ethanol are considered alcohols and have been widely used in the road transport
sector as fuels.

Ethanol

Produced from feedstocks.
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Methanol

Methanol is produced from natural gas but it can also be produced also from black liquor, a by-
product of pulp mills. Black liquor is burnt and the syngas resulting from the gasification can be
used to produced methanol.

3.3.4.4 Hydrogen

Hydrogen can be obtained from natural gas through steam reforming, partial oxidation of fossil
fuels, etc. The details of each process are different and will be discussed in further sections of the
report.

3.3.4.5 Liquefied Natural Gas, LNG

After extracting and cleaning natural gas, it is then liquefied in a cryogenic plant and LNG is
obtained. The gas needs to be kept at very low temperatures, between -160◦C and -155◦C (DNV
GL, 2015), and because of the heat exchange that happens between the tank and the environment,
some of the LNG evaporates and can be used as fuel for the ship.

3.3.4.6 Liquefied Petroleum Gas, LPG

This fuel consists of propane or butane liquefied at mild pressures. It is a by-product of the
production of gasoline in oil refineries and a by-product of the extraction of natural gas in gas
field.

3.3.5 Payback Period, PBP, Alternative Fuels

The same way each energy measure cannot be chosen regarding only fuel savings, the way to choose
an alternative fuel and the installation that each one requires is not only ruled by how much less
CO2 emissions it saves. The decision is also related to the PBP and the possibility to use each
alternative fuel depending on the ship type, ship size and ship operation. Each system requires
different operation requirements as well as installation and not all ship types can comply with
these requirements. To calculate the PBP of alternative fuels, DNV GL has developed a model
to analyze the CapEx and OpEx and the amount of energy each fuel has available for operation.
The latter is analyzed because in the case of alternative fuels, they differ in density which means
comparing them by weight or mass would not be realistic. The result of the analysis is shown
in Figure 3.3.3 for the average of the subsegments and the results per vessel can be found in the
Appendix 5.4.
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(a) Average Segment 28

(b) Average Segment 33

Figure 3.3.3: PBP per Alternative Fuel

When considering LNG or LPG, CO2 emission savings is about 5 times bigger for subsegment 33
compared to subsegment 28 even though the two have about the same PBP. The reason for it
being like this is that the Capital expense for the installation is proportional to the ship size or
more exactly the tank size. The tank size is related to how often you can fill up the tank hence
the voyage length.

3.3.6 Conclusions on the Financial Analysis

After analyzing the CO2 in comparison with the payback period of each measure, there are some
inferences that can be made from the financial case for energy efficiency measures and alternative
fuels.

3.3.6.1 Operational profile affects preferable measure

Depending on the size of the ship and the route it follows, it spends different amounts of time in each
operational mode. For example, when analyzing waste heat recovery and air cavity lubrication,
they are more effective in subsegment 33 because this segment spends more time in transit mode
as shown in Table 3.2.4. However, these calculations are made considering the time spent in transit
mode will comply with the design speed, which is not necessary the case. For example in the year
2016, the variation of speed for each of these vessels was around 17 - 31 % less than the design
speed, shown in 3.2.6.
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3.3.6.2 Fuel switch has the largest potential for CO2 reduction

In the present, the largest CO2 reduction comes from fuel switch as seen in Figures 3.3.2 and
3.3.3. This is the case if just one measure or fuel is considered for emission reduction. However,
there is possibility of increasing emission reduction when installing energy efficiency measures by
combining several. The best result for over all emission reduction is to combine those that can
complement the fuel reduction in every operational mode for the ship. For example, installing
shore power to reduce emissions at berth and install waste heat recovery to reduce emissions while
in transit. This would increase the reduction from 12.09 % (SP) and 2.17 % (WHRS) of total
fuel consumption for the average of sub segment 28 and 5.76 % (SP) and 6.59 % (WHRS) for the
average of sub segment 33, to a total of 14.26 % in sub segment 28 and 12.35 % in sub segment
33. These can also be combined with low PBP measures, for example hull coating or cleaning, as
well as operational measures to maximize fuel and emission reduction.

3.3.6.3 PBP is a barrier in some cases

A common PBP considered when installing in these technologies in ships is five years or less. If
the PBP is larger than this, it constitute a large risk for the shipowner and those measures or fuels
are therefore not considered as a possibility. This reduces the uptake of several options that have
high CO2 emission reduction potential. If those measures with higher PBP than five years are
eliminated, the available options are reduced to the ones in Figures 3.3.4 and 3.3.5. All measures
with PBP exceeding five years are eliminated, and as it is shown in the figures, some of the excluded
measures have high reduction potential.

(a) PBP limit Segment 28 - Energy Efficiency
Measures

(b) PBP limit Segment 33 - En-
ergy Efficiency Measures

Figure 3.3.4: Five year PBP limit in Energy Efficiency Measures

(a) PBP limit Segment 28 - Al-
ternative Fuels

(b) PBP limit Segment 33 - Alternative Fuels

Figure 3.3.5: Five year PBP limit in Alternative Fuels
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3.3.6.4 Need for update & adaption of the initial business model - new values must
be included for better accuracy of prediction

By applying the less than five year acceptable PBP to the financial evaluation as it commonly
looks today, some measures are already in this stage of the evaluation eliminated together with the
emission reduction potential that these measures provide, see Figures 3.3.4 and 3.3.5. However,
environmental and social benefits are increasingly becoming valuable and can therefore contribute
to the business case and should be included in the evaluation for better accuracy on the predicted
implementation.

That the financial evaluation needs an update in order to adapt better becomes more clear as the
implementation of energy efficiency measures and alternative fuels become more intricate due to
the complex structure of international shipping and implementation of new ways of steering the
industry to more sustainable operation. There are several aspects, that are increasingly becoming
more important, not included in the traditional evaluation of a financial investment on a ship. A
risk and benefit analysis has been developed in the following section in order to evaluate and point
out what other aspects affects the investment and how. The aim of the risk and benefit analysis is
to clarify which surrounding aspects that can be taken advantages of or should be considered as
risk for the investment.

3.4 Risk and Benefit Analysis

Considering that investors will reduce their choices to those measures with PBP lower to five
years, the inclusion of sustainability as a part of every day decisions come into play. If shipowners
where to continue their investment within PBP limitation, there is large potential that will be
lost. A shipowner who can afford a longer PBP has large benefits including larger reduction of fuel
consumption and hence reduction of CO2 emissions. IMO is currently developing regulations to
reach the newly determined 2050 goal on reducing GHG emissions from shipping by 50 %. These
upcoming regulations will most probably put economical pressure on shipowners to operate their
ships with considerably less GHG emissions as consequence.

Customer awareness is another aspect to take into account when planning on the future. During
the last decade, the average person’s awareness of environmental and health consequences from
emissions has increased and therefore a new type of value has developed. Sustainability has, within
many sectors, shown to have a growing value and so is the case for shipping. This means that
customers will increasingly prioritize shipowners who profile themselves as sustainable.

An economical analysis focused on CO2 savings and PBP has been performed for all energy effi-
ciency measures and alternative fuels and the results are summarized in Sections 3.3.3 and 3.3.5.
To continue the discussion regarding other aspects to consider for further uptake, as is the focus
of this thesis as established in section 1.4, four technologies, three energy efficiency measures and
one alternative fuel, have been picked from the list for further analysis.

The selection was made from discussion with different stakeholders in the shipping industries and it
includes four technologies that are expected to have great potential in the coming years. The chosen
ones include: SP, LNG propulsion, WHRS and ACL. Through this section a deeper explanation
of each technology, it’s effect on emissions and other details on each technology are presented as
well as a risk and benefit analysis for each.
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3.4.1 Shore Power, SP

When a ship is berthed, it does not require power from the ME as there is no need for propulsion,
however there are hotel loads, like lighting, heating/cooling, ventilation, cargo handling etc. that
require power for operation. For this reason, the AEs run, generally at partial load to support these
operations. The AEs are generally diesel powered generators, which emit emissions and noise while
in operation. Awareness of the consequences of these emission increases as the shipping intensifies
and from the fact that all these operations occur in harbors, directly affecting population. The
result is increased pressure on ports and shipowners to act towards emission reduction while the
ships are in port.

Shore power, also known as cold ironing or on shore power supply, is shore electrical power provided
to ships when at berth. When at berth, the ship connects to shore power and eliminates the use
of the AEs, while still supplying the necessary power for safe operation. Both environmental and
health benefits can be reaped from the use of shore power. The technology has the potential to
reduce emissions in port and possibly globally, if the supplied energy is obtained from renewable
energy sources. Studies have shown a potential average reduction of 95 % NOx, SOx and PM
per call by shutting down auxiliaries and utilizing shore power while at berth but dependent on
the engine characteristics the effect will be of different magnitude from case to case. It has the
potential to improve the overall air quality of nearby urban areas and the work environment for
the crew as the noise is omitted. Shore power is no new technology and has already been installed
in several ports worldwide. It is also being further researched for additional environmentally aware
ports around the world. This technology has the largest potential economical and environmental
effect in larger vessels that spend larger amounts of time in port, since the fuel consumption is
larger for larger ships.

Throughout the following section, a cost effectiveness analysis is done for the implementation of
shore power on the nine representative ships. Cost implications for the shipowner as well as the port
and society are discussed together with the PBP and safety hazards of using the measure. Estimates
of the financial case are performed using a shore power investment model developed by DNV GL
(Tvete, 2017). These are calculated for two potential scenarios for each ship which consider low and
high fuel. Barriers regarding shore power are also described and discussed because, even though
the technology has great potential and the interest is increasing, its uptake in the shipping industry
has been limited so far. Why the uptake of cold ironing technology has not been faster can be
traced to the barriers to be identified.

3.4.1.1 Shore Power Technology Specifications

In order to utilize shore power there are infrastructure installations to be made on both ship and
port. These installations need to be done because the on-shore electrical grids are not adapted to
the ships requirement in terms of frequency, voltage and earthing. Standardized safety measures
are also necessary to integrate in the infrastructure.

Because of the systems on board ships, a high voltage grid needs to be connected to the port.
Installation of an electrical substation for conversion of voltage and frequency of the electrical grid
to the ones required by the vessels and specified by standards is made on the port side. Medium
voltage, MV, cable connections are required upstream and downstream from the grid to the power
conversion system and between the conversion system and the vessel connection point.

In order to ensure high quality,standards were created to assure safe, effective and simplified uti-
lization of shore power all over the world. The standards were formulated based on the power
requirement from different vessels. A high voltage (IEC/ISO/IEEE 80005-1) (ISO, 2012) and a
low voltage (IEEE/PAS 80005-3) (ISO, 2014) standards were established, but the low voltage
standard is still awaiting final approval. The high voltage standard is utilized when the power
requirement exceeds 1000 kVA and the low voltage standard covers the power requirement below
1000 kVA. With a standardized connection system, there is no need for adjustment on the ships
installed system when utilizing the on shore grid in different ports. If the utilization of shore power
all over the world would be simplified, it would allow for a higher uptake and thus a better business
case.
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The standards affect the design, installation and testing of several system components:

– Shore distribution system
– Shore to ship connection and interface equipment
– Transformers/reactors
– Semiconductor/rotating converters
– Ship distribution system
– Control, monitoring, interlocking and power management system.

The frequency converter installed in the electrical substation is a major component of the system
as well as the most expensive one. It is required because the shore grid frequency deviates from
the vessel grid frequency. Today, 60 Hz is the most common on board frequency for ships and the
Swedish shore grid has a frequency of 50 Hz.

A cable management system, CMS, is also needed in order to assure safe handling of cables during
connection and disconnection of the ship. The CMS than will be installed on board or on shore
depends on the vessel type. Container ships are the only vessels for which the CMS is installed
on-board due to space constraints port when handling cargo.

3.4.1.2 Shore Power Electricity Source

As mentioned earlier, the potential of emission reductions depend on the source of the electricity
used for shore power. If this electricity comes from completely renewable sources it could mean a
large reduction of emissions but if the electricity is generated with coal or petroleum products, the
emissions are just moved upstreams in the process to where the electricity is generated. Because
of this, it is important to consider that the effect of the reduction could differ depending on the
port to which the ship is connecting.

Using Figure 3.4.1, which displays the electricity mix from six different countries in Europe
(Desjardins, 2015), a conclusion that there could be upstream emissions generated by this measure
that could jeopardize the total emission reduction impact is drawn. In countries like Sweden, where
the electricity generation in 2013 was approximately 54 % generated by renewable sources and 43
% by nuclear power, the upstream emissions are not a big issue. In the other hand, when analyzing
the mix of Germany and Greece, up to 46 % of the energy came from solid fuels. When analyzing
an investment in shore power, both on ship and on port, this is to be taken into account into the
effect of the total emission reduction. In this report, this is not considered because of lack of time
and resources.

Figure 3.4.1: Electricity Mix 2013
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3.4.1.3 Shore Power Emissions Reduction

Even though a larger share of the total emissions from shipping is emitted at sea, it is important
to act on lowering emissions in port. The consequences of emission at sea and in port are different
and have very different meaning in local versus global climate. Many ports are located near urban
areas and therefore emissions from ships while in port affect the environment where a large popu-
lation lives. Being exposed to poor air quality due to harmful emissions can lead to negative health
effects including cause premature deaths, respiratory problems, cardiovascular issues, asthma and
several other respiratory symptoms.

(a) Sub Segment 28

(b) Sub Segment 33

Figure 3.4.2: Shore Power Fuel and
CO2 yearly savings

The responsibility of complying with good air
quality in cities is today picked up by the city
in which the harbor is located and therefore in-
directly connected to tax payers. Many cities
that experience poor air quality due to emis-
sions have already taken huge steps to miti-
gate land based emission sources but still not
enough regarding emissions from ships. Emis-
sions originating from shipping are therefore
gaining attention from government policy mak-
ers in many countries and the pressure to miti-
gate emissions is increasing. When using shore
power installations, the fuel consumption from
AE is reduced during the operation of the ship.
As mentioned earlier, shore power has a poten-
tial average reduction of 95 % NOx, SOx and
depending on the amount of fuel saved, a high
potential on reduction of CO2. When in port,
it will reduce to 0 % AE use once connected
to shore. The net fuel reduction depends on
the amount of time spent in port as well as the
machinery that would be used in case the shore
power connection does not exist. To exemplify
this, each of the nine container ship’s opera-
tional profiles are evaluated and the actual time
spent berthed from Table 3.2.4 as well as the
installed power for AE in Tables 3.2.1 and 3.2.2
are used to calculate the potential fuel savings
if these vessels would have shore power avail-
able 100 % of the time they are berthed. These
savings are based on 2016 fuel consumption data in Table 3.3.3. According to DNV GL data, the
potential reduction percentage of ME fuel consumption is around 57 % for subsegment 28 and 45
% for subsegment 33. Figure 3.4.3 shows the potential fuel savings of the nine vessels and the
average of each subsegment as well as their corresponding CO2 emission reduction.

3.4.1.4 Shore Power Hazards

A shipowner or operator might experience higher susceptibility to changes in fuel/energy price in
case they implement shore power. The electricity is not only, as conventional ship fuel, used by
the shipping industry, it is also used by many other sectors. The electricity price might therefore
be dependent on the demand in other sectors, especially if it is not regulated. The effect of an
installed SP system on a vessel is highly dependent on the accessibility to SP facilities in port.
Without a shore power facility in port, the on board equipment cannot be used and the shipowner
must turn to other solutions, e.g. starting up the AEs in order to maintain operations on board.

The CapEx for installation of SP on a large ship is almost the same as the uptake on a smaller
ship. However, the CapEx for implementation of SP is relatively large (in the range of 105) and
expose the shipowner for a risk.
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Longer PBP is a risk for smaller vessels since the difference in CapEx is small between ship sizes
for SP, but in terms of usage (amount of fuel that is replaced by electricity from the onshore grid)
it varies between sizes.

The installation of shore power requires space in terms of cable storage and cable handling equip-
ment on board. However, for new-buildings this is not a critical issue since the space can be planed
for in the design stages. In retrofits this is a different matter because the existing arrangement of
the ship might only allow freeing space of cargo and re-purposing it for shore power equipment,
possibly losing some cargo space.

Most SP equipment is located on the port side of the installation, hence the measure does not affect
the cargo handling capacity in larger extent on the ship side. However, the port might experience
some difficulties adapting to shore power’s space requirements. The space the SP facility requires
is taken from space previously used for loading and offloading of the cargo. The risk’s severity
depends much on the specific port’s size, layout and logistics.

SP is not available in every port, which imposes a risk if a change of route were to happen.

SP has an intermediate risk of pushing emissions upstream. This means that when using SP tech-
nology, the emissions that are eliminated directly in the ship’s system will be translated to where
the electricity is produced, e.g. hydroelectricity plant or coal plant depending on the country and
port. Consequently, the risks is dependent on which port the ship will connect to.

The operation safety is imposing a risk for implementation of SP when connecting and disconnecting
the ship to the port facility. Cables are long and heavy and there is a risk of the ship moving slightly,
even though it is moored, and high voltage electricity connection close to water is a high exposure
to accidents.

3.4.1.5 Shore Power and Cargo Capacity

When a container ship is fitted with a shore power system, the element that takes the most amount
of space is the CMS. The largest elements which consist of the substation and the frequency con-
verter but these are installed on the shore.

As in any ship, in container ship space is the most important limiting factor. In the case of the CMS
when having a new built vessel it is not a problem because it is included in the design. However,
when the installation is done in an already existing vessel, finding the correct space for the cables
could result in a challenge and a large possibility of losing some space on board. (Fiadomor, 2009)
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3.4.2 Waste Heat Recovery System, WHRS

Engine manufacturers have worked hard on improving the energy efficiency of their engines. Large
marine engine manufacturers like Wärtislä (Wärtsilä, 2018) and ABB (ABB, 2018) have accom-
plished an efficiency ranging from 40 - 50 %, depending on the type, in their engines for marine
applications. Improving engine efficiency is important because it can directly translate into lower
fuel consumption and higher available speeds but specially because it translates into lowered emis-
sions, an important requirement to comply with in the present.

Additionally to improving efficiency through improving engine components, several companies have
focused some energy in developing systems to take advantage of the lost efficiency in form of heat.
One of this systems are waste heat recovery from the exhaust gases. Exhaust gases are the main
source of energy waste in the form of heat from a ship’s main engine. Waste heat recovery systems,
WHRS, work by a turbo generator, which uses the temperature and pressure from the exhaust
gases to create electricity and feed the vessel’s electrical grid. This can then be used for increased
main power and that heat that cannot be transformed into electrical energy is then used for ship
services, e.g. hotel loads, tank heating and other applications.

3.4.2.1 WHRS Ships

WHRS have been an important application in container ships to reduce fuel consumption and
therefore reducing CO2 emissions. Many ships have WHRS already installed with their propulsion
system, so a specific number of vessels with these systems is hard to calculate.

3.4.2.2 WHRS Technology

The exhaust gases that can be used for waste heat recovery are those coming from the main engine.
The WHRS uses these gases at a specific temperature and with a specific heat flow to generate
electricity. Because of it, they have to have be in specific ranges for the WHRS to work as de-
signed and for it to be possible to generate around an electrical output up to 11 % of the ME power
(MAN Diesel & Turbo, 2017). The increase of ME efficiency has reduced the possibility of using
exhaust gases for electricity to power the vessel. This is because the more efficient engines have
a lowered exhaust gas temperature, which means it can be used only for ship services. To solve
this, different manufacturers have come up with different combinations and solutions to fit the
ship needs. For example MAN Turbo & Diesel, (MAN Diesel & Turbo, 2017), has three options
available: ST-PT, STG, PTG.

– ST-PT: Steam Turbine - Power Turbine generator unit. This is the best option for ships with
high power demands like container ships. The combined system is connected to a common
generator. After the first turbine, the output is added to the generator.

– STG: Steam Turbine Generator unit. This option is focused on increasing the temperature of
the bypassed exhaust gases before they enter the boiler and without using a power turbine.

– PTG: Power Turbine Generator unit. This is the cheapest option as well as the simplest one.
After the exhaust gas is bypassed, a gas turbine is installed and a generator to convert the
output from the turbine to electricity.

The goal is to have some of the exhaust gases to pass through the turbocharger. This is done by
bypassing the exhaust gases to decrease the amount and to be able to increase their temperature
and adequate them for steam production which is used for the EGB-steam. This is then used in
the steam turbine to generate electricity. The pressure issue is solved by using a power turbine.

Specifications

To choose the best system for a specific ship, there are several operational characteristics to take
into account:

– Power demand on board the ship: electrical load at sea and operating profile
– PBP for the system
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– Available space in ship
– Propulsion power
– rpm requirements according to propeller

The general recommendation for the systems is based on the ME power and according to MAN &
Turbo Diesel they are:

Table 3.4.1: WHRS Recommendation based on ME Power

ME Power, [MW] System
> 25,000 Combined ST and PT
< 25,000 kW PTG or STG
< 15,000 kW PTG

Electricity generation using exhaust gases directly translates into reduced fuel consumption. This
is a consequence of having extra energy to support the system and being able to reduce the use of
the ME and auxiliary systems; AE and EGB. This fuel saving is directly dependent on the system
installed, the ship type and size, the operational profile and how close the operation is to its design.
In the following section, the possible reduction and its linked CO2 emissions are detailed.

3.4.2.3 WHRS Emissions Reduction

(a) Sub Segment 28

(b) Sub Segment 33

Figure 3.4.3: WHRS Fuel and CO2
yearly savings

As mentioned in last section, WHRS al-
low the vessel to reduce fuel consump-
tion of the ME. Since the system is de-
signed according to the design operational
profile of the ship, the potential reduction
of fuel depends directly on the real op-
eration of the vessel. According to Fig-
ures 3.2.9 and 3.2.10 and Table 3.2.6 this
is rarely the case, so the savings might be
considerably less than the ones in this re-
port. This is a big problem with slow
steaming as well. When slow steaming,
the speed is reduced significantly, meaning
that the WHRS cannot be used and there-
fore the fuel savings are only because of re-
duced speed and not because of recovered
heat.

According to DNV GL data, the potential re-
duction percentage of ME fuel consumption is
around 3 % for subsegment 28 and 7 % for sub-
segment 33. Figure 3.4.3 shows the potential
savings of the nine vessels and the average of
each subsegment according to their 2016 fuel
consumption data in Table 3.3.3.

3.4.2.4 WHRS Hazards

The WHRS control system has to be connected
to the ME control system since they will both
work together. The interface between them has
to work so the ME is protected from conditions
outside of the specifications and for the WHRS to work when the operation complies with these
specifications. These control are used to manage the ME and the resulting exhaust gases that will
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then be used for the steam and power turbines in the WHRS to generate electricity.

All these activities are done remotely from the control system of the ship and therefore imply no
direct hazards for the ship’s crew.

3.4.2.5 WHRS and Cargo Capacity

The WHRS is installed in the machinery room and therefore do not take cargo space in a container
ship. The only concern is during construction phase, when the shipyard has to find enough space
in the machinery room for the system, especially those large systems, and the complex piping and
cabling they need.
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3.4.3 Air Cavity Lubrication, ACL

The main element affecting ME fuel consumption in a ship is overcoming resistance when operating
in the water. The larger area of the ship that is in the water, the larger this resistance is, so the
fuel consumption increases. Container ships have a large surface area in contact with the water
and therefore large resistance. The goal of air cavity lubrication is to reduce this drag resistance
by decreasing the wetted surface of a ship. This is done by creating an air cushion between the flat
surface of the hull and the water. Because container ships have a large flat surface, they have a big
potential when using this technology, they can save from 3 % to 5 % of the total fuel consumption
of the main engine in container ships, mostly depending on the size and the operating profile.

3.4.3.1 Air Cavity Lubrication Ships

This measure has been increasingly used for high speed vessels. These include light crafts and navy
vessels that go in high speeds and that are not necessarily focused on lowering fuel consumption, as
is the case for merchant ships. SSPA has performed trials on this type of vessels and has achieved
up to 40 % of drag reduction in a project called BB Green in collaboration with SES Europe AS.
(SSPA, 2018)

3.4.3.2 Air Cavity Lubrication Technology

To be able to reduce the wetted surface of a ship to reduce frictional resistance, an air-layer is
injected between the hull and the water. This air-layer is injected by compressing air with energy
extracted from the AEs and injecting in the bow, along the hull. This highly pressurized air then
maintains a thin air layer in contact with the hull and separating it from the water. To intensify
and increase this effect, some trials have been made to create cavities in the bottom of the hull
to increase the thickness of this layer, further reducing resistance. This is when this technology
went from hull air lubrication to air cavity lubrication. This "cavity" then becomes a chamber
which helps control the air flow and guide it to the back of the hull. When reducing resistance, a
smaller propulsive power is needed and therefore fuel consumption can be lowered. As explained
in (IMO, 2016),the measure is very effective, but it is the most effective in vessels with low Froude
numbers, as is the case for container ships. However, these type of vessels generally have a large
draft, meaning that the air cushion will need higher air pressures to be maintained inside the cavity
and to be kept uniform. This becomes a problem for retrofits, since creating a chamber in the
hull is not an option. For new builds, the installation of the technology is included in the design
and it includes pumps, pipings and a hull modification to create a pocket for the air cushion to
be created. Because the flow under the hull is altered, this could mean there could be cavitation
issues in the propeller, which then sometimes requires some sort of protection from the flow.

ACL not only helps to reduce resistance, but because the hull is not in contact as often with the
water, the fouling on the hull can considerably decrease as well. This reduced maintenance costs
and helps with increased resistance from fouling.

There are some negative sides to this system. Because of the lost contact with water, and depend-
ing on the shape and size of the vessel, this measure could mean a loss of stability for the vessel.
Because of this, when installing the measure, a study regarding operational profile and stability
of the hull should be performed. Another disadvantage is that it works more effectively in calm
water, but loses effectiveness in rough seas. This is a problem for merchant ships since they are
always inn danger of coming in contact with rough conditions out at sea, especially those vessels
that have long routes through different seas as those in subsegment 33.
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3.4.3.3 Air Cavity Lubrication Emissions Reduction

(a) Sub Segment 28

(b) Sub Segment 33

Figure 3.4.4: Air Cavity
Lubrication Fuel and CO2 yearly

savings

ACL, as WHRS, allows the vessel to reduce fuel
consumption of the ME. Since the system is de-
signed according to the design operational pro-
file of the ship, the potential reduction of fuel
depends directly on the real operation of the
vessel. ACL affects the consumption of fuel by
ME directly by reducing resistance. This trans-
lates directly into reduction of CO2 emissions
as a consequence of the ME consuming less fuel.
The potential savings for this measure depend
on its real operational profile versus the design
profile. According to DNV GL data, the poten-
tial reduction percentage of ME fuel consump-
tion is around 3 % for subsegment 28 and 5 %
for subsegment 33. Figure 3.4.4 shows the po-
tential savings of the nine vessels and the aver-
age of each subsegment according to their 2015
fuel oil consumption data in Table 3.3.3. Re-
lated to these fuel savings, the figure also shows
the resulting CO2 emission reduction from each
vessel.

3.4.3.4 Air Cavity Lubrication Hazards

This energy efficiency measure does not cre-
ate any imminent danger for the crew working
on the vessel. It can be a danger if not de-
signed properly, since, as mentioned previously,
it could have negative effects in stability if the
operational profile, shape and size of the vessel
are not considered properly when in design.

3.4.3.5 Air Cavity Lubrication and
Cargo Capacity

ACL does not influence the cargo capacity directly, since it is installed in the bottom of the hull.
However, modifications on the hull for the air cavity can mean some changes on the hull shape,
which, depending on the extent, could mean a possible change in the cargo hold layout. This is
not a big concern because it is usually considered while the vessel is in design.
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3.4.4 Liquefied Natural Gas, LNG

The first LNG powered vessel was an LNG carrier called "Methane Pioneer". This vessel was
originally built as a cargo ship for the US Maritime Commission. It was later retrofitted into a
gas tanker and carried the world’s first ocean LNG cargo from Louisiana, US to Essex, England in
1959. Since then there has been an increase of LNG carriers and now an interest in LNG propulsion
as an alternative to conventional propulsion has emerged.

Some shipowners have already changed from conventional propulsion to LNG propulsion and oth-
ers are planing for a switch. LNG propulsion is directly having a good impact on emissions from
ship operations and helps the shipowner to comply with the MARPOL 2020 regulations. There is
a considerable increase in LNG ready or LNG retrofitted vessels, although there is still a hesitation
regarding availability of bunkering facilities worldwide. Different regulative bodies and companies
have developed studies to evaluate this challenge and created a plan on bunkering facility devel-
opment to increase accessibility and assure new LNG fueled vessels a proper operation throughout
their routes. Other companies are instead focusing on increasing flexibility for their gas engines.
For example, Wärtsilä is providing dual-fuel engines that can work with both LNG and HFO,
LSFO or biofuels (Sivadas, 2017).

With either option, LNG is becoming the next step to comply with emission reduction estab-
lished principally by IMO, which is increasingly changing and becoming more strict year by year.
Throughout this section LNG propulsion technology, specifications and growth throughout the
world’s fleet is covered.

3.4.4.1 LNG Propulsion Technology

To use LNG as fuel for propulsion of a vessel, the same concept as a conventional engine is followed.
One of the main differences is the type of engine, which is changed from a conventional HFO or
diesel engine, to a gas engine. The other main difference is the loading of the gas which differs
from conventional fuel because of its chemical and physical properties. The interest in storing and
transporting LNG in liquid form is based on it taking up 600 times more space in gaseous form,
giving a great advantage regarding amount of storage in the vessel’s tanks.

LNG storage conditions are critical, with a boiling temperature of -160◦C and a pressure close to
atmospheric of 1.3 bar. Because of this, the tanks that hold LNG need to be specially insulated to
be able to keep the pressure and the temperature below the boiling point throughout the vessel’s
trip. Even so, some heat is transfered to the tank because of the temperature difference between
the environment outside the tank and the cargo inside the tank. This heat delta is translated into
a boil-off gas, BOG, or steam formation of a percentage of the liquefied gas. This BOG is then
used as fuel for those vessels that cannot re-liquefy it. For those vessels that have a re-liquefaction
plant installation can then transform it into cargo and put it back in the cargo tanks.

For LNG cargo vessels, this process comes from their own cargo and all the cargo space in the vessel
is dedicated to LNG. For those vessels that use it solely for propulsion, an independent tank that
holds the needed volume for the vessel’s operation is installed and connected to the gas engines to
be able to use as propulsion. Still, the same main principle holds in terms of using the steam from
the liquefied gas as "fuel" for the gas engine.

Storage Specifications

LNG is composed mostly of methane and a small quantity of ethane, propane, nitrogen and other
minor components depending on the source of extraction. As mentioned before, the critical storage
conditions for LNG is to keep the temperature of the cargo below its boiling temperature and to
maintain the pressure. Another requirement is the stored volume is not to exceed 90 % of the net
tank volume (Bernatik, Senovsky, & Pitt, 2011).

Tanks

LNG takes up roughly twice the space of diesel oil, so the tanks need to be considerably larger
than conventional diesel tanks.
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LNG carriers can use different types of tanks to store the liquefied gas. These different types are:

Table 3.4.2: LNG Tank Types

Tank Description
Integral Part of the hull, may be used for cargo

with boiling point ≥ -10◦C
Membrane Non-self-supporting tanks consisting of

a thin membrane which is supported
through insulation and joint to the hull
structure

Semi-membrane Same as membrane tanks but only part
is supported through insulation joint to
the hull structure

Independent Not a part of the hull’s structure, does
not influence hull’s stresses and defor-
mations

Internal Insulation Non-self-supporting consisting of ther-
mal insulation materials from which the
inner surface is in contact with the
cargo

For those ships that use LNG only as fuel for propulsion and not for cargo, the tanks used to store
LNG can be only independent or membrane tanks according to DNV GL (2018a). These have to be
designed for an operating life of 25 years and have to comply with several structural requirements.
These will assure the tanks to keep their structural integrity not only in operation but also during
construction. The three main categories for this structural design are: ultimate design conditions,
fatigue design conditions and accidental design conditions. Ultimate design conditions are focused
on pressures, loads and weights. Fatigue design conditions are focused on cyclic loading. Finally,
accidental design conditions are focused on possible collision, fire and flooding. Besides these main
requirements, several others regarding secondary barriers, insulation and vacuum, among others,
are to be considered throughout the design.

3.4.4.2 LNG-fuelled Ships

The world fleet that is fuelled by LNG up to 2017 sums up to 200 vessels (Corkhill, 2017). From
these, around 103 are not LNG carriers and the amount per segment is displayed in Figure 3.4.5.
The segments with the most LNG-fueled ships are work boats and RoPax.
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Figure 3.4.5: LNG-fuelled Fleet as of March 2017

There are 97 orders of LNG fueled ships as of 2017 (Corkhill, 2011). This number does not include
LNG carries and shows the increase in LNG-fuelled vessels in the following years. The split between
different segments is displayed in Figure 3.4.6 and from these, 13 are container ships.

Figure 3.4.6: LNG-fuelled Vessels in order for 2017 - 2016

The number of LNG-fuelled vessels will increase significantly around all segments. In the container
ship segment it increases significantly from 2 to 13 more in 2017 - 2018.

3.4.4.3 LNG Bunkering Facilities

An LNG bunker facility is where LNG-fuelled vessels can be supplied with LNG for both cargo
and fuel. It consists of a supplying tank and connections for the vessels, among others. These
facilities can include a direct connection, intermediary tanks, trucks, and pipelines to be able to
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provide service to the customer’s vessels (DNV GL, 2017a).

Even with all it’s possibilities, LNG propulsion technology is still not reaching it’s uptake potential.
One of the main reasons for this is the lack of sufficient facilities around the world. Currently there
are around 60 locations worldwide with the capacity to supply LNG for shipping and 28 further
facilities in process of development to mitigate this issue and facilitate accessibility to LNG-fuelled
ships (DNV GL, 2017c). In addition to these facilities, there are six bunkering vessels in global
operation currently and four more to be added.

3.4.4.4 LNG CO2 Emissions Reduction

The chemical properties of LNG differ significantly from fossil fuels (Burel, Taccani, & Zuliani,
2013). Because of this, there is significant reduction potentials for GHG emissions, displayed in
the Table 3.4.3.

Table 3.4.3: Emission Reduction Potential - LNG Fuelled Ships

Emission Reduction How?
NOx 80 - 85 % Lean burn combustion process
SOx 100 % LNG does not container sulphur
COx 20 - 30 % Higher H-content in molecules

(a) Sub Segment 28

(b) Sub Segment 33

Figure 3.4.7: LNG CO2 yearly
savings

An issue in the use of gas engines is
the possibility of a methane slip, emis-
sions of unburned methane through the en-
gine. This creates an adverse effect if
not controlled, since methane has a 25
times the global warming potential than
CO2, which means that in long term it
could be more harmful than dealing with
CO2 emissions from conventional engines
(Brynolf, Fridell, & Andersson, 2014). This
issue has to be greatly considered dur-
ing design and construction to minimize
the effect. In addition, several gas en-
gine manufacturers have been focusing re-
sources to solve the methane slip issue in
their engines, e.g. Wärtsilä (Anteroinen,
2013).

For a retrofit from MGO to LNG, the CO2 sav-
ings approximate an average of 3,300 tonnes
for subsegment 28 and an average of 17,500
for subsegment 33. This is considering the fuel
consumption established for each sub segment
in 2016 detailed in Table 3.3.3 and the operat-
ing profile during 2016 regarding main partic-
ulars in Tables 3.2.1 and 3.2.2 as well as their
operating modes in Table 3.2.5. For each con-
tainer ship, the potential CO2 savings are dis-
played in Figure 3.4.7.

3.4.4.5 LNG Hazards

The use of LNG induce several potential hazards for the crew. LNG is not toxic, but cryogenic
burns can occur when in direct contact with it. The vapors from LNG are dangerous when exposed
to them for a long time because they can damage the lungs and when in contact with concentrated
amounts of gas it could even cause asphyxiation. These are especially dangerous because the gas

62



is odorless and colorless, making it hard to detect.

In terms of storing it and handling it, its high flammability and low boiling temperature create
the need for different precautions and safety measures when handling and loading it in a vessel
(Bernatik et al., 2011). The loading process contains different safety measures to be assure a safe
work space for the crew and to make sure it will be stored correctly, as well as reducing the explo-
sion risk as much as possible. The loading process and the safety measures taking through consist
of the following activities:

1. Gas free condition. In this step the tanks are filled with air to perform any maintenance on
them.

2. Cargo tank inerting. This is done to remove all oxygen and eliminate possible explosion risks
when loading the gas.

3. Tank cool-down. The tanks need to be cooled from ambient temperature to an adequate
temperature to be able to load LNG.

4. LNG injection. This step consists on spraying LNG into the tanks through a vaporizer,
heating it to around 20◦C to remove inert gas from step 1

5. Loading cool-down. This cool-down consists of spraying LNG in the tanks to lower the
temperature to approximately -140◦C to be able to load LNG cargo into the tanks

If these steps are not followed correctly, there is a high probability of having an explosion when
cleaning the tanks, filling the tanks or handling the gas.

3.4.4.6 LNG and Cargo Capacity

As mentioned before, for those ships that use LNG only for propulsion the storage tanks can either
be independent or membrane tanks. The biggest advantage of the latter is their more efficient
use of space, meaning that they take approximately half of the hold space that an independent
(spherical or cylindrical) tank would take. (DNV GL, 2017a)
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3.4.5 Risk Analysis

3.4.5.1 Shore Power Risk Analysis

Assumption for shore power: 25 % of harbors will have SP available by 2020.

1. Change in Operational Speed ⇒ Is a change in operational speed a risk for SP and
in case, how severe? Change in operational speed is not a risk for implementation of SP. SP is
an energy efficiency measure that is utilized while the ship is berthed. It can be utilized to charge
batteries which will be used for main propulsion during transit but its main purpose is to replace
the AE’s work while berthed to reduce emissions close to port. The utilization of shore power and
it’s potential fuel savings are therefore not affected by a change in operational speed.

2. No LNG bunkering facility available ⇒ Is the lack of accessibility to LNG facilities
a risk for SP and in case, how severe? Lacking accessibility of LNG facilities is not a risk
for implementation of SP. This event is non-applicable to SP since shore power is not dependent
on the availability of LNG.

3. Variation of energy source price ⇒ Is a change in fuel price a risk for SP and in
case, how severe? A shipowner or operator might experience higher susceptibility to changes
in fuel/energy price in case they implement SP. To utilize a SP system there has to be a business
case to use electricity rather than fuel. In case the electricity price were to increase drastically or
the fuel price decrease, the business case for SP would be weakened. The electricity is not only, as
conventional ship fuel, used by the shipping industry, it is also used by many other sectors. The
electricity price might therefore be dependent on the demand in other sectors, especially if it is
not regulated. The lack of the electricity market to adapt in regards to amount used in shipping
creates a risk in terms of uncertainty in how the electricity will be distributed in ports will be
regulated in the future.

4. Low uptake rate ⇒ Is a low uptake rate a risk for SP and in case, how severe? The
effect of any energy efficiency measure or alternative fuel is highly dependent on the extent in which
the measure/alternative fuel is utilized. The effect of an installed SP system on a vessel is therefore
highly dependent on the accessibility to SP facilities in port. Without a shore power facility in
port, the on board equipment cannot be used and the shipowner must turn to other solutions, e.g.
starting up the AEs in order to maintain operations on board. The obstacles and opportunities
connected to the uptake rate for SP differ from many other measures. For SP, installations need
to be made both on board the ship and on port. The business case for the two are closely tied
together. An important aspect to both business cases is the extent to which the equipment can be
utilized. For the port’s side, this depends on how many vessels visit the port are designed for SP
connection. For the ship’s side this is dependent on the availability of SP facilities between ports
to visit.

5. High CapEx ⇒ Is a high CapEx a risk for SP and in case, how severe? For many
measures/alternative the CapEx depends on the size of the ship i.e. a larger ship requires larger
CapEx. This is not the case for SP. The CapEx for installation of SP on a large ship is almost the
same as the uptake on a smaller ship. However, the CapEx for implementation of SP is relatively
large (in the range of 105). For the port side, this is not the case, since it depends on the amount
of ships that will use it and the time that they spend in port. The business case for the port is not
taken into account in this scenario, since the focus is on the investment on the ship.

6. High PBP ⇒ Is a high PBP a risk for SP and in case, how severe? Similar to many
other measures/alternative, the PBP is dependent on the CapEx and the ship size i.e. a larger
ship requires more energy for operation and therefore replaces more fuel with electricity in the
same time span. Since the difference in CapEx is small between ship sizes for SP, but in terms
of usage (amount of fuel that is replaced by electricity from the onshore grid) it varies between
sizes, the PBP will generally be longer for smaller vessels. The PBP is also highly dependent on
the availability of SP facilities in the ports that the ship visits. Without accessibility to shore side
facilities, the on board system cannot be utilized and the PBP will increase.
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7. Low accuracy of predicted fuel savings ⇒ Is a low accuracy in predicted fuel savings
a risk for SP and in case, how severe? A low accuracy on the potential emission reduction
would mean a high uncertainty in regards to how much emissions the measure/alternative fuel will
reduce. For many measures/ alternative fuels this is a direct translation of high uncertainty in fuel
reduction potential. As SP has the potential to fully replace the AEs, while in port there are no
emissions from the vessel itself while berthed. Consequently, in the case of SP, the probability of
having a low accuracy is close to zero since the on board fuel consumption is replaced by electricity
from the onshore grid.

8. Lack of social acceptance ⇒ Is lack of social acceptance a risk for SP and in case,
how severe? SP is not a controversial measure. Many ports are recently experiencing rather
hostile or negative perception by the local communities because of the negative health effects from
port operations. These problems are also rapidly growing as shipping grows along with seaborne
trade. Considering this, ports are getting pressured to reduce emissions and other environmental
impacts from daily operations. Shore power is one alternative to lower sulphur fuel from AEs and
shore based emissions cleaning treatment. SP has big potential in port’s remedial programs to
reduce pollution from diesel engines. Not only does it reduce emissions in harbor areas, it also
reduces noise. SP primarily reduces emissions that directly affect human health and local living
condition, e.g. PM, VOC and SOx. Hence is the risk of SP being socially unaccepted is very small.

9. Reduced cargo capacity ⇒ Is reduced cargo capacity a risk for SP and in case, how
severe? Space is limited for any vessel, and it is more critical for merchant ships which earnings
depend on the amount of cargo they can transport. The installation of shore power requires space
in terms of cable storage and cable handling equipment on board. However, for new-buildings this
is not a critical issue since the space can be planed for in the design stages. In retrofits this is
a different matter because the existing arrangement of the ship might only allow freeing space of
cargo and re-purposing it for SP equipment, possibly losing some cargo space.

10. Reduced cargo handling capacity ⇒ Is reduced cargo handling capacity a risk for
SP and in case, how severe? Most SP equipment is located on the port side of the installation,
hence the measure does not affect the cargo handling capacity in larger extent on the ship side.
However, the port might experience some difficulties adapting to SP’s space requirements. The
space the SP facility requires is taken from space previously used for loading and offloading of the
cargo. The risk’s severity depends much on the specific port’s size, layout and logistics.

11. Difficulty to change route ⇒ Is the difficulty to change route a risk for SP and in
case, how severe? SP is not available on every port, which imposes a risk if a change of route
were to happen. In the case this were to happen, the on board installed system cannot be used and
there would be no fuel savings in the ports where the measure is not available. The consequence
would be very bad for the shipowner who have invested in equipment which is useless in the event
the above-mentioned circumstances would have occurred. However, the probability of a change in
route to happen is considered moderate since container ships often are designed for a set route.

12. Increased upstream emissions ⇒ Is an increase in other emissions a risk for SP
and in case, how severe? SP has an intermediate risk of pushing emissions upstream. This
means that when using this technology, the emissions that are eliminated directly in the ship’s
system will be translated to where the electricity is produced, e.g. hydroelectricity plant or coal
plant depending on the country and port. Consequently, the risks is dependent on which port
the ship will connect to. There is no international standard on how electricity trade is regulated
or what electricity mix is available. Many countries, especially within Europe, have begun with
efforts to increase the share of renewable energy and it is believed that the efforts will continue in
the future.

13. Worsened crew safety ⇒ Is worsened of crew safety a risk for SP and in case,
how severe? The operation safety is imposing a risk for implementation of shore power when
connecting and disconnecting the ship to port. CMS is a part of the operation that needs to be
considered in terms of safety, since connection and disconnection of the ship is a critical step during
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shore power operation. Cables are long and heavy and there is a risk of the ship moving slightly,
even though it is moored, and high voltage electricity connection close to water is a high exposure
to accidents. The limited amount of space in the port area surrounding the connection might also
make up a fire risk.

14. Difficulty to adapt to development of technologies/regulations⇒ Is a the difficulty
of adapting to development of technology/regulations a risk for SP and in case, how
severe? Development of new and better technologies in the market or new regulations regarding
ship operations impose a risk to the business case for SP. Installation of SP represents long lead
times because of all the interested parties, ships and ports, that are involved. These lead times
impose a risk if and when new technologies arise. This affects in what extent the measure can
be used, and therefore how much savings it produces, before better technology is accessible or
new regulations arise to demand further emission reduction. The installation of shore power
requires some space in terms of cable storage and cable handling equipment which could create
complications to accommodate new measures that require the same space. However, the measure
itself is compatible with many other measures, e.g. WHRS, air cavity and generally all measures
directed towards saving ME fuel consumption.

15. Difficulty to combine with other existing technologies ⇒ Is the difficulty to com-
bine with other existing energy efficiency measures/alternative fuels a risk for SP and
in case, how severe? SP is compatible with many other measures, e.g. WHRS, air cavity and
generally all focused on reducing ME fuel consumption. Most of the SP equipment is located on
the port side of the installation, hence the measure does not affect the uptake of other measure on
the ship itself. However, there would be no use of installing further emission reduction measures
on the AEs since SP substitute the AEs while at berth.

16. Increase in other emissions ⇒ Is an increase in other emissions a risk for SP and
in case, how severe? There is no risk of SP to increase emissions from the ship itself because
the measure exchanges the ship’s energy need from that generated by AEs to electricity from the
on shore grid.
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Figure 3.4.8: Shore Power Risk Analysis
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3.4.5.2 WHRS Risk Analysis

1. Change in Operational Speed ⇒ Is a change in operational speed a risk for WHRS
and in case, how severe? In the case of WHRS, if slow steaming occurs the measure cannot
be used. This is specially crucial when there are high prices on fuel, since the cheapest alternative
is to lower speeds to lower fuel consumption. Considering the data from 2016 in Figures 3.2.9 and
3.2.10 and Table 3.2.6, this year slow steaming was used for these sub segment. Those vessels that
would have a WHRS installation for their design operational profile would not be able to use it
when slow steaming, reducing the projected fuel savings considerably and in turn not obtaining the
expected CO2 emission reduction. This is a considerable consequence for WHRS since it hinders
the use of it, considering the coming IMO regulations detailed in Sections 2.3.1.2 and 2.3.1.1 and
the possible increase on fuel prices, it is a possible scenario to consider.

2. No LNG bunkering facility available ⇒ Is the lack of accessibility to LNG facilities
a risk for WHRS and in case, how severe? This event is non-applicable for WHRS since
this system considers the use of the conventional systems using VLSFO and ULSFO/MGO.

3. Variation of energy source price ⇒ Is a change in fuel price a risk for WHRS and
in case, how severe? WHRS is a measure that creates extra energy from the exhaust gases. As
mentioned in Section 3.4.2.2, when the speed changes so does the exhaust gas specifications and
therefore it cannot be used. This is because either heat flow or temperature are out of specifications
and therefore the system does not work. Because of this, if there is a point where fuel is too high
that it is more efficient to slow steam than using WHRS, then the systems would not be put in
use.

4. Low uptake rate ⇒ Is a low uptake rate a risk for WHRS and in case, how severe?
The effect of any energy efficiency measure or alternative fuel is highly dependent on the extent
in which the measure/alternative fuel is utilized. The effect of WHRS is not dependent on other
vessels since they do not depend on other stakeholders to install it, e.g. the port does not need
any installation for the ship to be able to use the system, the technology is already mature enough
that they don’t need to test it further in other vessels to assure it’s functionality (IMO, 2016).
Because of this, the installation of the technology in a vessel will be decided from its operational
profile and according to the business case for each specific vessel.

5. High CapEx ⇒ Is a high CapEx a risk for WHRS and in case, how severe? For
many measures/alternative the CapEx depends on the size of the ship i.e. a larger ship requires
larger CapEx. For WHRS, the investment for the two sub segments evaluated is very high, the
highest from the energy efficiency measures evaluated in this report. The CapEx for subsegment
33 is double the CapEx for subsegment 28 as seen in Figure 3.3.2. This will always be the case
since the investment is always high, creating an obstacle for the investment because it is such a
large part of the ship’s value.

6. High PBP ⇒ Is a high PBP a risk for WHRS and in case, how severe? For WHRS
the PBP is very high versus the rest of the measures, Figure 3.3.2. This is a big risk for smaller
vessels, since the savings depend on the measure being used when in transit mode, and for smaller
vessels, subsegment 28, this time is less than larger vessels, subsegment 33, as well as the fuel
consumption being significantly less. Generally, larger fuels will save more fuel and as shown in
Table 3.2.4 they spend around 75 % of the time in transit mode. Since the amount of time the
measure can be used can vary depending on the operation of the vessel, i.e. speed, the PBP could
easily become even larger.

7. Low accuracy of predicted fuel savings ⇒ Is a low accuracy in predicted fuel
savings a risk for WHRS and in case, how severe? A low accuracy on the potential emission
reduction would mean a high uncertainty in regards to how much emissions the measure/alternative
fuel will reduce. Because WHRS depend on the ship speed and this is not constant versus the design
speed, the accuracy of the fuel savings for this measure is fairly low. As long as it is used with
designed conditions, the fuel savings will be the same as the prediction, but this is hard to assure
when operating the ship.
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8. Lack of social acceptance ⇒ Is lack of social acceptance a risk for WHRS and in
case, how severe? WHRS is not a controversial measure. Many of the current marine engine
manufacturers already have these systems adapted to their engines, e.g. MAN Turbo & Diesel and
Wärtsilä.

9. Reduced cargo capacity ⇒ Is reduced cargo capacity a risk for WHRS and in case,
how severe? When a WHRS is installed in a container ship, there is no reduced cargo space
since it is installed in the machinery room. A concern is in the case that the system is so large
that the machinery room size has to be enlarged, meaning that there could be some losses off cargo
space.

10. Reduced cargo handling capacity ⇒ Is reduced cargo handling capacity a risk
for WHRS and in case, how severe? All the equipment regarding WHRS, the system itself,
the piping and cabling, are installed in the machinery room, not affecting cargo handling at all.
Because of this, this risk is considered to be non-applicable for WHRS.

11. Difficulty to change route ⇒ Is the difficulty to change route a risk for WHRS and
in case, how severe? WHRS depends directly on the operation of the ship when it is in transit,
which means the route is not an obstacle to use the measure. Risk is considered as non-applicable.

12. Increased upstream emissions⇒ Is an increase in other emissions a risk for WHRS
and in case, how severe? WHRS is a system installed on board, which means it does not create
emissions somewhere else. It’s purpose is to extract as much energy as possible from the exhaust
gases to avoid having to use other installations to create energy.

13. Worsened crew safety ⇒ Is worsened of crew safety a risk for WHRS and in
case, how severe? The WHRS functions as am integrated part of the main propulsion system
of the ship. It’s control system is integrated with the ME control system. This integration ensures
that the connection is two-sided so the engine is protected from unacceptable conditions and when
the conditions are optimal, for the WHRS to come in action. All this happens through control
systems so the crew does not have direct contact with them, eliminating any potential hazards for
operation.

14. Difficulty to adapt to development of technologies/regulations⇒ Is a the difficulty
of adapting to development of technology/regulations a risk for WHRS and in case,
how severe? This measure does not prevent other measures to be installed, especially those
measures focused on reducing fuel consumption off the AEs. For example, a ship could have a
WHRS for transit mode to reduce fuel consumption of the ME and have a shore power connection
for when it is at berth, maximizing the fuel savings throughout its whole operation. The only issue
that this measure has with installing any others is that it’s CapEx is so high, Figure 3.3.2, that
it would probably not be financially viable to install another measure that requires investment as
well.

15. Difficulty to combine with other existing technologies ⇒ Is the difficulty to com-
bine with other existing energy efficiency measures/alternative fuels a risk for WHRS
and in case, how severe? WHRS is compatible with many other measures that directly in-
fluence the AE, e.g. shore power. In the case of measures that are focused on reducing ME fuel
consumption, it becomes a problem because they will not be able to be used when WHRS is being
used. The reason for this is that if the ME operation changes, for example when using a shaft
generator or air cavity lubrication, the engine load will change and therefore the exhaust gases will
possibly not comply with the specification needed to use the WHRS.

16. Increase in other emissions ⇒ Is an increase in other emissions a risk for WHRS
and in case, how severe? There is no risk of WHRS power to increase emissions from the
ship itself because the measure generates electricity using the already existing exhaust gases. The
same type of emissions are obtained from the engines than when they are used without the WHRS,
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but in the case of using it the energy lost through the exhaust gases is re used to generate electricity.

Figure 3.4.9: WHRS Risk Analysis
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3.4.5.3 Air Cavity Lubrication Risk Analysis

1. Change in Operational Speed⇒ Is a change in operational speed a risk for ACL and
in case, how severe? ACL technology reduces hydrodynamic drag on the hull by distributing
a thin layer of air under the hull. By doing so, the ship requires less fuel to achieve the same
speed or could increase the speed while keeping the fuel demand unchanged depending on the
ship operators’ priorities. Increased speed directly translates in to increased resistance hence a
higher fuel consumption and vice versa. However, the ACL technology’s efficiency is dependent on
the design speed because of the mentioned relation of speed-resistance and therefore needs to be
accounted for in the business case. During slow steaming phases, the lowered speed will translate
directly into lower fuel savings, but since ends of 2016 the world’s merchant fleet has increased its
average transit speed, meaning vessels are expected to reach their design speed and flip the trend
regarding fuel savings.

2. No LNG bunkering facility available ⇒ Is the lack of accessibility to LNG facilities
a risk for ACL and in case, how severe? There is no relation between LNG bunkering
facilities and the application of ACL technology, hence the risk is considered as non-applicable.

3. Variation of energy source price ⇒ Is a change in fuel price a risk for ACL and
in case, how severe? A decrease in fuel price will weaken the business case for ACL because a
lower fuel price decreases the ship operators’ incentives to save fuel. However, the function of the
ACL system is not dependent on the fuel price and therefore a change in fuel is considered as a
low risk.

4. Low uptake rate ⇒ Is a low uptake rate a risk for ACL and in case, how severe?
The installation of ACL in a ship is not dependent on the uptake rate of this measure in other
vessels. However, the development of any new technology is very much dependent on increased
usage throughout the fleet, which would mean that a higher uptake rate has positive effect on
the development of the technology and hence the effect in the ship. An obstacle for an increased
uptake rate is the uncertainty in fuel price. The fuel price is the main aspect of how “good” or
“bad” the investment is. It indicates how fast the investment is returned and when it will start
to give revenue. The uncertainty in future fuel price might make a shipowner hesitant to ACL
installation.

5. High CapEx ⇒ Is a high CapEx a risk for ACL and in case, how severe? The
CapEx for ACL depends mainly on the size of the ship resulting in installations on larger ships will
require larger CapEx. However, a larger ship also has higher fuel saving potential. A high CapEx
can be considered an obstacle for uptake of ACL, since it is not the highest of the measures but is
still considerably high.

6. High PBP ⇒ Is a high PBP a risk for ACL and in case, how severe? The PBP
depends on the size of the CapEx, the fuel saving potential and the fuel price. The PBP, for the
nine ships in the study, is below five years assuming that the measure will be used for the percentage
of the operation of the ship spent in transit mode. This does not include issues with bad weather
or decreased operational speed versus design speed. Because of this, PBP could increase if fuel
price decreased or if the measure could not be used for the percentage of the time assumed. This
would create lower fuel savings, either from slow steaming or from using the measure less time
than predicted. This would impose great consequence on the business case. However, decreased
fuel price is not foreseeable in the close future because of the change in regulations, as mentioned
in Section 2.3.1.2. Therefore, the risk of having a higher PBP is low.

7. Low accuracy of predicted fuel savings ⇒ Is a low accuracy in predicted fuel savings
a risk for ACL and in case, how severe? As mentioned in Section 3.4.3.2, this technology
has the highest effectiveness in calm seas. The reduction potential calculated in this report is
considering the measure to be used in design speed while the vessel is in transit. While in transit
there are high probabilities of running into bad weather and therefore the measure would not be
as effective, probably not even being able to use it in these harsh conditions. If the measure is
not used, there would be no fuel savings connected to reduced resistance and this could mean that
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the business case would be harmed for this technology. In the case of those ships known to work
in more predictable weather, this could be a very good choice regarding accuracy of reduction
potential.

8. Lack of social acceptance ⇒ Is lack of social acceptance a risk for ACL and in case,
how severe? ACL is not a controversial measure. There are still research and tests being done
on large vessels to ensure the effectiveness of the measure, but the measure itself has no political
or social resistance.

9. Reduced cargo capacity ⇒ Is reduced cargo capacity a risk for ACL and in case,
how severe? When a ACL system is installed in a container ship, there is no reduced cargo
space since the cavities are considered during design and the goal is to keep the vessel as efficient
as possible, considering propulsion and cargo capacity.

10. Reduced cargo handling capacity ⇒ Is reduced cargo handling capacity a risk for
ACL and in case, how severe? All the equipment regarding ACL, is installed outside of the
cargo hold and is not in the way of the port handling equipment. Because of this, this risk is
considered to be non-applicable for ACL.

11. Difficulty to change route ⇒ Is the difficulty to change route a risk for ACL and
in case, how severe? ACL depends directly on the operation of the ship when it is in transit,
which means the route is not an obstacle to use the measure. Risk is considered as non-applicable.

12. Increased upstream emissions ⇒ Is an increase in other emissions a risk for ACL
and in case, how severe? ACL technology reduces hydrodynamic drag hence affect the fuel
consumption positively and therefore reducing emissions. The risk of increasing emissions upstream
is non-applicable to ACL.

13. Worsened crew safety ⇒ Is worsened of crew safety a risk for ACL and in case,
how severe? The ACL is integrated in the hull to reduce frictional resistance of the hull and
therefore lower the propulsion system requirements for the vessel. This system is not in contact
with the crew, and if stability is considered during design phases, there is no direct hazard during
operation.

14. Difficulty to adapt to development of technologies/regulations⇒ Is a the difficulty
of adapting to development of technology/regulations a risk for ACL and in case, how
severe? This measure does not prevent other measures to be installed, especially those measures
focused on reducing fuel consumption off the AEs. It does affect those measures focused on the
main engine, e.g. WHRS. A vessel with ACL will require a smaller engine to propel the ship and
therefore a WHRS will have to be installed considering the size and properties of the engine that
would be installed in the ship. As long as this is considered, ACL does not take large amounts
of space on board and it is used while in transit mode, so any measure focused on reducing fuel
consumption while in maneuvering or at berth should have no obstacles to be installed in the
vessel. Also because the investment is not high, see Figure 3.3.2, and the PBP is considered low,
this would not be an obstacle on the business case of an extra measure to be installed on the vessel.

15. Difficulty to combine with other existing technologies ⇒ Is the difficulty to com-
bine with other existing energy efficiency measures/alternative fuels a risk for ACL
and in case, how severe? ACL is compatible with many other measures that directly influence
the AE, e.g. SP. In the case of measures that are focused on reducing ME fuel consumption, it is
not a problem as long as the operational profile remains unmodified. In the case that a measure
changes engine loads or design speed, this becomes a problem because if the speed reduces the
resistance reduction reduces with it, and so does the predicted fuel savings when using ACL. For
example, if an engine de-rating is considered,the speed would change and the previously mentioned
case would occur, lengthening the PBP. This measure though, is not considered to be highly prob-
able, since by designing a vessel to use ACL, it is already using smaller engines than it would use
in case it was not designed to use ACL.
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16. Increase in other emissions ⇒ Is an increase in other emissions a risk for ACL and
in case, how severe? There is no risk of ACL to increase emissions from the ship itself because
the measure generates a need for smaller equipment and therefore lower fuel consumption.

Figure 3.4.10: Air Cavity Lubrication Risk Analysis
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3.4.5.4 LNG Risk Analysis

1. Change in Operational Speed ⇒ Is a change in operational speed a risk for LNG
and in case, how severe? LNG is an alternative fuel used for main propulsion. A ship operator
can decide to slow steam (reduce speed) because of several different reasons but the most obvious
and recent reason being a combination of high fuel prices and high competition (many vessels) on
the market. Slow steaming is an operational measure which is used to lower fuel consumption.
Lowered fuel consumption translates in to lower GHG emissions. However, the emission saving
potential (difference between the baseline and the alternative fuel) for LNG is the largest for the
case which consumes the most fuel. The PBP will extend for a ship, with installed LNG propulsion,
in a market condition where LNG is cheaper than MGO/LSFO, if the ship operator turn to slow
steaming. Also, the most efficient operation is in design speed. The risk for having a negative
impact in this sense is low compared to other hazards.

2. No LNG bunkering facility available ⇒ Is the lack of accessibility to LNG facilities
a risk for LNG and in case, how severe? Availability of bunkering facilities worldwide is a
great concern which affects the uptake rate of LNG. One of the main reasons for LNG propulsion
technology to not reach its uptake potential is the lack of sufficient facilities around the world.
Currently there are around 60 locations worldwide with the capacity to supply LNG for shipping
and 28 further facilities in process of development to mitigate this issue and facilitate accessibility to
LNG-fuelled ships (DNV GL, 2017c). In addition to these facilities, there are six bunkering vessels
in global operation currently and four more to be added. Different bodies and companies have, as
mentioned in 3.4.4 developed studies to evaluate this challenge and created a plan on bunkering
facility development to increase accessibility and assure new LNG fuelled vessels a proper operation
throughout their routes. Other companies are instead focusing on increasing flexibility for their
gas engines. For example, Wärtsilä is providing dual-fuel engines that can work with both LNG
and HFO, LSFO or biofuels (Sivadas, 2017). Disregarding of the research that have been done and
the steps that have been taken in order to develop further bunkering facilities, this is an event that
is considered as a high risk today. If a ship cannot fulfill its fuel needs with LNG it has to turn
to an alternative for operation or be taken out of operation. Both alternatives are devastating for
the ship operator and shipowner.

3. Variation of energy source price ⇒ Is a change in fuel price a risk for LNG and
in case, how severe? The PBP for a LNG system would be positively affected (decrease) by
a increased price difference were the MGO/LSFO price was increased. The PBP would, in the
same way be negatively affected if the price difference were to increase because of a increase in
LNG price. Worst case, the LNG price increased drastically and ship operators started using
MGO/LSFO when possible and stopped the ship operation when necessary. The LNG is not only,
as conventional ship fuel, utilized by the shipping industry, it is utilized by many other sectors. The
LNG price might therefor be dependent on the demand in other sectors if not regulated against
this. A change in fuel price is always necessary to take in to account when evaluating the business
case and an increase in LNG price can be harmful in the worst condition.

4. Low uptake rate ⇒ Is a low uptake rate a risk for LNG and in case, how severe?
The effect of any energy efficiency measure or alternative fuel is highly dependent on the extent
in which the measure/alternative fuel is utilized. In order for a shipowner to install LNG propul-
sion, accessibility to LNG facilities in port needs to be ensured. LNG technology therefor require
installations not only on board but also as bunkering facilities, weather its on a supply vessel or in
port. The business case for the two installations are closely tied together as they depend on each
existence for utilization. Meaning that an important aspect to both business cases is the extent
to which the equipment can be utilized. For ports side this in dependent on how many vessels
that visit the port and will need LNG. For ship side this is dependent on the availability of LNG
facilities in the ports the ship travel between. This codependency is one of the main reasons for
why LNG propulsion technology is still not reaching its uptake potential. It can be described as
the chicken and the hen problem, no one is without the other and who are to take the first step.
Another obstacle for an increased uptake rate is the uncertainty in fuel price. The fuel price is
the main aspect of how “good” or “bad” the investment is. It indicates how fast the investment is
returned and when it will start to give revenue. The third main reason for a low uptake rate is
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safety. In terms of storing LNG and handling it, its high flammability and low boiling temperature
create the need for different precautions and safety measures when handling and loading it in a
vessel (Bernatik et al., 2011). The loading process contains different safety measures to be assure
a safe work space for the crew and to make sure it will be stored correctly, as well as reducing the
explosion risk as much as possible. Space is also an important aspect to consider. LNG propulsion
requires certain tanks and takes up roughly twice the space of diesel oil, so the tanks need to be
considerably larger than conventional diesel tanks. This needs to be taken in to account as it affects
the cargo capacity. Because of the many, important, aspects to the investment a low uptake rate
has vast consequences since the development of a measure is very much dependent on application.
However, it is believed that LNG is the next “go-to” fuel for shipping and we will see an increased
uptake soon.

5. High CapEx ⇒ Is a high CapEx a risk for LNG and in case, how severe? The
CapEx for LNG technology is highly dependent on the size of the fuel tank and in the extent of the
ship size. A larger ship requires more fuel for operation hence a larger fuel storage facility on board
or more frequent port visits. LNG storage conditions are critical, with a boiling temperature of
-160◦C and a pressure close to atmospheric of 1.3 bar. The tank needs to be specially insulated to
be able to keep the pressure and the temperature below the boiling point throughout the vessel’s
trip and must sustain in at least 25 years in some cases. These requirements make the LNG tank a
big investment. The size of the investment is dependent on how much material is needed, hence the
tanks size. A high CapEx might have severe consequences in combination with an upturn in the
LNG fuel price. LNG technology requires one of the larger CapEx when considering alternative
fuels and energy efficiency measures and it is not probable that the cost will decrease since its
mainly dependent on the tank size.

6. High PBP ⇒ Is a high PBP a risk for LNG and in case, how severe? The PBP for
LNG dependent on the CapEx size, fuel price difference and the ship size i.e. a larger ship requires
more energy for operation and therefore replaces more fuel with LNG in a shorter time span. The
CapEx is directly correlated to the ship size as is the fuel consumption. Therefor is the PBP for
the two segments not that different considering the same market conditions. However, a high LNG
price implies a higher PBP and vice versa. PBP is also highly dependent on the availability to
bunkering facilities in the ports that the ship visits. Without accessibility to bunkering facilities
cannot the LNG system be utilized and the PBP increases. The consequence of a high PBP is
severe and the investment does not become fruitful, from a financial point of view, in a long time.
However, considering the forecast on fuel prices and upcoming regulations, the probability of a
high PBP for LNG is middling.

7. Low accuracy of predicted fuel savings ⇒ Is a low accuracy in predicted fuel savings
a risk for LNG and in case, how severe? A low accuracy on the potential emission reduction
would mean a high uncertainty in regards to how much emissions the measure/alternative fuel will
reduce. In the case of LNG, the accuracy in emission potential is connected to fuel consumption
and chemical structure. Both factors have a high certainty hence the risk of having a low accuracy
in the emission reduction potential is very low.

8. Lack of social acceptance ⇒ Is lack of social acceptance a risk for LNG and in case,
how severe? LNG is not more controversial than conventional fuel in most aspect. However,
the safety aspects of LNG for propulsion are affecting the uptake because of its complexity. Social
nonacceptance if for LNG, compares to other available energy efficiency measures and alternative
fuels, considered as a low risk.

9. Reduced cargo capacity ⇒ Is reduced cargo capacity a risk for LNG and in case,
how severe? For any vessel space is limited and many functions must be accommodated. LNG
technology requires significant space, especially on vessels which are not carrying LNG cargo but
only using LNG for propulsion. LNG installation requires space in terms of the LNG tank and
engine. A LNG tank must not hold more volume than 90 % of the net tank volume (Bernatik et
al., 2011) and the LNG takes up roughly twice the space of diesel oil, therefore the tanks need to
be considerably larger than conventional diesel tanks. The risk of LNG technology to reduce cargo
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capacity is considered as high. It will most certainly reduce available space in the ship, compared
to MGO/LSFO propulsion.

10. Reduced cargo handling capacity ⇒ Is reduced cargo handling capacity a risk for
LNG and in case, how severe? Because of LNG s high flammability, low boiling tempera-
ture, colorlessness and colorlessness, different precautions and safety measures when handling and
loading it in a vessel is a prerequisite (Bernatik et al., 2011). If these are not followed correctly,
there is a high probability of having an explosion when cleaning the tanks, filling the tanks or
handling the gas. LNG s high flammability and low boiling temperature also impose a risk when
operating around the tank, which is the case for cargo handling. Reduced cargo handling capacity
when LNG technology is installed is considered to have a high probability based on safety measures
being a prerequisite which adds steps to the cargo handling process. However, the consequence is
considered as moderate as the LNG installations does not hinder cargo handling, just complicate
it.

11. Difficulty to change route ⇒ Is the difficulty to change route a risk for LNG and
in case, how severe? LNG facilities are not available and offered in every port. A change of the
route might therefor impose a risk. The on board installed system cannot be utilized and savings
cannot be made if the route is changed for the ship to go between port without LNG facilities.
The consequence would be very bad for the shipowner who have invested in equipment which is
useless in the event the above-mentioned circumstances would occur. However, the probability of
a change in route to happen is considered moderate since container ships often go on a set route
since they require certain equipment to load and offload cargo and many LNG fueled vessels have
a dual fuel system meaning they can switch fuel. It is also believed that LNG facilities will become
available in more ports in the future.

12. Increased upstream emissions ⇒ Is an increase in other emissions a risk for
LNG and in case, how severe? LNG has a significant emission reduction potential for GHG
emissions. Detailed in Table 3.3.3 can one see that when going from MGO to LNG, the CO2
savings approximate an average of 3,300 tonnes for subsegment 28 and an average of 17,500 for
subsegment 33. This is considering the fuel consumption established for each sub segment in 2016
and the operating profile during 2016 regarding main particulars in Tables 3.2.1 and 3.2.2 as well
as their operating modes in Table 3.2.5. The CO2 savings for a specific ship depends on the fuel
consumption. In the case of slow steaming will the absolute reduction decrease. However, there is a
risk of creating slip emissions in the process and during extraction. Methane slip is a potential risk
when using gas engines as well as when it is extracted from the inner of the earth. The methane
has a considerably higher warming potential than CO2, which means that in long term it could be
more harmful than dealing with CO2 emissions from conventional engines (Brynolf et al., 2014).
However, several gas engine manufacturers have been focusing resources to solve the methane slip
issue in their engines, e.g. Wärtsilä (Anteroinen, 2013) and the extraction process is becoming
more safe. Because of the progress in work that has been made the methane slip is considered as
a middling risk.

13. Worsened crew safety ⇒ Is worsened of crew safety a risk for LNG and in case,
how severe? LNG imposes some risk on the crew safety as it is highly flammable and has a
low boiling temperature (Bernatik et al., 2011). LNG is not toxic, but cryogenic burns can occur
when in direct contact with it. The vapors from LNG are dangerous when exposed to them for
a long time because they can damage the lungs and when in contact with high amounts of gas
it could even cause asphyxiation. These are especially dangerous because the gas is odorless and
colorless, making it hard to detect. However, there are several safety measures required for LNG
installation. The loading process contains different safety measures to be assure a safe work space
for the crew and to make sure it will be stored correctly, as well as reducing the explosion risk
as much as possible. If the safety steps are not followed correctly, there is a high probability of
having an explosion when cleaning the tanks, filling the tanks or handling the gas. Therefor the
consequence is considered as devastating while the probability stays moderate and hence reducing
the risk.
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14. Difficulty to adapt to development of technologies/regulations⇒ Is a the difficulty
of adapting to development of technology/regulations a risk for LNG and in case,
how severe? LNG technology requires a large CapEx which makes the investment sensitive to
market changes such as development of new technology or stipulation of new regulations. This
is because cases with higher CapEx often have longer PBP. A necessary change on the ship, per
new regulations or new market conditions in terms of better technology, might harm the business
case of the LNG technology since it might affect the PBP. LNG technology as propulsion requires
much space on board the ship, for the gas tank. This impose a risk for uptake of other measures
as the available space might be much limited. The chemical properties of LNG differ significantly
from fossil fuels (Burel et al., 2013). The LNG storage conditions are critical, the tanks that hold
LNG need to be specially insulated to be able to keep the pressure and the temperature below the
boiling point. It is therefore difficult to switch fuel if a dual system has not been installed from
the beginning. In case new market conditions, like the ones mentioned above, appear before the
LNG technology has paid of itself there is a risk of it newer doing so. Therefore, the risk in regards
to new regulations and technology is considered as severe if the CapEx remains large and the fuel
price of LNG does not become much lower than MGO/LSFO.

15. Difficulty to combine with other existing technologies ⇒ Is the difficulty to com-
bine with other existing energy efficiency measures/alternative fuels a risk for LNG
and in case, how severe? LNG technology is compatible with several other energy efficiency
measures, however, there are limiting factors for uptake of other measures on a ship with LNG
propulsion. For any vessel, space is a limiting factor. LNG technology requires significant space,
especially on vessels which are not carrying LNG cargo but only using LNG for propulsion. This
impose a risk for uptake of other measures as the available space might be much limited. There
are also significant safety requirements put on LNG propulsion because of the chemical properties
of LNG. These safety requirements might act as a barrier for uptake of other measure as it com-
plicates the compatibility in practice. The CapEx is also large for LNG installation which might
be an obstacle for the shipowner to invest in further emission reduction measures.

16. Increase in other emissions ⇒ Is an increase in other emissions a risk for LNG and
in case, how severe? LNG installation has a significant emission reduction potential for GHG
emissions. However, there is a risk of creating slip emissions in the burning process and during
extraction. Methane slip is a potential risk when using gas engines as well as when it is extracted
from the inner of the earth. Methane has a considerably higher warming potential than CO2
3.4.4.4, which means that in long term it could be more harmful than dealing with CO2 emissions
from conventional engines (Brynolf et al., 2014). However, several gas engine manufacturers have
been focusing resources to solve the methane slip issue in their engines, e.g. Wärtsilä (Anteroinen,
2013) and the extraction process is becoming more safe. Because of the progress in work that has
been made the methane slip is considered as a middling risk.
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Figure 3.4.11: LNG Risk Analysis
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3.4.6 Benefit Analysis

3.4.6.1 Shore Power Benefit Analysis

1. Save money ⇒ Is saving money a possibility for SP and in case, how high? SP has a
very high fuel reduction potential when installed because of the amount of time these vessels spend
in port. According to Table 3.2.4, subsegment 28 spends an average of 38.7 % and subsegment 33
an average of 25.5 % of time in still mode, for this report this is considered as time in port. If shore
power was available in all ports the vessels visit, it would have large potentials. Unfortunately, the
uptake of this technology depends on several actors: shipowner, port, government, among others.
This means this technology would reach its full potential further in the future.

2. Reduction of CO2 emissions ⇒ Is reduction of CO2 emissions a possibility for SP
and in case, how high? Considering the rest of the two energy efficiency measures, SP has
the highest potential to reduce fuel and thus emissions when considering the ship as an isolated
system. However, the electricity production which replaces the power production on board may
produce emissions depending on the energy source for electricity production, e.g. hydro power,
nuclear power, coal, etc. This is very different depending on the country as shown in Figure 3.4.1.
This creates a very specific case depending on the ship and the ports it visits.

3. Improved air quality close to urban areas ⇒ Is improved air quality close to urban
areas a possibility for SP and in case, how high? The focus of shore power is to reduce local
emission, specifically those close to harbors. In the case of container ships, they spent considerable
time at port loading and unloading, as well as performing maintenance when needing. If shore
power is available both in the port and on the ship, there is a possibility of eliminating 100 % of
local emissions by using electricity instead of AEs. Although this is a very positive potential, there
needs to be a consideration regarding the source of the electricity as mentioned previously.

4. Improved working conditions for crew and port personnel ⇒ Is improved working
conditions for crew and port personnel a possibility for SP and in case, how high? SP
reduces fuel consumption through the use of electricity for loading and hotel loads instead of AEs
which results in reduced noise and improved air quality while at port. However, the management
of the system could be a hazard for the crew in case there is no correct cable handling equipment
in port, e.g. cranes to manage the cables or movable connection points so they don’t have to carry
the cables.

5. Income through branding ⇒ Is increased income through branding a possibility
for SP? Sustainability branding is the act of explicitly expressing products and services as sus-
tainable or “green”. Sustainability is communicated through several channels, Eco-labeling being
one. Sustainability issues are proven to affect consumer behavior, according to a Unilever study
(Unilever, 2017), 21 % of people are saying that they would support brands that are clearly convey-
ing sustainability aspects through marketing. Environmental friendly profiling is widely applied
in several consumer goods markets, like food and clothing, and might be applicable to certain
segments within shipping as well.

Going Eco-friendly can be financially beneficial considering the right circumstances for the shipowner.
However, choosing to profile a business as sustainable is a great decision that needs to be wisely
considered. Environmental and social impacts are, for most consumers, just on aspect of many
other to take into account when buying, while quality, price, delivery time and convenience are
of equal if not bigger importance. Environmental impact as well as the risk of being accused of
green-washing or the risk of other companies green-washing (communicating a greener business
that what is the case) their brand and pulling down the value of sustainability constitute a barrier
for the potential of sustainable branding.

Then again, consumer awareness increases every day which added points to sustainability branding
having the potential of being a good and smart business decision, which enables the shipowner to
outstand and get market advantages.
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In order for the business to excel through sustainability branding, there are some key principles
that needs to be considered. The product or service needs to meet certain criteria and it needs to
be communicated correctly. Social and environmental sustainability cannot replace other qualities
but must be added values. Companies that manage to integrate these values while not stretching
other aspects can communicate themselves as providers of forward design, cutting edge technology
that just so happens to have a positive social and environmental impact. The main features of a
successful sustainable product or service are summarized below.

– Societal benefits seen by the individual consumer
– Personal benefits
– Similar or improved quality
– Similar or lowered cost
– Ease to replace

These features provide benefits on a personal, as well as societal, level as the following:

– Safe
– Cost efficient
– Durable
– Healthy
– Low emissions
– Resource efficient

The personal benefits are essential for success but for the societal benefit to be relevant, they need
to appeal to the individual, e.g. as “look-good” or “feel-good”. Toyota Prius is a good example of
successful branding in this sense. Studies have shown that 57 % of the owners bought this car to
“make a statement” (The New York Times, 2007).

Some shipowners, within different segments, have already taken a stand and acted for sustainable
development. Maersk has implemented WHRS on many of their vessels to reduce fuel consumption
and decrease their environmental footprint. Fletner rotors have been installed on several cruisers,
like Viking Lines Viking Grace for the same reason. However, sustainability branding is more
accessible to some ship segments than others. Passenger vessels are believed to have an advantage
compared to other segments as they have a direct contact with the end costumer. The fact
that there are many stakeholders involved in container shipping removes some of the effect. The
type of cargo is also an important aspect when predicting the effect of sustainability branding.
Sustainability branding could be a way of increasing revenue for shore power as SP have rather
visible positive effects. However, it is believed that the effect would be larger for the port.

6. Tax abatement ⇒ Is tax abatement because of reduction of emissions a possibility
for SP? As said previously in this report, many of the energy efficiency measures and alternative
fuels require extensive investment, making a sustainable choice more expensive. However, the
regulative bodies are gradually forcing shipowners with big environmental footprints to internalize
the cost of the business’s pollution. This is creating a level playing field for shipowners willing to
invest in more sustainable operations. Tax and fee abatement have already been seen for shipowners
who choose to invest in energy efficiency measures and lower the operations environmental footprint
and it is believed the application will spread o more countries, as it is an effective way of leveling
the playing field and increase the uptake of energy efficiency measures and alternative fuels for
emission reduction. Tax and fee abatement is highly implementable for SP, since currently the
taxes paid for electricity depend on how the electricity is sold and how the port chooses to charge
the ship.
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Figure 3.4.12: Shore Power Benefit Analysis
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3.4.6.2 WHRS Benefit Analysis

1. Save money ⇒ Is saving money a possibility for WHRS and in case, how high? If
WHRS is installed for the design operation of the ship. If the ship is operating at design speed, the
potential for fuel savings is high and therefore the potential to save money in the future is also high.
The reduction of fuel from the ME is the focus of the measure and therefore depends highly on the
size and operation of the vessel. For larger vessels, the savings are considerably higher percentages
because of the time they spent in transit and the fuel consumption of their ME. Because of this,
the potential of this measure is very high, especially for larger vessels, but because the probability
of keeping the design speed while in transit is low, the possibility of this measure to save money is
low. This would change if there would be a commitment from the ship operator to use the measure
as much as possible to its highest effectiveness, keeping the fuel savings as predicted.

2. Reduction of CO2 emissions ⇒ Is reducing CO2 emissions a possibility for WHRS
and in case, how high? WHRS CO2 savings depend on ship size and, as mentioned previously,
compliance with design operation. This measure is used while in transit mode and bigger vessels
spend a bigger portion of their operation in transit mode. Also, the fuel consumption while in
transit is considerably larger for bigger vessels, meaning the fuel reduction is also larger.

3. Improved air quality close to populated areas ⇒ Is improving air quality close to
populated areas a possibility for WHRS and in case, how high? WHRS can be used
close to land if the specific exhaust gas conditions are met when in operation. The probability
of operating in design conditions closer to land is low because of decreased speed for maneuver-
ability purposes. According to Table 3.2.3, maneuvering speed is considered as 1 - 5 kn which is
considerably lower than the design operational speed of these vessels, Tables 3.2.1 and 3.2.2.

4. Improved working conditions for crew ⇒ Is improving working conditions for crew
a possibility for WHRS and in case, how high? The installation of this system is directly
in the machinery room and is managed through control systems. This means there is no direct
contact with the crew, eliminating any possible hazards when installing this measure.

5. Income through branding ⇒ Is increased income through branding a possibility for
WHRS? See SP for background. Sustainability branding could be a way of increasing revenue
for WHRS. However, for implementation in container ships this is a minor revenue source to rely
on because of the business structure for container shipping.

6. Tax abatement ⇒ Is tax abatement because of reduction of emissions a possibil-
ity for WHRS? Tax and fee abatement is implementable for WHRS as it decreases the fuel
consumption and therefor the emissions and can already be seen in some geographical areas.
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Figure 3.4.13: WHRS Benefit Analysis
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3.4.6.3 Air Cavity Lubrication Benefit Analysis

1. Save money ⇒ Is saving money a possibility for ACL and in case, how high? The
same as in WHRS, this measure is installed for design operation. The potential is maximized when
the ship is working at design speed and the fuel savings are focused on the ME fuel consumption.
The investment for this measure is smaller than WHRS and so is the potential to save fuel.
Considering this, the payback period is shorter than WHRS.

2. Reduction of CO2 emissions ⇒ Is reduction of CO2 emissions a possibility for ACL
and in case, how high? ACL CO2 savings depend on ship size and compliance with design
operation. This measure is used while in transit mode and bigger vessels spend a bigger portion of
their operation in transit mode. Also, the fuel consumption while in transit is considerably larger
for bigger vessels, meaning the fuel reduction is also larger. However, this measure depends highly
on weather conditions, since it is more effective in calm water and can have adverse effects in rough
seas as mentioned in Section 3.4.3.2.

3. Improved air quality close to urban areas ⇒ Is improved air quality close to urban
areas a possibility for ACL and in case, how high? ACL can be used close to land if
the operating speed conditions are met when in operation. The probability of operating in design
conditions closer to land is low because of decreased speed for maneuverability purposes. According
to Table 3.2.3, maneuvering speed is considered as 1 - 5 kn which is considerably lower than the
design operational speed of these vessels, Tables 3.2.1 and 3.2.2.

4. Improved working conditions for crew and port personnel ⇒ Is improved working
conditions for crew and port personnel a possibility for ACL and in case, how high
The installation of this system is managed through control systems. This means there is no direct
contact with the crew, eliminating any possible hazards when installing this measure.

5. Income through branding ⇒ Is increased income through branding a possibility
for ACL? See SP for background. Sustainability branding could be a way of increasing revenue
for ACL. However, for implementation in container ships this is a minor revenue source to rely on
because of the business structure for container shipping.

6. Tax abatement ⇒ Is tax abatement because of reduction of emissions a possibility
for ACL? Tax and fee abatement is highly implementable for ACL as it decreases the fuel
consumption and therefor the emissions and can already be seen in some geographical areas.
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Figure 3.4.14: ACL Benefit Analysis

85



3.4.6.4 LNG Benefit Analysis

1. Save money ⇒ Is saving money a possibility for LNG and in case, how high?
LNG’s focus is to reduce emissions, with possibilities of reduce up to 30 % of CO2 emissions
3.4.3. However, when talking about economic savings, it depends a lot on the fuel prices, for both
fossil fuels and LNG. As long as LNG is cheaper than the conventional fuels, it will also bring an
economic saving but if this ratio changes, it could translate into more expensive fuel. Currently,
LNG is relatively cheap because of the high offer but if more ships start using LNG, as it is foreseen
in Section 3.4.4.2, the high demand will create higher prices.

2. Reduction of CO2 emissions ⇒ Is reducing CO2 emissions a possibility for LNG
and in case, how high? When installing LNG propulsion, CO2 emissions reduce up to 30 %
due to its chemical composition. This percentage is not dependent on ship size, but CO2 emission
savings are larger in larger vessels.

3. Improved air quality close to populated areas ⇒ Is improving air quality close to
populated areas a possibility for LNG and in case, how high? LNG reduces CO2 by 30
% and NOx and SOx up to 100 %, 3.4.3, therefore increasing air quality. However, when comparing
to shore power the potential is relatively less since it doesn’t eliminate emissions completely.

4. Improved working conditions for crew ⇒ Is improving working conditions for
crew a possibility for LNG and in case, how high? There are some potential hazards when
considering LNG for ship propulsion. As seen in Section 3.4.4.5, these range from burns to possible
asphyxiation or even the gas tank exploding. There are many safety measures needed to handle
LNG as fuel and if followed there should not be any danger, but the risk of these happening is
larger than when using conventional propulsion.

5. Income through branding ⇒ Is increased income through branding a possibility
for LNG? See SP for background. Sustainability branding could be a way of increasing revenue
for LNG. However, for implementation in container ships this is a minor revenue source to rely on
because of the business structure for container shipping.

6. Tax abatement ⇒ Is tax abatement because of reduction of emissions a possibility
for LNG? Tax and fee abatement is highly implementable for LNG as it decreases the fuel
consumption and therefor the emissions and can already be seen in some geographical areas.
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Figure 3.4.15: LNG Benefit Analysis
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3.4.7 Conclusions on the Risk and Benefit Analysis

The priorities of the risks and benefits differs between stakeholders. Each stakeholder has an agenda
which he/she is devoted to. Looking at the investment design to energy efficiency measures and
alternative fuel, today, the stakeholders agendas are commonly contradicting each other. Resulting,
a pull between stakeholders has developed in the context of sustainable shipping and is countering
the uptake of energy efficiency measures and alternative fuels. Aspects like CapEx, OpEx and PBP
are the most important for a shipowner while IMO, the state, the local community or environmental
groups value positive environmental and social effects of the measure/alternative fuel higher. A
corner stone, making it difficult to align two agendas, is the risk allocation. At present all the risk
is allocated to the shipowner who is therefore the only one making the investment. However, both
the shipowner and other stakeholder may reap the benefits from the investment. The perspective
of two stakeholders, on opposite side of the range, are discussed throughout this section.

3.4.7.1 Shipowner’s perspective

The world container fleet helps connecting countries, industries and economies all over the world,
allowing people to access goods that in the past were not possible to reach. The global trade has
increased due to multiple reasons and ship building has, as a result, develop and become more
refined. In addition to ship development, ports are being re-modeled and built to more effectively
manage an increasing amount of goods. Adapted port facilities require infrastructure including
cranes, docks, cargo handling equipment, adapted to the increasing size of ships.

Even though shipping much contribute to the world economy and logistic of goods, it is impor-
tant to keep in mind the business main objective is revenue for the shipowner. Investments are
made to new, larger and more efficient, ships in order to support the transport demand for goods
in exchange for revenue. However, based on the requirements discussed through the study, the
investors are pressured to exceed own efficiency expectations and decrease the environmental foot-
print. Investments to energy efficiency measures and alternative fuels, are as stated previously,
extensive and expose the shipowner to economical risk. However this risk is indefensible or not
is much discussed in the field of sustainable shipping. From interviews and the literature study
performed, a will to decrease the environmental footprint has been noticed but the risk allocation
continue being a structural barrier.

A change to the risk allocation must be made in order to increase the uptake and enabling the
shipping industry to deliver on the harsher emission limits that are coming in the near future as
discussed in Section 2.3.1.2. Currently, the critical aspect of an investment is the PBP, which
cannot exceed five year. The variables considering to influence the PBP are the CapEx and OpEx
including fuel consumption, operational profile, ship size, route and fuel price volatility. Based on
the shipowner’s main objective being increased revenue in compliance with regulations, measures
and fuels with high PBP are excluded from the consideration early on as discussed in Section 3.3.6.
The shipowner invests in a measure or fuel to reduce the environmental footprint. For many mea-
sures the fuel consumption is reduced in same way as the environmental footprint. However, the
shipowner is normally not responsible of paying the fuel. Therefore, the benefits from reduced fuel
consumption are reaped by the charterer who is the one actually paying for fuel. Lowered fuel con-
sumption can, therefore, not always be a argument helping the case of an energy efficiency measure.

In addition to this problem, there could even be different goals within the shipowner. Different
areas in the same company are focused on shorter or longer goals regarding emission reduction. In
an interview with a Sweden-Norway based company with a Project Manager focused on long term
emission reduction and a Site Manager focused on new building and ship design, future options
to reduce emissions from their ships were discussed. The project manager is very optimistic when
talking about implementation of energy efficiency measures and alternative fuel on the future fleet,
even those that are still in research or development phases. The site manager, on the other hand,
who works on the design of ships which are built today, is more restrictive in his optimism. He
explains that it is difficult to vindicate uptake of measures that are not "of the shelf" ready due
to the risk when implementing "untried" measures. However, they both express the company’s
interest in energy efficiency measure and alternative fuels for their long term plan, i.e. 2050.
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As discussed throughout Section 3.3.6.4, the current and future scenario of shipping will not allow
for each shipowner to consider the ship as an independent system, since there are many external
aspects that either affect the ship’s operation or are affected by it.

For example, the investment for WHRS is very high and the potential savings are considerable
but they depend on the operation of the vessel and if this operation is close to the design of the
ship. If the shipowner were to install WHRS, the PBP could be up to 28 years for the Handy
ships and 7 years for the ULCS. However, WHRS only has the potential to reduce up to 2.17 %
of the total fuel oil consumption, and therefore CO2 emissions, for the Handy ship subsegment
and 6.59 % for the ULCS subsegment. This is not enough to be able to comply with IMO 2050
goals. To increase reduction, WHRS could be combined with other measures, for example SP to
reduce emissions in transit by using the WHRS and at port with SP. It would increase the emission
reduction potential but it would also mean an increased PBP because the investment will now have
to cover SP installations. The responsibilities and risks lay on the shipowner and are becoming
the biggest obstacle for the uptake of emission reduction technology.

3.4.7.2 IMO’s perspective

"The mission of the International Maritime Organization (IMO) as a United Nations specialized
agency is to promote safe, secure, environmentally sound, efficient and sustainable shipping through
cooperation. It is accomplished by adoption of the highest practicable standards of maritime safety
and security, efficiency of navigation and prevention and control of pollution from ships, as well as
through consideration of the related legal matters and effective implementation of IMO’s instru-
ments with a view to their universal and uniform application." (IMO, 2018)

IMO’s main task is to create a road map for how the industry shall work towards reaching the
agreed goals. IMO’s interest is in how shipping can continue to serve the world while become
a principal actor in improving the environment. The IMO’interest are societal and environment
oriented, while helping shipowners achieve these. IMO is implementing regulations, sometimes
focused solely on sustainability, but sometimes also heavily influenced by politics and other inde-
pendent opinions that may not be aligned with the development of shipping for the future.

To guide the shipping industry to become more sustainable, IMO considers elements outside of the
ship system. As mentioned in Section 3.4.7.1, the initial investment evaluation is commonly based
on PBP. The PBP is, today, based on aspects considering the ship system. However, throughout
the thesis different aspects, outside of the ship system, influencing the ship and affected by the
ship have been brought to light and the importance they have in shipping is increasing each year.
Increased awareness of societal and environmental values is a must in order to keep the world as a
sustainable system. It is therefore important to consider aspects outside of the ship system when
taking any decisions on implementation of energy efficiency measures and alternative fuels.

Throughout the risk and benefit analysis, the ship system aspects as well as external aspects were
evaluated. This analysis shows which are the significant aspects that are not currently considered
in the evaluation to choose different emission reduction technologies. If evaluated in economical
terms, the external aspects would have effect on the PBP. IMO is integrating the external aspects
through regulations but other stakeholders must go beyond the regulations in order for the industry
to reach the IMO 2050 goals.

The external aspects are important to consider as they constitute both benefits and risks. For
example, if a shipowner were to consider SP or a country would decide to have SP available in
a principal harbor, have they considered where the electricity is obtained from? The main goal
of IMO is to reduce environmental footprint of shipping in total, not to move the emissions to
another segment or source. The problem is that IMO is not participating in managing any of the
risk, the investment is by the shipowner. This creates clashing objectives and therefore the road
to the goal becomes a hard and rocky one. If there was a possibility to allocate the risk between
all the stakeholders, increased uptake of emission reduction measures and alternative fuels would
be a result of an increased acceptable PBP.
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3.4.7.3 Perspectives combination

Based on the risk and benefit analysis, the differences between the two stakeholders are identified.
As explained in Sections 3.4.7.1 and 3.4.7.2, the shipowners’ agenda is financially oriented and
the IMO’s agenda is societally and environmentally oriented. What happens when applying the
agendas to the evaluation of a specific measure?

Financial priority: if the priority is financial, as it is for the shipowner to maintain a revenue
to have a profitable business, the most important aspects are:

Table 3.4.4: Financial Perspective - Shipowner perspective

Aspect Risk/Benefit SP WHRS ACL LNG
PBP Risk 15 25 5 15
Variation of energy source price Risk 25 15 3 15
Save money Benefit 5 8 8 5

These aspects are allocated a higher priority, affecting the result. If they were to be combined,
assuming benefits to be positive and risks to be negative, the result in order of highest benefit and
lowest risks would be ACL, followed by LNG, WHRS and SP respectively.

Table 3.4.5: Financial Perspective Result - Ship owner perspective

Measure/fuel Value
SP -35
WHRS -32
ACL 0
LNG -25

Environmental priority: if the priority is environmental, as it is generally for IMO, the most
important aspects are:

Table 3.4.6: Environmental Perspective - IMO perspective

Aspect Risk/Benefit SP WHRS ACL LNG
Increased upstream emissions Risk 9 0 1 9
Reduction of CO2 emissions Benefit 12 9 6 25
Improved quality close to populated areas Benefit 25 3 2 20

These aspects are allocated a higher priority, affecting the result. If the aspects were to be com-
bined, assuming benefits to be positive and risks to be negative, the result in order of highest
benefit and lowest risks would be LNG, followed by SP, WHRS and ACL respectively.

Table 3.4.7: Environmental Perspective Result - IMO perspective

Measure/fuel Value
SP 28
WHRS 12
ACL 7
LNG 36

This is just one example of how considering different aspects could change a decision completely
already in the initial evaluation. It also shows how external aspects may influence the final result
when installing an energy efficiency measure or an alternative fuel. If external aspects are consid-
ered and the stakeholders agendas aligned, more accurate evaluations can be made with increased
uptake of emission reduction measures and alternative fuels as a result.

90



4 Summary and Conclusions: What Guidelines to Follow

Throughout the study, IMO regulations regarding air emissions from shipping were evaluated. IMO
and DNV GL worked in collaboration to develop an information portal "GLOMEEP" (IMO, 2016),
supporting the uptake and implementation of energy efficiency measures for shipping, discussed
in Section 3.3.1. From the portal, energy efficiency measures applicable to container ships were
chosen for evaluation of emission reduction potential when installed on a specific ship. In addition,
a study made by DNV GL regarding alternative fuels was included in Section 3.3.4 to evaluate the
fuel’s potential for decreasing emissions from shipping.

For the studies, financial information as well as reduction potential for each measure and fuel were
assessed, and a financial evaluation was performed for each measure and fuel on nine container
ships. As mentioned through the study, the current selection process when considering any mea-
sure or alternative fuel boils down to the compliance with a PBP of 5 years or less. The PBP is
calculated based on the CapEx and OpEx where the main aspects are the investment cost and
fuel price. The applicability of energy efficiency measures and alternative fuels can therefore vary
depending on the size of the ship, the route it follows, and the amount of time it spends in each
operational mode, as mentioned in Section 3.3.6. Tables 4.0.1 and 4.0.2 show the summary of the
measures and fuels considered and the possibility of implementation on the nine container ships
when a five year PBP limit is applied to both low and high fuel price cases.

Table 4.0.1: Energy Efficiency Measures and Alternative Fuels
and respective applicability considering a 5 yr PBP limit, Case: Low fuel Price

Group Technology C1 C2 C3 C4 C5 C6 C7 C8 C9
Energy Efficiency Aux syst opt - - - - - - - - -
Measure - Aut eng perf opt X X X X X X X X X
Machinery Engine de-rating X - - X - - X X X

Man eng perf opt X X X X X X X X X
EGB on AE X X X - - - - - -
Battery hybridization - - - X X X X X X
Shaft gen PTO/PTI - - - - - - - - -
SP - X X X X X X X X
WHRS - - - - - - - - -

Energy Efficiency ACL X - - X X X X X X
Measure - Hull cleaning X X X X X X X X X
Propulsion and Hull coating X X X X X X X X X
hull improvements Hull form opt X X X X X X X X X

Hull modification X X X X X X X X X
Propulsion eff. devices X X X X X X X X X
Propeller efficiency X X X X X X X X X
Propeller retrofit - - - X X X X X X

Alternative Fuel LNG X X X - - - X X X
LPG X X X X X X X X X
Methanol - - - - - - - - -
Biodiesel - - - - - - - - -

Note: "X" is considered as Applicable and "-" is considered as Non Applicable.
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Table 4.0.2: Energy Efficiency Measures and Alternative Fuels
and respective applicability considering a 5 yr PBP limit, Case: High fuel Price

Technology Group Technology C1 C2 C3 C4 C5 C6 C7 C8 C9
Energy Efficiency Aux syst opt - - - - - - - - -
Measure - Aut eng perf opt X X X X X X X X X
Machinery Engine de-rating X X - X X X X X X

Man eng perf opt X X X X X X X X X
EGB on AE X X X X X X - - -
Battery hybridization - - - X X X X X X
Shaft gen PTO/PTI - - - - - - - - -
SP - X X X X X X X X
WHRS - - - - - - - - X

Energy Efficiency ACL X X - X X X X X X
Measure - Hull cleaning X X X X X X X X X
Propulsion and Hull coating X X X X X X X X X
hull improvements Hull form opt X X X X X X X X X

Hull modification X X X X X X X X X
Propulsion eff. devices X X X X X X X X X
Propeller efficiency X X X X X X X X X
Propeller retrofit - - - X X X X X X

Alternative Fuel LNG - X X - - - - - -
LPG X X X - - - X X X
Methanol - - - - - - - - -
Biodiesel - - - - - - - - -

Note: "X" is considered as Applicable and "-" is considered as Non Applicable.

Five years acceptable PBP is considered as a common limit in the industry. If the PBP is larger, it
constitutes a large risk for the shipowner and those measures or fuels are therefore not considered
as a possibility. This reduces the uptake of several options that have high CO2 emission reduction
potential. All measures with PBP exceeding five years are eliminated, and as it is shown in Figures
3.3.4 and 3.3.5, some of the excluded measures have high reduction potential.

The largest CO2 reduction found in the study comes from fuel switch as seen in Figures 3.3.2 and
3.3.3. This is the case if just one measure or fuel is considered for emission reduction. However,
there is possibility of increasing emission reduction when installing energy efficiency measures by
combining several. The best result for over all emission reduction is to combine those that can
complement the fuel reduction in every operational mode for the ship. For example, installing SP
to reduce emissions at berth and install WHRS to reduce emissions while in transit. This would
increase the reduction from 12.09 % (SP) and 2.17 % (WHRS) of total fuel consumption for the
average of sub segment 28 and 5.76 % (SP) and 6.59 % (WHRS) for the average of sub segment
33, to a total of 14.26 % in sub segment 28 and 12.35 % in sub segment 33. These can also be
combined with low PBP measures, for example hull coating or cleaning, as well as operational
measures to maximize fuel and emission reduction.

In order to reach the 2050 sustainability goals established by IMO, several energy efficiency mea-
sures and alternative fuels must be combined on board ships. This translates to extensive in-
vestments and large risks for the shipowner. Therefore, the different stakeholders need to align
their agendas and share the risks in order to achieve the 2050 sustainability goals. The individual
shipowner cannot continue carrying the entire risk and be expected to comply with IMO’s regula-
tions by 2050.

It is known that environmental and social aspects are becoming increasingly valuable and could
therefore contribute to the business case for combining different measures and fuels and sharing
the risk between stakeholders. Consequently, they should be included in the initial evaluation for
better accuracy of the business case of the predicted implementation. These aspects are often
external to the ship as an isolated system. It has also become clear that the financial evaluation
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needs an update in order to adapt better as the implementation of energy efficiency measures and
alternative fuels becomes more intricate due to the complex structure of international shipping and
implementation of new ways of steering the industry to more sustainable operation.

Three energy efficiency measures and one alternative fuel, all with high CO2 reduction potential,
were selected for further evaluation on environmental and social aspects. The four technologies
were selected on the basis of providing a CO2 reduction potential and that at least two of them, SP
and LNG, having a strong dependency on external aspects to the ship system. A risk and benefit
analysis was developed for the four technologies in Sections 3.4.5 and 3.4.6 in order to evaluate
and point out what and how other aspects beside economical ones affect the investment.

The priorities of the risks and benefits differs between stakeholders since they are each devoted to
a different agenda. When looking at the investment evaluation for energy efficiency measures and
alternative fuel, today, the stakeholders’ agendas are constantly contradicting. As a result, a pull
between stakeholders has developed in the context of sustainable shipping and is countering the
uptake of energy efficiency measures and alternative fuels. Aspects like CapEx, OpEx and PBP are
the most important for a shipowner while IMO, the state, the local community or environmental
groups value positive environmental and social aspects of the measure/alternative fuel higher. A
corner stone, making it difficult to align two agendas, is the risk allocation. All the risk is, today,
allocated to the shipowner. The shipowner is therefore the only one making the investment. How-
ever, both the shipowner and other stakeholder may reap the benefits from the investment. The
differences between two stakeholders, the IMO and the shipowner, have been identified in Section
3.4.7.1 and 3.4.7.2 and what happens when applying their agendas to the evaluation of a specific
measure have been laid out.

Table 4.0.3: The Gravity Resultant for each Risk and Benefit

Aspect Risk/Benefit SP WHRS ACL LNG
Change in operational Speed Risk - 15 9 3
No LNG bunkering facility available Risk - - - 15
Variation of energy source price Risk 25 15 3 15
Low uptake rate Risk 25 - - 25
High CapEx Risk 15 25 20 25
High PBP Risk 15 25 5 15
Low accuracy of predicted fuel savings Risk 5 15 15 5
Lack of social acceptance Risk 1 1 1 1
Reduced cargo capacity Risk 5 3 1 25
Reduced cargo handling capacity Risk 5 - - 15
Difficulty to change route Risk 6 - - 9
Increased upstream emissions Risk 9 - - 9
Worsened crew safety Risk 10 1 1 15
Difficulty to adapt to development of new
technologies/regulations

Risk 2 20 20 25

Difficulty to combine with other existing
technologies

Risk 1 20 9 25

Increase in other emissions Risk - - - 15
Save money Benefit 5 8 8 5
Reduction of CO2 emissions Benefit 12 9 6 25
Improved air quality close to populated ar-
eas

Benefit 25 3 2 20

Improve working conditions for crew Benefit 15 - - -
Income through branding Benefit 3 3 3 3
Tax abatement Benefit 10 10 10 10

Note: "-" is considered as Non Applicable.

From these results, it is confirmed that the preferred measure or fuel is very much dependent on
who’s perspective is being considered. For example, in Section 3.4.7.3 a shipowner and IMO where
evaluated and depending on their priorities, the result differed. For the shipowner, the best option,
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based on the risk and benefit analysis, is to install ACL while for IMO the best option is to migrate
to LNG propulsion.

The aspects considered are fundamental when adding environmental and social aspects to the
financial case in order to create a full evaluation. However, there might be additional aspects
important for consideration in specific cases.

Because every case is unique, a generic model is not applicable for evaluation of energy efficiency
measures and alternative fuels in container ships. To include all fundamental aspects in the initial
evaluation: environmental, social and financial, four guidelines were generated. The guidelines
might be used as a tool to increase the uptake of energy efficiency measures and decrease the envi-
ronmental footprint from shipping by simplifying the investments initial evaluation and increasing
its accuracy.

1. Payback period: In addition to the capital and operational expenses, the following should
be included to calculate savings:

– Variation of energy source price.
– Accuracy of predicted fuel savings taking into account probability of varying operational
profile. This is to make sure the measure/fuel is the best option even compared to slow
steaming and for the choice to be adaptable to either low or high sea state changing scenarios.

– Effects on cargo and cargo handling capacity taking into account ports to be visited by the
container ship as well as available equipment for cargo handling in each one.

– Maximize emission reduction in every operational mode through combination with other
energy efficiency measures when possible.

2. Upstream emissions: When considering any measure or fuel and calculating emission saving
potential, consider emissions from the entire chain, WTP. The energy source should not create
more emissions than the ship would without the measure/alternative fuel. It will show if the net
emissions are lowered or if there is possibility of it being pushed to another source outside the ship.

3. Crew safety: When evaluating a measure or fuel, consider how the equipment will be handled
by crew or machinery both on board and on port. If a specific measure/fuel is used, will the crew
be exposed to increased danger from handling either equipment or fuel, and if so, is there additional
investment needed to reduce the risk.

4. Reduction of CO2 emissions and improved air quality: Consider changes in operational
profile for the reduction of CO2 emissions to ensure compliance with total emission reduction. It is
important to make sure that shipping will actually contribute to increasing air quality throughout
the ship’s life and it is not only a number that will be kept as a "possibility" when operating
the ship. It should not depend on the way the ship is operated if the emission reduction will be
complied with.
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5 Appendix
5.1 Subsegment Definition

Table 5.1.1: World fleet by Subsegment, 2016

Subsegment Segment Subsegment No. of
No. Vessels

1 Crude Oil Tankers Crude < 10,000 DWT 2,642
2 Crude Oil Tankers Crude 10,000 - 59,999 DWT 893
3 Crude Oil Tankers Crude 60,000 - 79,999 DWT 407
4 Crude Oil Tankers Crude 80,000 - 119,999 DWT 997
5 Crude Oil Tankers Crude 120,000 - 199,999 DWT 548
6 Crude Oil Tankers Crude > 200,000 DWT 735
7 Chemical/Product Tankers Chemical < 5,000 DWT 952
8 Chemical/Product Tankers Chemical 5,000 - 9,999 DWT 910
9 Chemical/Product Tankers Chemical 10,000 - 19,999 DWT 1,060
10 Chemical/Product Tankers Chemical 20,000 - 59,999 DWT 1,902
11 Chemical/Product Tankers Chemical > 20,000 DWT 43
12 LPG Tankers LPG < 9,999 DWT 812
13 LPG Tankers LPG >= 10,000 DWT 521
14 LNG Tankers LNG 476
15 Other Tankers Other Tankers 58
16 Bulk Carriers Bulker < 10,000 DWT 743
17 Bulk Carriers Bulker 10,000 - 34,999 DWT 2,352
18 Bulk Carriers Bulker 35,000 - 59,999 DWT 3,594
19 Bulk Carriers Bulker 60,000 - 99,999 DWT 3,391
20 Bulk Carriers Bulker 100,000 - 199,999 DWT 1,393
21 Bulk Carriers Bulker > 200,000 DWT 488
22 General Cargo General Cargo < 5,000 DWT 5,480
23 General Cargo General Cargo 5,000 - 9,999 DWT 2,480
24 General Cargo General Cargo > 10,000 DWT 1,954
25 Other Dry Cargo Other dry cargo 279
26 Reefer Reefer 763
27 Container Container < 1,000 TEU 923
28 Container Container 1,000 - 1,999 TEU 1,350
29 Container Container 2,000 - 2,999 TEU 712
30 Container Container 3,000 - 4,999 TEU 963
31 Container Container 5,000 - 7,999 TEU 624
32 Container Container 8,000 - 11,999 TEU 584
33 Container Container 12,000 - 14,999 TEU 189
34 Container Container > 15,000 TEU 70
35 Ro-Ro RoRo 2,025
36 Passenger Passenger < 25 kn 612
37 Passenger Passenger >= 25 kn 538
38 RoPax Ropax < 25 kn 1,477
39 RoPax Ropax >= 25 kn 196
40 Cruise Cruise < 2,000 GT 97
41 Cruise Cruise 2,000 - 9,999 GT 60
42 Cruise Cruise 10,000 - 59,999 GT 0
43 Cruise Cruise 60,000 - 99,999 GT 0
44 Cruise Cruise > 100,000 GT 274
45 Offshore Offshore 7,248
46 Fishing Fishing 8,142
47 Work Boats Work boats 11,774
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5.2 The Energy Efficiency Measure’s Fuel Savings
Table 5.2.1: Potential Yearly Savings for the Handy Ship Subsegment

Technology Energy Efficiency Newbuild or Main Engine Saving Potential,
Group Measure Retrofit Aux. Engine [%]

Boiler
Machinery Aux Syst Newbuild AE 1.00

Opt
Aut Eng Newbuild ME 2.97
Perf Opt
Engine Both ME 2.97
de-rating
Manual Eng Retrofit ME 2.97
Perf Opt
EGB on AE Both Boiler 5.00

Hybridization Both AE 11.78

Improved AE Both AE 2.80
Load
Shaft Gen. Both AE 0.64
PTO PTI
Shore Both AE 57.49
Power (CI)
WHRS Both ME 2.97

Propulsion Air cavity Newbuild ME 2.97
and hull Lubrication

Improvements Hull Cleaning Retrofit ME 2.48

Hull Coating Both ME 1.98

Hull form Newbuild ME 5.94
optimization
Hull Retrofit ME 4.95
modification
Propulsion Eff. Retrofit ME 0.99
Devices
Propeller Retrofit ME 3.47
Efficiency
Propeller Retrofit ME 2.97
Retrofit

Energy Eff. Lighting Both AE 1.50
Consumers System

Variable Freq. Both AE 5.00
Drives

Operation Autopilot Both ME 0.99
Optimization Optimization

Trim/draft Both ME 3.96
Optimization
Weather routing Both ME 0.50
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Table 5.2.2: Potential Yearly Savings for the ULCS Subsegment

Technology Energy Efficiency Newbuild or Main Engine Saving Potential,
Group Measure Retrofit Aux. Engine [%]

Boiler
Machinery Aux Syst Newbuild AE 1.00

Opt
Aut Eng Newbuild ME 2.98
Perf Opt
Engine Both ME 4.97
de-rating
Man Eng Retrofit ME 2.98
Perf Opt
EGB on AE Both Boiler 5.00

Hybridization Both AE 2.80

Improved AE Both AE 2.72
Load
Shaft Gen. Both AE 1.37
PTO PTI
Shore Both AE 44.98
Power (CI)
WHRS Both ME 7.95

Propulsion Air cavity Newbuild ME 4.97
and hull Lubrication

Improvements Hull Cleaning Retrofit ME 4.97

Hull Coating Both ME 3.98

Hull form Newbuild ME 5.96
optimization
Hull Retrofit ME 2.98
modification
Propulsion Eff. Retrofit ME 0.99
Devices
Propeller Retrofit ME 3.48
Efficiency
Propeller Retrofit ME 4.97
Retrofit

Energy Eff. Lighting Both AE 1.50
Consumers System

Variable Freq. Both AE 5.00
Drives

Operation Autopilot Both ME 0.99
Optimization Optimization

Trim/draft Both ME 4.97
Optimization
Weather routing Both ME 3.98

100



5.3 PBP vs CO2 Savings - Energy Efficiency Measures

(a) Segment 28 - Container 1

(b) Segment 28 - Container 2

Figure 5.3.1: PBP vs CO2 Savings - Energy Measures - Handy Ship Subsegment
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(c) Segment 28 - Container 3

Figure 5.3.1: PBP vs CO2 Savings - Energy Measures - Handy Ship Subsegment (cont.)
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(a) Segment 33 - Container 4

(b) Segment 33 - Container 5

Figure 5.3.2: PBP vs CO2 Savings - Energy Measures - ULCS Subsegment
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(c) Segment 33 - Container 6

(d) Segment 33 - Container 7

Figure 5.3.2: PBP vs CO2 Savings - Energy Measures - ULCS Subsegment (cont.)
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(e) Segment 33 - Container 8

(f) Segment 33 - Container 9

Figure 5.3.2: PBP vs CO2 Savings - Energy Measures - ULCS Subsegment (cont.)
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5.4 PBP vs CO2 Savings - Alternative Fuels

(a) Segment 28 - Container 1

(b) Segment 28 - Container 2

Figure 5.4.1: PBP vs CO2 Savings - Alternative Fuels - Handy Ship Subsegment
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(c) Segment 28 - Container 3

Figure 5.4.1: PBP vs CO2 Savings - Alternative Fuels - Handy Ship Subsegment (cont.)
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(a) Segment 33 - Container 4

(b) Segment 33 - Container 5

Figure 5.4.2: PBP vs CO2 Savings - Alternative Fuels - ULCS Subsegment
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(c) Segment 33 - Container 6

(d) Segment 33 - Container 7

Figure 5.4.2: PBP vs CO2 Savings - Alternative Fuels - ULCS Subsegment (cont.)
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(e) Segment 33 - Container 8

(f) Segment 33 - Container 9

Figure 5.4.2: PBP vs CO2 Savings - Alternative Fuels - ULCS Subsegment (cont.)
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