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FOREWORD

It gives me great pleasure to be introducing a
second Maritime Forecast to 2050, part of our
Energy Transition Outlook series.

KNUT ORBECK-NILSSEN

CEO
DNV GL - Maritime

This new publication builds on last year's very
well-received Maritime Forecast and allows us to
both refine the predictions and add more useful
information, based on new modelling results,
technology, and regulations.

One of the additions in the new Maritime
Forecastis an outlook on emerging international
regulations and the growing drive to cut
shipping’s emissions to air and water and reduce
ourindustry’s carbon footprint. We think that
decarbonization will be one of the megatrends
that will shape the maritime industry over the
next decades, especially in light of the new

IMO greenhouse gas (GHG) strategy.

Responding to the trend towards decarbonization,
we have included more material on the many
alternative fuel and technology options that the
maritime community may be considering utilizing
overthe coming years.

We offer some insights into potential new fuel
solutions, the maturity of emerging technologies,
and how they might develop in the market towards
2050. By modelling energy use, fuel mix and
emissions we have developed a CO, pathway for
the world fleet hat fulfills the IMO GHG ambition.



However, because the needs and perspectives of
the many stakeholders in ourindustry are very
different, itis very challenging to pick “winners”.
For this reason we also provide a systematic and
practical framework for assessing the fuels to aid
in decision making.

As we head toward 2050, our industry still faces
considerable uncertainty in changing markets,
regulatory changes, new technologies, and the
effects of digitalization. In the past, we have mainly
had to deal with changing ship sizes and cargoes,
but not radically different designs, digital
technologies, engines, and fuels.

k€ Decarbonization will be one of the
megatrends that will shape the
maritime industry over the next
decades, especially in light of the
new IMO greenhouse gas strategy.

The pace of technological change hasincreased
rapidly, and the impact of each new cycle is harder
to assess. Therefore, we have proposed a “carbon-
robust” approach, which looks at future CO,
regulations and requirements and emphasizes
flexibility, safety, and long-term competitiveness.
In this edition of the Maritime Forecast, we take the
carbon-robustapproach and offer a new frame-
work that is designed to help empower decision
making on future assets. Furthermore, we show-
case the application of the modelin a case study
fora carbon-robustbulk carrier.

To 2050, shipping will maintain its centrality to
globaltrade and the world’s economy. Butthe
energy transition and regulatory changes will have
a significantimpact on the industry. This makes it
more importantthan ever before to examine the
regulatory and technological challenges and
opportunities of future scenarios, to ensure,
thereby, the long-term competitiveness of the
existing fleet and newbuildings.

Knut @rbeck-Nilssen,
CEO of DNV GL - Maritime
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EXECUTIVE SUMMARY
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A global transition towards greater use of renewable energy
and less use of fossil fuels is underway and will progress towards
mid-century. There is also rising interest in sustainable develop-
ment, and action to establish circular economies to reduce

consumption of virgin materials.

The ongoing digital transformation will —through
automation, robotization, and adaptive manufac-
turing — have a large impact on global value chains.
It will also advance the design and operation of
ships, and create new business models. For ship-
ping, there is increasing pressure to decarbonize
and to reduce emissions to air. This will impact
assetvalue and earning capacity more significant-
ly than in the past. It will shape the future fleetin
important ways, particularly in the choice of fuels
and technologies.

This publication is one of DNV GL's new suite of
Energy Transition Outlook (ETO) reports. It provides
an independent forecast of the maritime energy
future and examines how the energy transition will
affectthe industry. Trends and drivers factored
into our long-term projections are outlined in the
integrated approach to forecasting. Our focus this
year is the challenge of decarbonization facing the
maritime industry. Our intention is to provide
guidance for stakeholders coping with increasing
uncertainty, risk, and opportunities.

SEABORNE TRADE OUTLOOK

TOWARDS 2050

Based on the updated model forthe DNV GL
Energy Transition Outlook 2018, we forecast a rise
of nearly athird (32%) in seaborne trade measured
in trillion tonne-nautical miles per year for 2016-
2030 (see Figure 1). We see increases in tonne-
mileage over the forecast period for all trade

segments except crude oil and oil products. The
largestrelative growth in trade is for gas and
container cargo, for which we see a tripling and
doubling, respectively, by 2050. We predict only
5% growth in trade over the period 2030-2050.

For bulk, there is sustained growth in tonne-miles
for grain and minor bulk throughoutthe forecast
period. Foriron ore, we expect strong growth until
2030, more than offsetting an expected decline in
coaltransport. The total bulk trade increases by
39% over the period, maintaining bulk as the
largest ship segment; however, most of this
growth is expected in the first 20 years of the
forecast period.

REGULATORY AND STAKEHOLDER
OUTLOOK

To ensure compliance and to make the right
business decisions, itis crucial to understand the
existing and future regulatory framework, and the
expectations placed on shipping from external
stakeholders.

Over the past decade, shipping has seen a surge
of environmental regulations. Impact on shipping
in the nextfive years will include:

— The global sulphur limit for ship fuels, as set by
the International Maritime Organization (IMO)

— IMO Tier lll requirements for limiting nitrogen
oxides (NO,)in Emission Control Areas (ECASs)



— The regulation of ballast-water managementin
accordance with The International Convention
forthe Control and Management of Ships'
Ballast Water and Sediments.

Greenhouse gas (GHG) emissions will be the main
challenge for the next decades. In addition to
global carbon dioxide (CO,) requirements, we will
see local, regional and national requirements to
reduce harmful emissions of NOx and sulphur
oxides particles.

We expect safety regulations to be improved
incrementally. This relates mainly to ensuring that
new environmental technologies and fuels can
be applied safely, and to address challenges
linked to digitalization, such as cyber risk, auto-
nomy, and control systems.

FIGURE 1

EXECUTIVE SUMMARY

The key challenge for shipping will be to decarbon-
ize its activities. The IMO has recently adopted a
strategy aiming to at least halve total GHG emis-
sions from shipping by 2050 when compared with
levelsin 2008.

The IMO targets are ambitious and will require
application of currently immature technologies
and solutions, acceptance of lower speed, and
deployment of large volumes of carbon-neutral
fuels. Such fuels will also be essential to achieve
the IMO vision to fully decarbonize shipping
somewhere between 2050 and 2100.

Although the IMO’s ambition is clear, its conver-
sion into practical regulations is still unclear. To
meetits targets, the strategy must be followed by
mandatory requirements for individual ships, and
by other policy measures to support development
and implementation of new technologies and fuels.

World seaborne trade in tonne-miles
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FUEL AND TECHNOLOGY OUTLOOK
Fuelsthat could contribute to meeting the IMO
targetsinclude ammonia, biofuels, electrification,
electrofuels', hydrogen, and nuclear power. In
each case, itisimportantto take a lifecycle
perspective to ensure that energy used to pro-
duce the fuel is from renewable sources or from
fossil sources using carbon capture and storage.

The selection of fuel will be based on a compro-
mise between the benefits and drawbacks of the
various fuel options being compared. The cost
associated with machinery, as well as the expected
fuel prices and availability of bunkering infrastruc-
ture, will be key barriers. Safety will be a primary
concern. It can be translated into monetary terms
once a design has been established and the
necessary safety measures identified.

The many alternative fuels, and their diverse charac-
teristics, make it difficult to identify ‘winners and
losers' clearly. This is why we introduce a concept
forthe 'ranking of alternative marine fuels’, as an
important new feature in this latest Energy Transi-
tion Outlook report. It describes a multi-objective
approach focused on the environment, econom-
ics, and scalability, to evaluate promising fuels.

Operational and technical energy-efficiency
measures complementthe fuel options. Reducing
vessel speed is an especially effective operational
measure, with a large fuel-saving potential. Subst-
antially reducing speed will impactthe transport
system and require the industry and related
stakeholdersto collaborate to realize this poten-
tial. However, our Automatic Identification System
(AIS) -based study of the world cargo fleet reveals
how it spends much of its time atanchor orin port.

Resolving this inefficiency, perhaps through
emerging digital technologies, could contribute
to reduced sailing speed and thereby lower fuel
consumption.

Technological developments in batteries, drag
reduction, energy efficiency, materials science,
and propulsion will provide the basis for key
specifications of new ship concepts to reduce
energy losses and improve overall performance.
Only a fraction of the fuel energy goinginto a
ship’s main engines ends up generating propul-
sionthrust; the restis lost as heat. Exergy (or useful
work) analysis reveals insights about the energy
lossesinaship’s energy cycle and assists the proto-
typing of novel mature and immature technologies
toimprove the energy efficiency.

The concept of hybridization is a promising
ongoing development, where the benefits of two
or more configurations for saving fuel are com-
bined. A hybrid electrical ship could contain
alternative diesel engine configurations, marine
fuel cells, battery packages, and even retractable
wind turbines, solar panels, and sails.

FLEET OUTLOOK

Integrating our knowledge of future trade demand,
regulatory developments, and technology and fuel
advances, we have modelled the uptake of a wide
range of alternative fuels, energy-efficiency meas-
ures, and other emission-reduction technologies.

Measuring in deadweighttonnes (DWT),
we predict:

— The fleet size will increase by more than a third
(35%) by 2050

1 Electrofuelsisan umbrellaterm for carbon-based fuels, such as diesel, methane, and methanol, which are produced from CO, and water using electricity

asthe source of energy.



— The crude oil fleet will decline by 30% by mid-
century, peaking in 2030 at about 20% larger
than today, then shrinking

— Today's product tanker fleet will decrease by
8% by 2050.

One of our key assumptions is that IMO GHG
reduction targets will be met. Beyond 2035, we
will see the fullimpact of gradually improving the
energy efficiency of new ships and the shiftto
alternative fuels. Fuel consumption per tonne-mile
will decline by, on average, 30% by 2050. We find
thattotal energy use in international shipping will
increase from about 11 exajoules (EJ)to 13 EJ
during 2016-2035. It will then decrease to 11 EJin
2050, which equates to nearly 270 million tonnes
of oil equivalent (Figure 2).

FIGURE 2

EXECUTIVE SUMMARY

Our model finds that by 2050, 39% of shipping
energy will be from carbon-neutral fuels, which
will have overtaken the 34% share of liquid fossil
fuels, such as heavy fuel oil (HFO) and marine gas
0il (MGO). Liquefied natural gas (LNG) and liquid
petroleum gas (LPG) will, together, have a 23%
share. Electric batteries will be an energy source
on one third of all ships from mid-century, provid-
ing about 5% of the total energy for shipping. We
have not evaluated which carbon-neutral fuels will
be preferred, as this will depend on future produc-
tion costs, availability, and infrastructure. Short-
sea and non-cargo shipping will use 40% of the
total energy; and, in these segments, electricity
will constitute more than atenth (11%) of

energy use.

Shipping energy mix
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THE CARBON-ROBUST SHIP

Fleetforecasts, as presented in this report, contain
inherentuncertainties and depend heavily on
assumptions. Regulations on CO, are poised to
shape the future fleet. Developments in fuels and
technologies are rapid, with potential game-
changing consequences. Add in ‘traditional’
concerns over market cycles, trade demand, and
supply, there are many aspects to consider when,
investing in new tonnage. How can a shipowner
wanting to invest today, handle this uncertainty
and associated business risks to make the right
decisions?

In this study, we present a further and significant
development of the carbon-robust ship concept
that we introduced in 2017. A new model now
evaluates fuel and technology options by compar-
ing the break-even cost? of a design to that of the
competing fleet of ships (see Figure 3). The cost
structures of competing fleets are compiled on the
basis of scenarios, including, for example, regula-
tions, fuel prices, and technology developments.

We showcase the model here to gain insights into
what a carbon-robust bulk carrier would be like
under possible future CO, regulations. We use
the model for exploring key questions for three
design alternatives for a ship designed today and
builtin 2020. The design alternatives are a stand-
ard ship, an LNG-powered ship, and a fuel-effcient
option.

The study shows significant differences in compet-
itiveness over the life of a vessel, depending on
different scenarios. One striking finding is that
investing in energy efficiency and reduced carbon
footprint beyond current standards seems to
increase competitiveness over the lifetime of the

2 Thebreak-even costisthe minimum rate thata ship mustsecure to coverall costs

vessel. The study also suggests that owners of
high-emitting vessels could be exposed to
significant market risks in 2030 and 2040 in
scenarios where low-emission vessels attract
premium rates or avoid CO, taxes or levies.

Inthis report, we have explored the maritime
implications of a global transition towards an
increased use of renewable energy and a dimin-
ishing use of fossil fuels, which is underway and
will progress towards mid-century. As discussed,
uncertainty is high. However, we believe that this
uncertainty is manageable. By applying a struc-
tured, knowledge-based approach, supported by
modelling tools, stakeholders can stay ahead of
industry developments and remain competitive
moving forward.

k€ One striking finding is that
investing in energy efficiency
and reduced carbon footprint
beyond current standards seems
to increase competitiveness over
the lifetime of the vessel.



FIGURE 3: OUTLINE OF THE CARBON ROBUST MODEL

Competitiveness of selected individual ship designs is evaluated against the competing fleet of ships at
a given point in time (e.g. 2030 or 2040) using the break-even cost or CO, emissions as a measure.

The user can draw on a pool of fuel and technology options in creating the individual ship designs.

For the competing fleet, fuel and technology uptake are governed by pre-set scenarios.
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INTRODUCTION

A global transition towards greater use of renewable energy and
less use of fossil fuels is underway and will progress towards 2050.
One consequence is that shipping is experiencing increasing pres-
sure to decarbonize its practices and operations, and to reduce
emissions to air. This will impact on asset values and earning capacity
more significantly than in the past. It will shape the future fleetin
important ways, particularly in the choice of fuels and technologies.

There isrising interestin, and action to establish,
circular economies to reduce consumption of
virgin materials. This will impact on global and
regional trade volumes and patterns and hence
on shipping thattransports such materials. The
ongoing digital transformation, through automa-
tion, robotics, and adaptive manufacturing, will
also greatly affect global value chains. It will
advance the design and operation of ships,

and enable new business models.

This publication is part of DNV GL's new suite of
Energy Transition Outlook (ETO) reports. Along-
side a main outlook (‘the main ETO report’), the
suite includes three separate reports discussing

implications for maritime, oil and gas, and
the power and renewables industries.

This latest publication provides an independent
forecast of the maritime energy future and exa-
mines how the energy transition will affect the
industry. It significantly updates our 2017
forecast (DNV GL, 2017b). Our focus this year is
the challenge of decarbonization facing the
maritime industry. We highlight main develop-
ments and changes regarding shipping activity
and fuel consumption in recentyears (chapter 2),
and projectthe developmentin goodsto be
transported towards 2050 (chapter 3).

DNV GL'S SAFETY AND SUSTAINABILITY MISSION

Driven by our purpose of safeguarding life,
property, and the environment, DNV GL enables
organizations to advance the safety and sustain-
ability of their businesses.

Around 70% of our business is energy related.

We provide classification, technical assurance,
software, and independent expert advisory
services to the maritime, oil and gas, and the
power and renewable energy industries. We

also provide certification, and supply chain and
data managementservices to customers across a
wide range of industries.



Regulatory development and technology drivers
factored into our long-term fleet projections are
outlined in chapters 4 and 5. Our modelling of the
global shipping fleetis based on the transport
demand and, as described in chapter 6, the most
likely trends that we foresee in regulation and
technology. The model focuses on the size of the
fleet, its energy efficiency, fuel mix, and carbon
dioxide (CO,) emissions.

Chapter 7 describes by shipping segment, key
issues to monitor over the nextfive years, and
discusses factors that could shift our projectionsin
future updates. We present a further and signifi-
cantdevelopment of the carbon-robust ship
conceptthatwe introduced in 2017. As stated in
the Executive Summary, a new model now evalu-
ates fuel and technology options by comparing

INTRODUCTION CHAPTER 1

the break-even costs of a design to that of the
competing fleet of ships. This aims to support
maritime stakeholders evaluating the long-term
competitiveness of their vessels and fleet in order
to future-proof their assets (chapter 8).

Looking further forward, uncertainty confronting
the industry seems only to increase. We stress
that our modelling presents our best estimate of
the future that we foresee, not a collection of
scenarios. The coming decades to 2050 hold
significant uncertainties regarding, for example:
economic development; future energy policies;
human behaviour and reaction to policies; the
pace of technological progress; pricing trends for
existing and new technologies. Our intention
with this study is to help maritime stakeholders
navigate the future.
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SHIPPING NOW:

WHAT TRACKING DATA SHOW

Aiming to forecast the future is meaningless unless we understand
the present. This chapter highlights the main characteristics and
developments in world fleet activity, along with fuel consumption

and emissions in recent years.

The modelling for this has been conducted with
DNV GL's software, MASTER (Mapping of Ship
Tracks, Emissions and Reduction potentials), the
use of which has been described previously (e.g.,
Mijelde etal, 2014; DNV GL, 2014a; DNV GL 2018¢;
d). The model uses global ship-tracking data from

FIGURE 2.0.1

the Automatic Identification System (AIS),
enriched with ship-specific data from other
sources (Figure 2.0.1). The key question of how
global trade and the world fleet will develop
towards 2050 is addressed in chapters 3 and 6 of
this report.

Insights gained using DNV GL's software, MASTER, with AlS-data enriched with data from other sources to
analyse key performance characteristics and technology potential for the world fleet.
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SHIPPING NOW CHAPTER 2

CHANGE IN WORLD CARGO FLEET FUEL
CONSUMPTION 201 3-2017

In DNV GL's previous ETO report for the sector, we
reported that the world fleet consumed about 250
million tonnes of oil equivalent (Mtoe) of marine
fuelin 2016 (DNV GL, 2017b). These numbers
originate from AlS-modelling of fuel consumption,
where all commercial ships with AlS-transponders
are included. Our detailed analysis of global ship
traffic employs ship movement data from the AlS,
mandatory for ships of 300 gross tonnes (GT) or
more, sailing internationally, and for all cargo ships
of 500 GT or more. Small vessels without AIS are
notincluded: although there are many, their
contribution to total emissions is limited.

The cargo-carrying fleet of bulk vessels, container
vessels, oil tankers, and other cargo vessels®
accounts for 89% of the total fuel consumption
(DNV GL, 2017b). The remaining 11% is consumed
by passenger vessels, fishing vessels, offshore
vessels, and other service vessels. Here, we focus
onthe cargo-carrying fleet, which accounts for
most emissions globally. However, itis important
to recognize that when domestic shipping emis-
sions orimpacts from short-sea shipping are the
issue, the contributions from non-cargo vessels
may be far more important, and should not be
disregarded.

3 Othercargo vesselsinclude chemical tankers, gastankers, general cargo vessels, RoRo and refrigerated cargo vessels.

FIGURE 2.1.1

World cargo fleet fuel consumption

Units: Mt/yr
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This study has prepared historical AlS-based
modelling of fuel consumption for the world cargo
fleetfor 2013-2017, during which period annual
fuel consumption grew (Figure 2.1.1). The peakin
2016 was 15% more thanin 2013. Between 2016
and 2017, fuel consumption decreased by about
3%. The reductions in 2017 occurred in all ship
segments except gas carriers, where fuel con-
sumption increased. In 2017, container vessels
accounted for the highest consumption, followed
by other cargo vessels, bulk vessels, and oil
tankers.

Carbon dioxide (CO,) emissions from the cargo-
carrying fleetin 2016 and 2017 were found to have
been 664 million tonnes (Mt) and 647 Mt,
respectively.

FIGURE 2.1.2

Figure 2.1.2 shows the ship traffic density for 2017
in terms of fuel consumption. Compared with
2016, trafficincreased in Asia with new bulk
routes, and in the Indian Ocean and Pacific Ocean
with more traffic in specific trade routes.

Ship traffic density 2017 by fuel consumption

©2018 DNV GL

All vessel types
-Year 2017

Fuel consumption
(ton/grid cell)
P High: 493,000

l Low: 0.000003



2.2

MAPPING FLEET PERFORMANCE IN 2017

We have also applied AlS-based modelling to
calculate fuel consumption in various main
operating modes: stationary (0 knot, kn); manoeu-
vring (1-5kn); and, cruising (more than 5kn). The
splitis based on the AlS-calculated speed over
ground for each vessel and summarized for all
cargo vessels.

Figure 2.2.1 shows the variation in the share of
time spentin each operating mode by major ship
types. Time spentin port/atanchor (stationary)
ranges between 37-54% depending on ship type.
This reflects variations in trading patterns, servic-
es, turnaround time, and operational efficiency.
Bulk and container ships have the lowest share of
time being stationary and in manoeuvring mode,
and oil tankers have the highest share of time in
these modes.

FIGURE 2.2.1

SHIPPING NOW CHAPTER 2

Afurther breakdown of the cargo-carrying fleetin
seven size segments (Figure 2.2.2) shows that the
largest ships spend 70-75% of the time in cruising
mode at more than 5kn. The share of time spentin
this mode is as low as 20-30% for the smallest size
categories, except for container vessels. The small
ships spend larger portions of their operation in
shortvoyages with frequent port calls, which
naturally reduces the time spentin cruising mode.
However, there is most likely potential for the
existing fleetto improve its effectiveness to
reduce stationary time, potentially allowing the
fleet to lower overall fuel consumption by reduc-
ing sailing speed. Another area for fuel savings is
to reduce ships’ consumption of energy while they
are being unproductive waiting for transport work.

Share of time per operation mode in 2017 by cargo vessel segment

Units: Percentages
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FIGURE 2.2.

Share of time per operation mode for cargo vessels by ship type and size

Units: Percentages
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2.3 SPEED PROFILE ANALYSES FOR
THE WORLD FLEET

Figure 2.3.1 shows the average operational speed
profile for all cargo vessels in cruising mode (more
than 5kn) for the years 2016 and 2017. This is
calculated as the average time spentin each
speed segmentfor all ships for each year. The
speed profiles do not vary much between these
years. Compared with 2016, we find thatin 2017
slightly more time was spentin the interval
11-13kn, and slightly less in 14-17kn.

FIGURE 2.3.1

Figure 2.3.2 shows the average operational speed
profile for main cargo vessel types in cruising
mode (more than 5kn)in 2017. Bulk vessels, oil
tankers, and other cargo vessels typically operate
at 12-13kn. The larger ships, mainly above 25,000
GT, are typically deployed on long-haul routes and
tend to operate at higher service speeds than the
smaller vessels, which typically operate in intra-re-
gional shipping (short-sea shipping). Figure 2.3.3
shows the operational speed profile for container
vessels splitacross short-sea and deep-sea

shipping.

Operational speed profile for cargo vessels
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FIGURE 2.3.2

Operational speed profile for cargo vessels in 2017

Units: Share of time
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Units: Share of time
i Short sea shipping:

Container vessels

b /\ <25,000 GT
63.

% I Deep sea shipping:
o Container vessels
5% \ >25,000 GT

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Speed (kn)

28



SHIPPING NOW CHAPTER 2

2.4 FUEL CONSUMPTION BY MODE
OF OPERATION

Fuel consumption is not proportional to the time Figure 2.4.2 shows how fuel consumption by
spentin different operational modes. Figure 2.4.1 mode of operation varies with ship size.

shows how fuel consumption by operational mode The smallest vessels consume most of their fuel in
varies between major ship types: 15% is consumed non-cruising mode, while the largest ships

while stationary; only 1% while manoeuvring; and, consume less than 10% in non-cruising mode.

84% when cruising.

FIGURE 2.4.1

Share of fuel used in each operation mode in 2017 by cargo vessel segment
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FIGURE 2.4.2

Share of fuel used in each operation mode in 2017 by ship size segment
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2.5 GEOGRAPHICAL DISTRIBUTION OF
SHIP FUEL CONSUMPTION

Most ship fuel is consumed in the northern hemis-
phere within a well-defined system of international
searoutes (Figure 2.1.2). Also, large percentages
of total maritime fuel consumption happen close
to shore orto coastal communities, meaning that
much of the emissions of harmful substances such
as particulate matter (PM), nitrogen oxides (NOx),
and sulphur oxides (SOx) also happen close to
shore, impacting on the environmentand human
health (Endresen etal, 2003; Corbettetal, 2008;
Sofive etal, 2018).

Figure 2.5.1 shows the accumulated fuel consump-
tion by shipping by its distance from land. Approx-
imately 25% is consumed by ships being stationary in
port or operating closer than 10 nautical miles (nm)
from shore. The results confirm an expected gradual
increase in the share of consumption with proximity

to land. More than 50% of the fuel consumed is by
vessels closer than 40 nm from shore. By sea area,
the largest share (40%) of fuel consumption relates
to ship trafficin the Atlantic Ocean and Mediterra-
nean Sea, followed closely by the Pacific Ocean
(36%) and Indian Ocean (24%).

Introducing cleaner fuels and new technologies
will reduce total fuel consumption and related
emissions (chapter 5). It should be noted that ship
emissions are not directly proportional to fuel
consumption. Reasons include the fact that several
emission control areas have been established (see
chapter 4), and differentfuels and technologies
applied onboard have different emission foot-
prints (chapter 5).
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FIGURE 2.5.1

Share of maritime fuel consumption in 2017 by distance from land
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3 SEABORNE TRADE OUTLOOK:
THE ENERGY TRANSITION

Economic activity is the main driver of maritime transport, be it
transportation of fuels, agricultural products, raw materials for
manufacturing industries, or manufactured products for final use.

This chapter provides an outlook for the maritime Transition Outlook 2018 (DNV GL, 2018a). Here,

industry based on volumesto be transported, we provide a short description of the approach
focusing on crude oil, oil products, gas, bulk, and and the transport needs, before presenting our
containerized cargo. Our forecastis based on updated predictions for the maritime industry
DNV GL's updated model, which is described in and its operations.

detail in the main report, DNV GL Energy
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SEABORNE TRADE OUTLOOK: THE ENERGY TRANSITION CHAPTER 3

MODELLING APPROACH

Our Energy Transition Outlook (ETO) model is
designed to forecast the energy transition in 10
global regions (Figure 3.1.1). Itis a system dynam-
ics feedback model implemented with Stella
software and covering the energy system from
source to sink.

Our global energy forecasting approach quanti-
fiestrade in commodities between and within the
10 regions. This enables forecasts that reflect dyna-
mics, such as growth and decline of the fossil-fuel
trade in coming decades. These dynamics are
influenced by several factors:

— The energy transition through decarbonization
and electrification

— New fossil-fuel production methods such as
hydraulic fracturing

— Increased conversion of gas to liquefied natural
gas(LNG)

— Regional shifts in fossil-fuel demand and supply

— Geopolitical changes.

FIGURE 3.1.1

DNV GL has built a demand-driven model

(DNV GL, 2018a), in which the main drivers of
energy demand are energy efficiency, population,
and GDP. Key demand sectors, such as buildings,
feedstock, manufacturing, and transport, are
analysed in detail.

Energy supply is characterized by a decarboni-
zation push, helped by regional energy policies
favouring some energy carriers over others.
Technology learning curves and corresponding
cost developments are driving down costs of all
energy sources, while resource availability const-
raints might drive up costs. Differences between
these cost developments help to determine the
future energy-supply mix. The model captures
several technologies and quantifies their uptake.

Regions analysed in the Energy Transition Outlook

North America
Latin America

Europe

Sub-Saharan Africa

Middle East and
North Africa

North East Eurasia
Greater China
Indian Subcontinent

South East Asia

OECD Pacific
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The ETO modelling also includes non-energy
trade, relevant for ship segments such as bulk
and containers. A more complete overview of
the modelling approach, drivers, barriers, and
expected technology and cost developments is
inthe main report (DNV GL, 2018a).

In the main report, we provide more details of
our approach and resulting regional forecasts
for energy demand and supply. We forecast that
globalfinal energy demand will peakin 2035,

at alevel 16% higher than today, and will then
decline slowly. Energy supply peaks around the

FIGURE 3.1.2

same period, and consumption of fossil fuels

is reduced, impacting maritime transport of coal
and oil. Seaborne fossil-fuel trade within and
between regions is a major component of the
forecast. Figure 3.1.2 illustrates the global fore-
castfor primary energy supply from fossil sources.

14 Energy supply is characterized by
a decarbonization push, helped by
regional energy policies favouring
some energy carriers over others.

World primary fossil fuel supply
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Trade in crude oil is determined by differences
between regional production and regional
demand. On the crude-oil supply side, we model
production capacity as a cost-driven global
competition between regions. We consider three
segments; offshore, onshore, and unconventional
oil. The gap between a region'’s crude oil produc-
tion and refinery input determines the surplus for
exportor a deficitto be met by imports, which are
mainly transported on keel. The destinations of
crude oil imports are based on the most recent
Automatic Identification System (AIS) data of crude
oiltankers, adjusted for ballast movements.

We adopt a similar approach for shipment of oil
products, where we use oil products demand

and refinery output as the determinants of
regional trade.

FIGURE 3.2.1

SEABORNE TRADE OUTLOOK: THE ENERGY TRANSITION CHAPTER 3

3.2 MARITIME TRANSPORT NEEDS

To determine seaborne gas trade, we deductthe
current share of gas transported by pipelines. This
reasoning is supported by historical data and
trends in gas production. For gas in the form of
LNG and liquid petroleum gas (LPG), transporta-
tion costs —including piping, liquefaction, and
regasification —are a significant component of the
final consumer price to end users. We first deter-
mine the fraction of gas demand to be supplied
from the region’sindigenous sources. This fraction
varies between regions due to geographic,
political, and economic differences, and over time.
Any shortfall in meeting demand from regional
production is allocated to exporting regions
according to their current shares as gas-trading
partners. Intra-regional trade is determined as a
constant multiplier of regional gas demand.

World manufacturing supply

Units: Gt/yr
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Coal use is derived from sectors such as buildings,
manufacturing, and power, with demand for brown
coal confined to its combustion for electricity.
Each region’s hard-coal supply reflects its mining
capacity, which expands as demand increases and
is limited by its geologically available reserves. As
inthe case of natural gas, we assume a stable mix
and shares of trade partners for coal. Regions with
domestic shortfalls import coal from regions with
surpluses.

Looking atthe non-energy trades, we model regi-
onal manufacturing of finished goods (e.g., const-
ruction equipment, electronics, food, machinery,
and textiles) and the use of raw materials (e.g., che-
micals, iron and steel, other metals, paper, pulp,
and wood) to produce these. Taking account of
surplus and excess regional production levels,
provides the baseline for non-energy trade on
keel. Figure 3.2.1 shows the global manufacturing
demand towards 2050 by broad sector.

Tradeiniron oreis also driven by base-material
production. Global minor bulk trade is correlated
with worldwide production of base materials, such
as metals, paper, steel and wood, but uses a diffe-
renttrade multiplier than iron ore. We assume that
grain-production dynamics will follow population
and GDP-per-capita growth of existing and poten-
tial grain-importing regions. Similarly, we define a
relationship between container trade and the
global supply of manufactured goods. A similar
relationship exists between manufactured goods,
production, and other cargo trade, including
shipping of dry cargo unaccounted for in other
categories.

We estimate future distance of cargo by multiply-
ing each region pair's trade volume with a sailing
distance estimated by AlS data, then taking a
weighted average. Because this approach utilizes
regional imports and exports, the effect of new
routes, such as the US emerging as a new crude oil
exporter, is also reflected in tonne-miles.

The future trade will be impacted by the emerging
technology landscape. Notably, digitalization will
impacttrade volumes and distances in various
ways. First, robotization will mean labour costs
becoming a less significant cost component,
making relocation of manufacturing from high
labour-cost countries to emerging economies less
attractive. This will reduce trading volumes comp-
ared to a less robotized world (Backer and Flag,
2017), as relatively more manufacturing will
happen close to market. Similarly, within-region
trade will increase, and average voyage distances
will decline. The exact effect has been hard to esti-
mate, and with a 0.1% per year decline in distance
modelled for all ship segments, this impactis dwar-
fed by the effects of othertrade changes on trade
distances.



We summarize our seaborne trade forecast by
cargotypeinTables 3.3.1 and 3.3.2, and present
awider picture over the forecasting period 2016-
2050in Figures 3.3.1 and 3.3.2., where trade is
measured either in Gt/yr (gigatonnes - i.e., billion
tonnes peryear) orin Tt-nm/yr (trillion tonne-nauti-
cal miles peryear).

We forecasta 39%rise in seaborne trade meas-
ured tonnes over the period 2016-2030, and a 2%
rise for 2030-2050. We projectincreased seaborne
transportation for all trade segments except crude
oil and oil products, which peak around 2030
(Table 3.3.1). The largest relative growth in trans-

TABLE 3.3.1
World seaborne trade —tonnes

SEABORNE TRADE OUTLOOK: THE ENERGY TRANSITION CHAPTER 3

3.3 TRADE TOWARDS 2050

portation demand is for gas and container cargo,
both growing about 120% to mid-century.

For bulk, the combination of an increase in non-
coal bulk trade with eventual reductions in coal
transportation implies sustained growth to 2050,
when trade will be 41% higher than itis now.

Variations in sailing distances explain differences
in the relative scale of trade by cargo type seenin
Tables 3.3.1 and 3.3.2. Consequently, the growth
in annual transport of goods in tonne-miles for
2016-2030 will be 32%, less than the 39% project-
ed growth in tonnes.

Trade (million tonnes/yr)

Cargotype 2016 2030 2040 2050
Crude oil 1,950 2,280 1,850 1,270
Oil products 1,070 1,320 1,250 1,020
Natural gas 360 640 770 790
Bulk 4,890 6,730 6,940 6,910
Container 1,730 2,850 3,400 3,740
Other cargo 1,150 1,630 1,860 2,010
Total 11,130 15,460 16,080 15,730
TABLE 3.3.2
World seaborne trade — tonne-miles
Trade (billion tonnes/nm/yr)
Cargo type 2016 2030 2040 2050
Crude oil 9,580 11,380 9,600 6,570
Oil products 3,040 3,760 3,500 2,800
Natural gas 1,460 3,670 4,620 4,520
Bulk 27,200 34,320 36,970 37,890
Container 8,580 12,690 14,950 16,250
Other cargo 5,190 6,680 7,590 8,140
Total 55,060 72,510 77,230 76,150
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FIGURE 3.3.1

World seaborne trade: tonnage
Units: Gt/yr
" Crudeoil I Oil products B Natural gas B Bulk " Container [0 Other cargo
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Sources: forecast- DNV GL; historical data - Clarkson Research, 2017
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Average 3.8 2.4 0.1
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FIGURE 3.3.2

World seaborne trade: tonne-miles
Units: Tt-nm/yr
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Slower growth in tonne-miles than in tonnes to
2030 results mostly from improved route plan-
ning and thus better-optimized voyages.

Route distances increase for crude oil and decre-
ase for bulk; average voyage length cancels out
globally. Conversely, the tonne-miles growth for
2030-2050 will be 5% in contrast with a mere 2%
growth in tonnes, as changing trade patterns
more than outweigh voyage optimization.

FIGURE 3.3.1.1

Summarizing, traded tonnes and related tonne-
mile shipping demand will both peak within two to
three decades. The peakis not marked. It could
better be termed a plateau because the combined
need for trade and maritime cargo will stabilize as
trade in oil and coal decreases, while growth of
other cargoes slows in line with decelerating
growth in both global population and GDP.

World seaborne bulk trade

Units: Tt-nm/yr
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Average annual growth rate in % 2010-2016 2016-2030 2030-2050

Coal 3.5 -0.7 -3.3

Iron ore 6.3 2.6 -0.1

Grain 5.6 3.5 2.5

Minor bulk 3.3 19 0.9

Average 4.4 1.9 0.4



3.3.1 BULK

Because we distinguish energy commodities
from other cargoes, we separate bulk trade into
coal and non-coal. The latter includes grain,
iron ore, and minor bulk (Figure 3.3.1.1). Non-
coal bulk dominates the picture, growing 2.8%/
yrto 2030, and 0.7%/yr thereafter. Growth in
iron ore and minor bulk trade will be solid for
the first decades, but will then slow down. For
iron ore, this growth will decline after 2030 due
to the slower growth of base-material output.
Grain trade will continue to grow, although the
pace of growth will reduce towards 2050. Grain
trade increases reflect greater increases in popu-
lation than in indigenous agriculture production.
Climate change and water scarcity in develop-
ing countries are also influencing agricultural

FIGURE 3.3.1.2

SEABORNE TRADE OUTLOOK: THE ENERGY TRANSITION CHAPTER 3

production and raising the need for grain
imports.

Global seaborne coal trade is currently dominat-
ed by hard-coal being exported from Australia
and Indonesia to China, India, Japan, and Korea
(Figure 3.3.1.2). We forecast that current
Chinese coal imports will remain high for the
coming decade. Thereafter, they will enter
decline amid decarbonization of the country’s
power and manufacturing sectors, which will
allow indigenous coal production to catch up
with demand. In contrast, the Indian Subconti-
nent will see sustained growth in coal consump-
tion, butits production will also expand to
enable self-sufficiency towards 2050.

Coal imports and exports by region
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3.3.2 Ol
Transportisthe largest consumer of oil. As forthistrade are changing. Europe and OECD are
explained in detail in the main report(DNV GL, already experiencing a reduction in oil consump-
2018a), oil demand is setto peakin the 2020s and tion. This will continue, while China’s consumption
then decline as vehicle electrification speeds up. will continue to grow, peaking around 2030,
Manufacturing is the second-largest consumer of followed somewhat later by India. Production will
oil, including its use for feedstock, an application continue to be dominated by Middle Eastand
thatwill peakin the late 2020s. North Africa, with Latin American production
increasing, and levels in North East Eurasia and
With more than 90% of crude oil trading on keel, North America remaining stable until the mid-
changing production and consumption patterns 2030s, then decreasing.
impact seaborne trade directly. Regional patterns
FIGURE 3.3.2.1
Net crude oil imports by region
Units: Mt/yr
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Latin America, Middle East and North Africa, and
North East Eurasia will continue as major export-
ers. For North America, the pattern is already
shifting because of its strong increase in shale oil
(Figure 3.3.2.1).

More than 85% of global seaborne crude oil trade
is currently inter-regional, and the remaining 15%
intra-regional, within regions. Seaborne crude-oil
trade will plateau some 21% higher than now
within the next decade, thereafter trending down
after 2027 to reach around 6.5 trillion tonne-miles
in 2050 (Figure 3.3.2.2).

FIGURE 3.3.2.2

SEABORNE TRADE OUTLOOK: THE ENERGY TRANSITION CHAPTER 3

Inforecasting trade in oil products as a function of
regional refineries’ output and demand, we
conclude thatitwill first level off and eventually
decline. Regional developments, such as expan-
sion in refining capacities in Russia and the Middle
Eastand West Africa, will have a significantimpact
inthe near future. The seaborne oil products,
trade intonne-miles is around one third of the
crude oiltrade in 2016. In the future, the reduction
in the former will be less than for crude oil, partly
duetoincreased trade in biofuel, which we define
as oil products in our maritime trade analysis.

World seaborne crude oil and products trade

Units: Tt-nm/yr
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3.3.3 NATURAL GAS

Natural gas is mostly used in power stations, follo-
wed by directuse in buildings and manufacturing.
While gas consumption in power stations, and as a
whole, peaksin 2033 in our modelling, its use in
manufacturing increases throughout the forecast
period to 2050. More details of production, supply,
and demand can be found in the ETO main report
(DNV GL, 2018a).

The main gas-producing regions are and will
remain Middle East and North Africa, North
America, and North East Eurasia. Driven by
manufacturing sector growth, China’s rising need
for natural gas sees it become the leading gas
importer by 2021. It remains so for the rest of the
forecasting period. Europe will remain a large
gas importer, and the Indian Subcontinentand

FIGURE 3.3.3.1

Sub-Saharan Africa will see growing imports. This
isillustrated in Figure 3.3.3.2, where the thickness
of the lines represents trade volume in tonnes,
although the paths do not represent detailed
trade routes. The main feature of the comparison
for2016-2050 is the strong growth in exports from
North America, specifically the US.

Trade in natural gas as LNG and LPG will continue
to increase (Figure 3.3.3.1). Most gas exports are
currently through pipelines, Russia to Europe being
the prime example. This will change as inter-regi-
onaltrade, and North American exports in parti-
cular, grows towards 2050. We predict thatthe
share of piped natural gas trade between coun-
tries will decrease to less than 50% in mid-century.

World seaborne natural gas trade

Units: Tt-nm/yr

5.0

4.5

4.0

3.5

3.0

25

2.0

1.5

1.0

0.5
0

1980 1990 2000 2010

2020 2030 2040 2050



SEABORNE TRADE OUTLOOK: THE ENERGY TRANSITION CHAPTER 3

FIGURE 3.3.3.2

lllustration of global seaborne natural gas trade in 2016 and 2050

2016

2050
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3.3.4 CONTAINERS

Containertrade has grown strongly for decades,
outpacing global seaborne trade. Containeriza-
tion of more and more commodities will likely
continue, while some other factors — like additive
manufacturing (3D printing; see section 7.2.2),
automation, and robotization — will reduce the
container-trade multiple (container trade versus
GDP growth). We forecast that container-trade
tonnage will broadly mimic manufacturing goods
andincrease by 3.4%/yrto 2030 and 1.4%/yr
thereafter (Figure 3.3.4.1).

FIGURE 3.3.4.1

Container trade growth will be highestin regions
with the greatest growth in manufacturing output.
China will dominate growth for another decade.
Thereafter, the Indian Subcontinent will take over
asthe main growth region. Asian and African
regions will increasingly dominate as economic
growth moves south and east.

World seaborne container trade
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3.3.5 OTHER CARGO AND OFFSHORE SHIPPING

Other cargois a category encompassing all types Offshore shipping is a sizeable shipping segment,
notdescribed above. Itincludes general cargo, and is expected to undergo significant changesin
and most chemicals carried on tankers. Parts of the coming decades. While declining production
the other cargo segment will move to containers of offshore oil and gas will reduce the need for
overtime. This is one main reason why the seg- related shipping, this will be compensated forin
ment will see annual growth rates decline towards part by growth in other offshore segments, such
2050 (Figure 3.3.5.1). Seaborne other cargo trade aswind energy generation. For a more thorough
willincrease 2.4%/yr on average until 2030, and discussion on the shipping implications, see our
1%/yrthereafter. Our analysis does not track 2017 forecast(DNV GL, 2017b).

geographical change in thistrade, but we foresee
a slow eastward shiftin line with the growth of
Asia’s share in the world economy.

FIGURE 3.3.5.1

World seaborne other cargo trade

Units: Tt-nm/yr
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4 REGULATORY AND STAKEHOLDER
OUTLOOK

To ensure compliance and optimize business decisions in shipping,
itis vital to understand existing and future regulatory frameworks
and the expectations of external stakeholders. In this chapter, we
consider major global and regional regulations that will impact

on shipping in the coming decades, then discuss stakeholders'’
expectations on sustainability.
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REGULATORY TIMELINE

Shipping has experienced a surge in environmental the decadesto 2050 (Figure 4.1.1). The timeline
regulations over the past decade. Those emanating pictured does notinclude all local regulations that
from agreements reached under the auspices of have been adopted or may be in the future.

the International Maritime Organization (IMO)

include the global sulphur limit on ship fuel; We also expect safety regulations to improve
nitrogen oxides (NOx) Tier lll requirements in incrementally. Their main thrust will be to ensure
Emission Control Areas (ECAs); and the ballast that new environmental technologies and fuels
water management regulation. All willimpact on can be applied safely, and to address challenges
shipping in the next five years, while greenhouse related to digitalization, such as autonomy, control
gas (GHG) emissions will be the main challenge in systems, and cyber risk.

FIGURE4.1.1

Timeline of adopted and possible environmental regulations towards 2030

Adopted

Explanation of the abbreviations:
BC:Black carbon

IMO GHG ECA: Emission Control Area
Strategy EEDI: Energy Efficiency Design Index
EU: European Union

GHG: Greenhouse gas

HK: Hong Kong

Chinese area 0.5% global Baltic/North NECA: Nitrogen oxides (NOx) ECA
0.5% sulphur sulphurcap SeaNECA VOC: Volatile organic compounds

Allportsin Chinese
area 0.5% sulphur

Global fuel
consumptiondata EEDI phase 2
collection system

EU CO, monito-
ring, reporting
and verification

EEDI phase 3

2018 2019 2020 2021-2024 2025-2029 2030+

v

In the pipeline, or possible... ©2018 DNV GL

53



DNV GL MARITIME — FORECAST TO 2050

4.2 EMISSION OF SULPHUR OXIDES

54

Emission of sulphur oxides (SOx) from shipping is
being regulated at global and regional levels
(Figure 4.2.1). The IMO has decided that the 0.5%
global sulphur cap for ship fuel will be implement-
ed from 1 January 2020. The decision is final, will
not be subjectto re-negotiation, and has thus
provided certainty to the maritime and bunker
industries on regulatory conditions.

Uncertainty remains over the means of compliance,
however. Ship operators will need to decide on
their preferred compliance strategies, decisions
that will have significant operational and financial
implications. There is no one-size-fits-all solution
onthetable. Sulphur scrubbers, liquefied natural
gas(LNG), and 'hybrid’ fuels are all realistic options,
but mostvessels are expected, at least initially, to
target 0.5% sulphur fuel (distillates or low-sulphur
fuel oil) as a default position. Local availability
issues and price volatility are expected conseque-
nces of the unfamiliar fuel-demand picture that will
materialize on 1 January 2020. Cases of non-com-
pliance will likely be significantin number during a
transitional period, due in particular to insufficient
tank cleaning at bunker facilities and on ships.

Onaregional and domestic level, the European
Union's Water Framework Directive (2000/60/CE)
is constraining the discharge of scrubber water.
Belgium and Germany prohibitits discharge in
most areas, allowing only closed-loop scrubbers.
Similar restrictions apply in parts of the US, such as
Connecticut.

In Asia, Chinaistaking a staged approach to rolling
outregulations governing domestic requirements
for SOx controls similar to emission control areas
(ECASs). These apply to the sea areas off Hong
Kong/Guangzhou and Shanghai, and in the Bohai
Sea. The governmentisinitially enforcing a
maximum 0.5% sulphur content for fuel burned in

key portsinthese areas, gradually expanding
coverage, and culminating in applying the
requirements to all fuel used in the sea areas from
2019 onwards. Itis possible that the requirement
for the sea areas will be tightened to no more
than 0.1% sulphurin 2020, and that a formal ECA
application may be submitted to the IMO.

In DNV GL's view, there is a real possibility of

such zones being extended to cover additional
Chinese sea areas.

14 Ship operators will need to decide
on their preferred compliance
strategies, decisions that will
have significant operational and
financial implications.
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FIGURE 4.2.1

Global and regional sulphur regulations

() 0.5% Global limit(MARPOL, 2020)

@ 0.1% Emission Control Areas (MARPOL, 2015)

@ 0.1% EU ports (EU Sulphur Directive, 2010)

@ 0.5% Selected areas in China/Hong Kong (2016-2019)*

*Note that Chinaand Hong Kong may go down to 0,1% before 2020.

Area Sulphur limit Scrubbers

Global 0,5% (2020) yes

Sulphur 0,1%inall ports yes

EU 0,1% in selected areas open-loop restricted in some countries
China 0,5% in selected areas yes

California 0,1% within 24 nm no, only through research exemption
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4.3 EMISSION OF NITROGEN OXIDES

The IMO's NOx Tier Ill requirements are in force in
the North American ECAs for ships constructed
on or after 1 January 2016. Tier Il also applies for
engine retrofits (non-identical) and major convers-
ions on existing ships from this date. Tier lll require-
ments can be met by using LNG as fuel (depend-
ing on engine type) or by installing selective
catalytic reactors (SCR) or exhaust gas recircu-
lation systems (EGR).

Anyone constructing a ship today needs to cons-
ider whether operation in the North-American
ECAs will be part of the operational pattern upon
delivery, or mightbe atany time in the future. If so,

NO,-control technology will be required on board.

When choosing such technology, operators

should also consider how they intend to ensure
compliance with the IMO’s 2020 sulphur cap.
Using LNG will ensure compliance with both NOx
and SOx caps. EGR and SCR are NOx-specific
reduction technologies.

IMO has also placed NOx Tier lll requirements on
ships operating in the North Sea and the Baltic
ECAs. This will apply to ships constructed on or
after 1 January 2021, and to engine retrofits and
major conversions. There are presently no indica-
tions of other NOx ECAs being in the pipeline,
but China is considering requiring Tier Il for their
domesticfleet.
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4.4 BALLAST WATER MANAGEMENT

The Ballast Water Management Convention (‘the vessel's gross tonnage (GT). For ships of 400 GT
Convention’) entered into force on 8 September and more, the compliance date is linked to renewal
2017, more than 27 years after the start of negotia- of the International Oil Pollution Prevention certifi-
tions and 13 years after its adoption in 2004. It cate, whereas ships of less than 400 GT must
mandates treating ballast water before its release comply by 8 September 2024. In practical terms,
into the sea, in order to avoid transfer of harmful the entire international world fleet must be
invasive species. Typically, this can be achieved compliant within 2024.
through cavitation, chemicals, deoxygenation,
electrolysis, ozonation, or ultraviolet light. Inthe US, the domestic ballast water management
regulations entered into force in 2013. New ships
The Convention's revised implementation sched- must comply upon delivery. Since 1 January 2016,
ule currently obliges every ship in international all existing ships must comply by the time of their
trade to comply sometime between 8 September first scheduled dry-docking.

2017 and 8 September 2024, depending on the

57



DNV GL MARITIME - FORECAST TO 2050

When the COP 21 Paris Agreement on climate
change mitigation was adopted in 2015 as a res-
ponse to the global-warming threat, shipping was
notincluded. Instead, the IMO was expected to
come up with their own contributions to reducing
GHG emissions.

In April 2018, the IMO adopted a strategy to ach-
ieve this in shipping. Taking 2008 as a baseline
year, this aims to reduce total GHG emissions from
shipping by atleast 50% by 2050, and to reduce
the average carbon intensity (CO, per tonne-mile)
by atleast 40% by 2030 while aiming for 70% in
2050 (Figure 4.5.1). The IMO's ultimate vision is to
phase out such emissions as soon as possible
within this century. It will review strategy and
targetsin 2023, based on information gathered

FIGURE 4.5.1

4.5 GREENHOUSE GAS EMISSIONS

from its Data Collection System and from a fourth
IMO GHG study, to be undertaken in 2019.

The EU has established general decarbonization
goals suggesting a target of GHG emissions 80%
below 1990 levels by 2050. Along the way, there
are milestones to achieve a binding target of 40%
cuts by 2030 and, indicatively, 60% by 2040. All
sectors are expected to contribute. For shipping
this has, for example, led to the EU monitoring,
reporting, and verification system, operational
from 2018. It also means that shipping could
potentially be brought into the EU Emissions
Trading System (ETS) unless the IMO establishes
adequate measures by 2023. We expect IMO
actions by then to be sufficient to avoid this.

IMO GHG strategy

GHG emissions

2008 as base year
Peak as soon

Intensity: 40% red.

Total: 50% red. -

Intensity: 70% Emission pathway

in line with IMO's
GHG strategy

. Bl Business-as-usual
as possible emissions
o Emission gap
] : Zero emissions

4 h 4
as soon as
possible
within this
century

2008 2020 2030 2040 2050 within 2100

Carbon intensity is measured as CO, emission per tonne-mile, while Total is the absolute GHG emission from international shipping.



As shipping activity will continue to grow towards
2050, the IMO’s 50% reduction targetis ambitious.
[t will require application of currently immature
energy-efficiency technology and solutions, accep-
tance of lower speed, and deployment of large
volumes of carbon-neutral sustainable fuels. Such
fuels are presently unavailable in sufficient quan-
tities. A concerted effortis needed to develop
them and make them available in the necessary
volumes and at acceptable prices.

Achieving its GHG ambitions will require the IMO
to develop new policy measures and regulations.
While nothing is yet agreed, its current strategy
contains a long list of possible measures. They
include, among others, strengthening the IMO’s
energy efficiency design index (EEDI), which is
mandatory for new ships; application of opera-
tional indicators; speed optimization/reduction;
market-based measures; and, development of

carbon-neutral fuels. Work on establishing an
action plan, thus kick-starting work on the actual
measures, will startin autumn 2018.

REGULATORY AND STAKEHOLDER OUTLOOK CHAPTER 4

Although we expected the immediate impact on
ships to be limited, efforts required to achieve the
goals will need to be built up over the coming
years, with the real impact starting to materialize in
the 2020s. Taking a long-term perspective, we
expectimplementation of the IMO strategy (see
factbox page 60) to fundamentally change how
ships are designed, operated, and fuelled. Chapter 5
of this report outlines possible technologies and
fuels that will be needed, and chapter 8 discusses
how this can impactfleetinvestmentand ship
designstoday.

k€ The IMO's emission-reduction
targets are ambitious. It will require
application of currently immature
energy-efficiency technology
and solutions, acceptance of
lower speeds, and deployment of
large volumes of carbon-neutral
sustainable fuels.
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REGULATING GREENHOUSE GAS EMISSIONS

Meeting International Maritime Organization
(IMO) targets for reducing greenhouse gas (GHG)
emissions from shipping will necessitate manda-
tory requirements for individual ships, as well as
other policy measures to support development
and implementation of new technologies and
fuels. The IMO will next prioritize and decide
which measures to pursue, then develop an
action plan.

Short-term and medium-term measures to see
emissions peak as soon as possible and reach
the IMO’s 40% carbon-intensity reduction
targetin 2030

These musttarget existing vessels and ships built
by 2030. Only adjustments to the IMO's Energy
Efficiency Design Index (EEDI) requirements are
likely to be ready in time, 2022 atthe earliest.
Given a ship scrapping rate of 3% per year, about
40% of emissions in 2030 will be from ships builtin
2022-2030.

Given the usual timeframe for developing new
regulations, itis unlikely that any other requirement
can bein place before 2023. From that date,
further regulation may be based on input from the
fourth IMO GHG study, and from fuel consumption
data collected by the data collection system mandat-
ed by MARPOL Annex VI. The key will be to address
existing ships, and to furtherimprove energy-effi-
ciency requirements for newbuilds. The IMO is
looking atthe following key measures and ideas:

— Further improvement of the existing energy-effi-
ciency framework with a focus on the EEDI and
IMQ's Ship Energy Efficiency Management Plan.

— Development of technical and operational
energy-efficiency measures for both new and
existing ships, including consideration of
indicators.

— Consideration and analysis of the use of speed
optimization and speed reduction.

Medium-term and long-term measures to
reach the 70% carbon intensity and 50%
absolute emission reduction in 2050

Inthe medium and long term, large-scale use of
carbon-neutral fuels is required. These are unavail-
able in large quantities today. Regulation for
individual ships is needed to force implementation
asthese fuels are not expected to be competitive,
atleastin the firstyears. Supportive policy is
required to promote and develop them to the point
where they are available, and at acceptable prices.

In 2050, more than 70% of the fleet will have been
builtsince 2030, after which date ships will have a
largerimpact on emissions levelsin 2050, and
extensive retrofits of engine or fuel systems should
be avoided.

Standards based on lifecycle assessment will be
needed to evaluate the carbon intensity of fuels.
This will enable biofuels and synthetic fuels to be
accounted for as carbon-neutral. Such standards
will prevent use of zero-carbon fuels made by
carbon-intensive processes; hydrogen produced
from natural gas, for example.

The IMO is also considering new emission-reduc-
tion mechanisms, possibly including market-based
measures.
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4.6 EMERGING ENVIRONMENTAL ISSUES

Several environmental issues are under consid- regulationsin May 2018. The IMO is looking at
eration atthe IMO and domestically in various plastics and a potential ban on HFO in the
countries. They include topics such as plastics, Arctic. In our view, there is a distinct possibility
pollution from ships, the impact of underwater that most, if not all, of these issues will become
noise on cetaceans, particle emissions, hull subjectto further domestic orinternational
biofouling, and banning heavy fuel oil (HFO) in regulations sometime in the next decade.

the Arctic. New Zealand introduced biofouling
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4.7 CYBER RISK AND SECURITY
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Recentyears have broughtrapid growth in the
reach and complexity of cyber attacks in the mari-
time industry. Cyber risk and security have become
aconcern, and should be considered as integral
parts of overall safety managementin shipping
and offshore operations.

With the increasing use of systems with embedded
software, cyber security is becoming critical not
only for data protection, but also for reliable opera-
tions. Itis not just a matter of firewalls and antivirus
software; up to 90% of all cyber-security incidents
can be attributed to human behaviour. Phishing
and social engineering, unintentional downloads
of malware, and otherthreats, are common issues.
Most crews and onshore staff are insufficiently
prepared for handling cyber attacks, resulting in
behaviour that fails to contain the threat. The issues
need to be addressed in a holisticapproach that
looks at systems, software, procedures, and the
human factor.

With increasingly complex control systems and
software on board, managing cyber risks also
includes addressing weaknesses in software. This
typically stems from misconfiguration of equip-
ment and software, as well as from software design
or updates containing undetected weaknesses
due toinsufficient verification and validation.

IMO has developed a guideline providing high-
level recommendations on maritime cyber-risk
management (MSC-FAL.1/Circ.3, July 2017). As a
non-mandatory requirement, itrecommends that
cyberriskis addressed in safety management
systems after 1 January 2021.

k€ Wwith the increasing use of systems
with embedded software, cyber
security is becoming critical not
only for data protection, but also
for reliable operations.



Autonomous and unmanned surface ships (smaller
ships and navy vessels) have been in use for some
years, but with exemptions from international mari-
time regulations. There are currently several
planned projects with larger autonomous ships
(unmanned and remotely-controlled). These are
allin national waters and national authorities will
allow them to sail as trials.

The IMO has been conducting a scoping study
since 2017 on international regulations. Due for
completionin 2020, the study is intended to identi-
fy ‘showstoppers’ for autonomous ships. Further
scoping is needed on the various international
conventions as this work is in its early stages.

REGULATORY AND STAKEHOLDER OUTLOOK CHAPTER 4

4.8 AUTONOMOUS SHIPS

The amendment of currentinstruments, or the
development of new ones, will begin when scop-
ing is complete. Bear in mind, however, thatittook
17 years from the first LNG-fuelled ship sailing in
national Norwegian waters until the IMO's Interna-
tional Code of Safety for Ships Using Gases or
Other Low-Flashpoint Fuels entered into force.
Consequently, it may be optimistically assumed
thatinternational regulations for autonomous
ships could be in place by 2035.

That said, some autonomous ships may be sailing
in national waters under national requirements
during the next decade.
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4.9 STAKEHOLDER EXPECTATIONS

Irrespective of the regulatory environment, comp-
anies and the public sector are attempting increa-
singly to ‘green’ their value chains, reducing their
carbon footprints. This is driven by factors such as
consumer preferences and pressure from inves-
tors, non-governmental organizations, politicians,
and the general public.

Adopting higher standards could increase visibility
and represent a competitive advantage. We are
already seeing stakeholders in the maritime
industry heightening their focus on climate
concerns. In one example, public procurement of
ferry servicesin Norway now requires low- or zero-
emission technology. Finance-sector requirements
on climate-risk assessment and disclosure may
become common in afew years. If so, carbon
performance and climate-risk exposure will be
required information.

In recentdecades, sustainability has changed
from being a subject discussed by non-govern-
mental organizations and academics to become a
key topicin boardrooms and the financial media.
Achieving long-term value for shareholders and
stakeholders through sustainable environmental,
social, and governance measures is now a central
focus for many companies.

In 2015, the UN adopted the 2030 Agenda for
Sustainable Development, a global framework
thatincludes an ambitious set of 17 Sustainable
Development Goals (SDGs) and 169 associated
targets. The goals and targets will stimulate action
towards 2030 in areas of critical importance for
people, the planet, and prosperity. The SDGs
presentan extraordinary opportunity for compa-
nies to align strategies and business models with
global sustainable development needs. As a
global industry, shipping has a critical role to play
in meeting many of the goals (DNV GL, 2017e).

Forthe shipping industry, itis expected that the
significance of sustainability challenges will
increase over the next decades. The recent
international agreements concerning reduction

of GHG emissions, combined with increased local,
national, and regional focus on harmful local
emissions, will place environmental sustainability
high on the agenda.

Shipping companies have an opportunity to
respond strategically to these signals and create
business benefitand value. The successful imple-
mentation of a sustainability strategy in shipping
will require measuring many relevant aspects and
applying new technologies and practices for
improving performance and reducing footprint
and risks. This s reflected in chapter 8 of this report,
where ship and fleet performance is evaluated for
various alternative fuels and technologies.

k€ The SDGs present an extraordinary
opportunity for companies to
align strategies and business
models with global sustainable
development needs.
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FUEL & TECHNOLOGY OUTLOOK

Reduction of greenhouse gas (GHG) emissions will be the main
challenge for shipping in the next decades. The IMO target for
shipping to reduce GHG emissions by at least 50% of 2008 levels

by 2050 is ambitious.

In addition to energy-efficiency measures,
reaching the IMO target for reducing GHG
emissions from shipping will most likely require
widespread uptake of fuels with a high GHG-
reduction potential; for example, bio-fuels,
electricity, synthetic fuels, electrofuels®, and non-
carbon-based fuels. This will fundamentally change
how ships are designed, operated, and fuelled.

Arange of alternative fuels and technologies are
available for ships to reduce CO, emissions. Their
potential for this purpose varies widely, depend-
ing on the primary energy source, the fuel pro-
cessing, the engine type/converter, and the supply
chain (Figure 5.0.2). Alternative fuels that expend a
lot of energy and produce extensive emissionsin
their production and processing phases are likely
to be expensive and to have high lifecycle-GHG
emissions. Their cost could also be impacted
substantially by future GHG and environ-

mental regulations. Such energy-intensive fuels
will require access to low-price renewable energy
to be competitive.

In this chapter, we describe a selection of carbon-
neutral fuels that can be crucial to achieving the
IMO targets (ection 4.5) when combined with
important energy-efficiency measures (section
5.2). Carbon-neutral fuels refer to a variety of ener-
gy fuels or energy systems that have no net GHG

or carbon footprint. The term covers fuels with no
carbon emissions atthe stack, such as hydrogen
(H,) and ammonia (NH,), provided that the energy
used for producing them emits no GHGs. Exam-
plesinclude nuclear, renewable, or using carbon
capture and storage (CCS). It also covers fuels with
carbon emissions atthe stack, such as biofuels,
provided thatthe carbon contained in the fuel is
sustainably sourced and part of the natural carbon
cycle, so that combustion does not lead to added
CO, inthe atmosphere. In addition, energy used
for producing such a fuel must, itself, be without
GHG emissions.

We also highlightthe main barriers to widespread
implementation of new technologies and fuels
(section 5.3), and propose a structured approach
to compare and rank fuels (section 5.1.7).

We focus on novel solutions. Information on more
mature fuels, such as liquefied natural gas (LNG),
liquid petroleum gas (LPG), and methanol is
available in several recentreports (OECD 2018;
IEA2014; DNV GL 2014b; DNV GL 2017a; DNV GL
2018f) and summarized in the text box on page
69-70. Information about different energy-
efficiency measures can be found in various
studies (Buhaug et al, 2009; IMO, 2011; Eide et al,
2011, 2013; DNV GL 2017i; Smith et al, 2016;
OECD, 2018).

4 Electrofuelsisan umbrellaterm for carbon-based fuels such as diesel, methane, and methanol, which are produced from CO, and water using electricity as the

source of energy



LIQUEFIED NATURAL GAS, LIQUID
PETROLEUM GAS, AND METHANOL

Liquefied natural gas (LNG): the main component
of LNG, methane (CH,), has more or less the same
composition as the natural gas used in households,
for power generation, and in industrial processes.
Because the boiling point of LNG is approximately
-163°C at 1 bar of absolute pressure, it must be
stored in insulated tanks made of cryogenic
materials.

— The maximum achievable reductionin CO,
emissions during combustion of LNG is 25%,
when compared with using heavy fuel oil (HFO).
Accounting for methane release ('slip’), the GHG
saving may be lower, or even negative, depend-
ing on engine technology.

— In practice, when considering the complete lifecycle
for LNG, the GHG savings amount to roughly
0-18% compared with traditional marine fuels.

— LNG significantly reduces or eliminates emis-
sions of sulphur oxide (SOx) and particulate
matter (PM). The reduction of nitrogen oxide
(NOx) emissions depends on engine technology,
butis typically well within the strictest Interna-
tional Maritime Organization (IMO) NOx Tier Il
requirements in Emission Control Areas (ECAs).

— The volume of a tank of LNG is typically twice to
three times as big as one with the energy equiva-
lentamount of oil-based fuel (Figure 5.0.1)

Liquid petroleum gas (LPG): any mixture of
propane and butane in liquid form can be called LPG.
Inthe US, the term LPG is generally associated
with propane. Propane is a gas under ambient
conditions, but has a boiling point of -42°C.

FUEL & TECHNOLOGY OUTLOOK CHAPTER 5

Consequently, applying moderate pressure allows
itto be handled as a liquid atroom temperature.
At pressures above 8.4 barat 20°C, propaneis a
liquid. Butane can take two forms, n-butane and
isobutane, with boiling points at-0.5°C and -12°C,
respectively. Since both isomers have higher
boiling points than propane, they can be liquefied
atlower pressures.

— LPG combustion results in CO, emissions
approximately 16% lower than those of HFO.

— The combination of low production and com-
bustion emissions yields an overall GHG- emission
reduction of about 17% compared with HFO or
marine gasoil (MGO).

— LPG significantly reduces or eliminates SOx and
PM emissions. The level of reduction of NOx
emissions depends on the engine technology.

— The volume of atank of LPG is typically twice
to three times as big as one with the energy-
equivalentamount of oil-based fuel (Figure 5.0.1).

There are two main sources of LPG; as a by-prod-
uct of oil and gas production or as a by-product of
oil refining. Itis also possible to produce LPG from
renewable sources; for example, as a by-product
of renewable diesel production.

Methanol: with its chemical structure CH,OH,
methanol is the simplest alcohol with the lowest
carbon content and highest hydrogen content of
any liquid fuel. Itis a basic building block for
hundreds of essential chemical commodities and
is also used as a fuel for transport. It can be
produced from several different feedstock
resources, like natural gas or coal, or from renewa-
ble resources, such as biomass, CO,, and hydrogen.
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Methanol is a liquid from 176-338 Kelvins (-93°C to
+65°C) atatmospheric pressure.

— Using methanol in an internal combustion
engine reduces CO, emissions by approximate-
ly 10% compared with oil. The exact value may
differ, depending on whether the comparison is
with HFO or distillate fuel.

— When considering the complete lifecycle,
including production of the fuel from natural
gas, the total CO, emissions are equivalentto, or
slightly higherthan (in the order of 5%), the
corresponding emissions of oil-based fuels.

— The lifecycle emissions of methanol from
renewable sources (biomass) are significantly
lower than from production from natural gas.

— Using methanol virtually eliminates SOx emis-
sions and meets the IMO sulphur emission cap.
Itis also expected that PM emissions will be
significantly lower. The reduction in NOx
emissions depends on the technology used.

— Methanol fuel tanks are typically twice the
volume of oil tanks with the same energy
content.

FIGURE 5.0.1
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CARBON-NEUTRAL FUELS

Awide range of alternative fuels can contribute
to reducing CO, emissions, though applicability,
cost, and availability currently restrict their use.
The potential for alternative marine fuels will
depend on factors related to meeting emission
and safety requirements, physical and chemical
characteristics, availability, cost, safety, and local
and global environmental footprint (Chryssakis &
Stahl 2013; DNV GL, 20144, 2015, 2017a). There
isno ‘'magic bullet’ solution. In most cases,
selection will be based on a compromise
between benefits and drawbacks of various fuel
options (DNV GL, 2015).

For alternative fuels, it will be important to have a
lifecycle perspective thatincludes emissions
arising from production and transport of the fuel
(e.g., Bengtsson etal, 2011; DNV GL, 20143,
Gilbertetal, 2018), avoiding carbon-and ener-
gy-intensive solutions. A distinction should be
made between primary-energy sources/feed-
stocks and energy carriers for use on board ships
(Figure 5.0.2). Examples of the first category
include fossil (e.g., oil, gas, coal), bio-derived (e.g.,
waste oil, wood, palm oil), renewable (e.g., wind,
solar, hydropower) and nuclear sources. Examples
of energy carriers for use on board include the
following:

— Fuel oil (HFO, vegetable oils) and diesel (e.g.,
MGO, biodiesel)

— Gases(e.g., LNG, LPG, liquefied biogas (LBG),
dimethyl ether (DME), H,, and NH,

— Alcohols (e.g., methanol, ethanol)

— Solid fuels (e.g., coal)

— Electricity.

To be carbon-neutral, zero-carbon fuels such as
H,, NH,, electrofuels, and electricity mustthem-
selves be produced with zero emissions, either
from renewable energy sources or from fossil
sources with CCS. A future option for carbon-
based fuels could be to install CCS on board ships.
Such a system has been investigated in a Eurostar
project. The results showed that the concept was
technically feasible and capable of reducing CO,
emissions by 65%°. High costand space require-
ments will probably limitits applicability, however.

Handling different fuels will require different
propulsion systems (energy converters). Alterna-
tive propulsion systems for shipping include gas,
dual, multi-fuel engines, marine fuel cells, battery
electric propulsion systems, and gas and steam
turbines. LNG was introduced as ship fuel (other
than for LNG carriers) around 2000. Although it
has mainly been used by small-sized short-sea
ships, there have been recent orders for large
vessels selecting LNG as a fuel. Afew LPG-fuelled
vessels, as well as methanol- and ethane-fuelled
ships, have also been introduced. Two-stroke
dual-fuel engines have increased fuel flexibility
significantly because they may use fuels such as
methanol, ethanol, and LPG, in addition to LNG
and HFO/MGO®. Promising steam- and gas-tur-
bine concepts, are also being considered. Marine
fuel cells are emerging, providing a higher
efficiency, and thereby lower fuel consumption
and associated emissions, compared with com-
bustion engines.

While focusing on GHGs, it s vital to recognize the
footprint of other types of emission from alternative
fuels and technologies; mainly NOx, SOx, and PM.

5 https://www.psenterprise.com/news/news-press-releases-dnv-pse-ccs-report
6 https://marine.mandieselturbo.com/docs/librariesprovideré/technical-papers/the-man-b-amp-w-duel-fuel-engines-starting-a-new-era-in-shipping.pdf?sfvrsn=2
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FIGURE 5.0.2

Simplified illustration of the chain from energy resources to mechanical energy for marine propulsion
(inspired by Brynolf, 2014).

PRIMARY ENERGY ENERGY ENERGY
SOURCES CARRIERS CONVERSION

- » FUELOIL -1 DIESELENGINE MECHANICAL
“ | : : ENERSY
' i : ! GASENGINE
: 5r'f§e'§s"e‘s ' ! ELECTRICAL
B o e o o n
: produce fuels, : : HEAT ENERGY
incl.CCS : ! MULTI-FUEL
' 1 i\ ENGINE
1 r’ HYPROGEN R :
i i | FUELCELL
: 1 i STEAMTURBINE
1 “»  AMMONIA -4
: ! GASTURBINE
i i | ELECTRIC
1 1 METHANE -4 MOTOR
: i i HYBRID
' ; ! SOLUTIONS
HYDRO : Ly HYDRO -4
i P BUTANE/ B
: ’ PROPANE(LPG) :
-i E” METHANOE “i
H DME -
‘) VEGETABLEOIL --
*»  BIODIESEL -
: FISCHER- d
:” TROPSCHDIESEL |
| » ELECTRICITYIN B

BATTERIES

72



These impacts can be both positive and negative,
and vary between fuels and technologies. Direct
emissions from the ship (tank-to-propeller) for
selected fuels/energy carriers vary as indicated in
Figure 5.0.3. For example, using LNG as a marine
fuel significantly reduces SOx and PM emissions,
potentially cuts GHG emissions by 10-20%, and
diminishes emissions of NOx by 85-90% in the
case of low-pressure engines. Among the fuels
shown here, only electricity and H, (marine fuel
cells) deliver zero tank-to-propeller emissions.

FIGURES5.0.3
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In the following sections, we describe fuels
offering high GHG-reduction potential, and
address the currentuptake, maturity, availability,
and costaspects. These fuels, as well as current-
ly-used fossil fuels are employed as input to our
outlook on world fleet energy use (chapter 6).

Diverse fuels and technologies differ in their potential to reduce various components of tank-to-propeller
emissions from ships. The reductions illustrated are relative to using traditional fuels (HFO/MGO). Green

indicates high potential. Red indicates low potential.
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5.1.1 ELECTRIFICATION

On an all-electric ship, all power for the propulsion
and auxiliaries comes from batteries charged from
an on-shore electric grid while at berth. However,
itis likely that most electric-powered ships will be
built as hybrid-electric. For these, the amount of
electric energy supplied from shore varies greatly
and can often be zero (charging and discharging
only to the on-board power system). The amount
depends on operational requirements for the ship,
and onthe on-shore power available. This section

FERRIES TO THE FUTURE

The first full-electric car ferry, MF Ampére, has
beenin service between Lavik and Oppedal on
the west coast of Norway since 2015’ The next
all-electric car ferry started operating between
Pargas and Nagu in Finland in 20178 About 40 car
ferries, hybrid-electric solutions with a very high
share (90-100%) of electrification, are curr-

ently contracted for future ferry contracts in
Norway, and several more are anticipated. The
technological solutions are, with few exceptions,
hybrid-electric with diesel/gas engines as back-
up. This provides flexibility for future use on other
routes/trades with different premises for electri-
fication. The back-up provision covers, for
example, charging system down-time and yard
visits. The Norwegian car ferries typically operate
atfjord crossings over distances up to 10 kilo
metres and consume 200-1,000 kilowatt hours

will focus on electrification and charging from
shore, and section 5.2.3 will further detail potential
benefits and opportunities for hybrids.

Electrification of ships will reduce the tank-to-pro-
peller emissions according to the degree of
electrical energy used. The reduction will clearly be
up to 100% when all ship operations are powered
by electricity. To obtain true zero emission, the
electricity mustitself be produced by a zero-emis-

(kWh) of energy per trip. The ferries are mainly
charged on each docking.

Two of HH Ferries’ four ferries operating between
Helsingborg, Sweden, and Helsingér, Denmark,
have been converted to all-electric ships”. This
combined installation of 8,320 kWh battery capa-
city will more than halve total GHG emissions for
the ferry link.

The innovative hybrid-electric sightseeing ship,
Vision of the Fjords, which can carry 400 pass-
engers, was introduced by the Norwegian marine
transportation company The Fjordsin 2016'°.

An all-electric passenger ship, Future of the
Fjords, was delivered to the same operatorin
April 2018,

7 Teknisk ukeblad: http://www.tu.no/artikler/denne-fergen-er-revolusjonerende-men-passasjerene-merker-det-knapt/222522

8 Teknisk ukeblad: http://www.tu.no/artikler/eksporterer-batteriteknologi-til-finland/278058

9  https://new.abb.com/marine/references/hh-ferries

10 https://www.tu.no/artikler/ingen-har-noensinne-bygget-et-slikt-skip/358454

11 https://www.skipsrevyen.no/helelektriske-future-of-the-fjords-klar-i-april-2018/



sion technology; for example, from renewable
energy sources, nuclear, or by using CCS.

The amount of electrical energy which can be
transferred from shore to ship depends on several
factors, including on-shore electric grid capabili-
ties; battery-charging facilities; and time spent
alongside. Together with the installed battery
capacity on board the ship, these define the
potential of electric operations. The short-sea
shipping segment currently has the highest

FUEL & TECHNOLOGY OUTLOOK CHAPTER 5

potential for electric operations. Within this
segment, ships on short routes, with regular
schedules and long contracts, have the greatest
potential of all. Ships operating on routes with
frequent port calls may also utilize more on-shore
electricity. Deep-sea shipping looks unlikely to
exhibit much electrification any time soon, but such
vessels can already install batteries for energy
optimization during cruising, or as a low-emission
solution when operating in sensitive areas or near
harbours.
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Figure 5.1.1.1 illustrates the rapid development
of all electric and battery-hybrid ships (Maritime
Battery Forum, 2018). More than 200 all-electric
and battery-hybrid ships are currently operating
oron order. That said, installing battery systems
on board, including replacements, after typically
8-10years, is significantly costlier than for tradi-
tional diesel engines. In addition, infrastructure
investmentis required to provide electricity
from land. There are large geographical varia-
tions in electricity prices and in suitable infra-
structure. It will likely be challenging to pay back
investmentthrough only the price difference
between electricity and marine fuels.

FUTURE DEVELOPMENTS

Although the core technology and architecture of
the lithium-ion battery have not changed drasti-
cally since it entered the market almost 30 years
ago, development has greatly increased its capa-

FIGURE 5.1.1.1

bility. Improved knowledge and understanding of
the electrochemical processes have led to significant
advancements in design and chemical engineer-
ing, particularly for selecting cathode materials.
Opportunities for advancementin manufacturing
processes have also yielded performance benefits.

Aside from these incremental improvements to
the core technology, new elements are now being
used on the anode side. Silicon-based anodes are
now found in commercial products, bringing
benefits through energy density and lower costs.
Products with titanate-based anodes are also
available and offer significantly higher power

and battery lifetimes.

On the immediate horizon, there will most likely be
more changes to the cathode material, butthese
are unlikely to vary significantly from currenttech-
nology. Cathodes made using cobalt-based

Development of all-electric and battery-hybrid ships currently operating or on order

(Maritime Battery Forum, 2018)
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chemistries presently comprise most of the market;
specifically, nickel-manganese-cobalt or nickel-
cobalt-aluminium. Cobaltis the costliestitem on
the lithium-ion battery materials list, so reducing
its use is of keen interest. Such alternatives would
utilize higher amounts of nickel. This would yield
improvements to energy density and reduce cost,
but would likely mean sacrifices on cycle life and
thermal stability. Like most aspects of lithium-ion
technology development, the motivation comes
primarily from the automotive sector and consumer
electronics. Consequently, the direction of
technology developmentis not always towards
systems ideally suited to maritime applications.
However, as cost is the primary driver in all
markets, these technologies, as they progress,
willmost likely find their way into maritime
systems, particularly as maritime customers
maintain pressure on costs.

Further downthe line, but currently on the labora-
tory bench, is perhaps the most significant potential
change in the fundamental architecture of the
lithium-ion battery: solid-state electrolytes. Lithium-
ion batteries as we know them must use a special
kind of liquid electrolyte, which is flammable. Solid
state in this context refers to the use of glass-like
materials in place of the liquid electrolyte. This would
eliminate much of the safety concerns presently
surrounding the technology. However, it is still un-
clear what other performance benefits may be rea-
lized when the battery cell is engineered to meet
the challenges and potential benefits of solid-state
electrolyte. The technology must also overcome
manufacturing challenges and be able to offer solu-
tions that are cost competitive with current forms

of lithium-ion, which have seen a significant cost
decrease in the pastfew years.

12 https://www.dnvgl.com/maritime/dnvglrules/innovate.html
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Power electronics are vital to making batteries work.
They also accountfor a significantamount of volume,
weight, and cost, with prices often similar to those
forthe batteries they support. Technological
advancements in this area are moving slowly, but
significant benefits could be realized through
alternative approaches to the fundamental architec-
ture used. This could involve greater use of direct
current (DC) power distribution systems, a develop-
ment already in operation. Similarly, battery-charg-
ing technologies and hardware are currently
receiving much focus and development effort.
Fully automated systems and wireless (induction)
charging are already in the market. Although their
capabilities can be expected to keep improving, it
is unclear whether any game-changing technolo-
gy isonthe horizon. Because charging systems
are already capable of high power, limitations due
to charge time come primarily from the battery
system itself; hence, advancements in battery
technology will be a key enabler of charging
capability.

DNV GL firstissued Class Rules for the use of
lithium-ion batteries on ships in 2012'2. These rules
cover fundamental aspects, such as location, fire
protection, ventilation, and other key aspects for
integrating a battery system. Specific testing
requirements have also been developed to ensure
the level of safety required in the maritime envi-
ronment. DNV GL continues to push the level of
safety of these systems by leading the currently
ongoing Maritime Battery Safety Joint Develop-
ment Project, in collaboration with representatives
from the entire maritime battery-vessel value
chain, including the authorities.

https://rules.dnvgl.com/docs/pdf/DNVGL/RU-SHIP/2018-01/DNVGL-RU-SHIP-Pt6Ch2.pdf
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5.1.2 BIOFUELS

Biofuels are derived from converting primary
biomass or biomass residues into liquid or gaseous
fuels. Many processes exist for producing conven-
tional (first-generation) and advanced (second-
and third-generation) biofuels. They involve a
variety of feedstocks and conversions, producing
arange of energy carriers including diesel, CH,,
and methanol.

Biofuels do not reduce carbon emissions directly.
Instead, lower GHG contributions are normally
attributed to biofuels compared with fossil fuels.
CO, from the combustion of biological material
leadsto added CO, in the atmosphere in the
same way as fossil fuels. However, bio-CO, is
traditionally considered to be part of the CO, that
would otherwise have been in circulation through
natural cycles, although this depends on the time-
frame over which reduction targets and climate
impacts are considered.

The emission-reduction potentials of biofuels vary
widely depending on the feedstock, the genera-
tion method, the engine type/converter, and the
supply chain. CO, reductions of up to 80-90% are
possible for certain types of biofuel when calcu-
lated on a lifecycle basis. The highest reduction
potential is reported for advanced biofuels.

Biofuels can be blended with conventional fuels
or used as drop-in fuels substituting for conven-
tional fossil fuels. Advanced biofuels are mostly
compatible with existing infrastructure and
engine systems, although modifications are
sometimes required. The operational costs for
biofuel systems, excluding fuel costs, are expect-
ed to be comparable with those for HFO/MGO-
fuelled vessels. However, since biofuels, and
especially advanced biofuels, will be more

expensive than fossil fuels, the associated fuel
costs are expected to be higher.

Land-use aspects of biofuel production are
frequently cited as an obstacle. This comes largely
from looking at the effects on the overall carbon
budget when comparing the outcomes of allocat-
ing land for growing crops for biofuel production
and alternative uses, primarily food production or
biodiversity. Thisis anissue in the case of first-gen-
eration biofuels. Later types of biofuel, and
advanced biofuels based on different bio-waste
streams, are considered more sustainable,
although concerns persist aboutthe overall
sustainability of biofuels. These include environ-
mental and socio-economicissues, and the
carbon footprint from producing and transporting
biofuels must also be considered.

The most promising biofuels for ships are biodies-
el (for example, hydrotreated vegetable oil, HVO);
biomass-to-liquids (BTL); fatty-acid methyl esters
(FAME); and, liquefied biogas (LBG). Biodiesel is
most suitable for replacing marine diesel oil or
marine gas oil. LBG is the best replacement for
LNG. Straight vegetable oil (SVO) can substitute
HFO. Global production data indicate that 32
million tonnes per year (Mt/yr) of biodiesel and 170
Mt/yr of SVO are produced (Maritime Knowledge
Centre, TNO & TU Delft, 2017).

Renewable HVO biodiesel is a high-quality fuel in
which the oxygen has been removed using H,,
which results in long-term stability. Itis compatible
with existing infrastructure and can be used in
existing engines, subjectto approval by the
manufacturer. The GHG emissions from a lifecycle
perspective have been assumed to be about 50%
less than for diesel, and PM emissions are also



lower. There are no sulphur emissions. NOx
emissions may also be somewhat reduced, but
non-compliant with IMO Tier lll requirements
without additional NOx-abatementtechnology.

Since 2006, several demonstration projects have
tested the technical feasibility of various FAME
biodiesel blends in shipping. Challenges reported
for FAME biofuels include fuel instability, corrosion,
susceptibility to microbial growth, and poor cold-
flow properties. Some ferries operating in Norway
have recently started to use HVO biodiesel.

The ISO 8217:2017 standard does not allow for
blending of FAME with regular marine distillate or
residual fuels, but the sixth edition introduces the
DF (Distillate FAME) grades DFA, DFZ and DFB.
These grades allow up to 7% FAME content by
volume (ISO, 2017). Other than this allowance,
these grades are identical to the traditional grades
for all other parameters. Such limitations do not
apply to HVO, which is classified as DM (distillate)
underthe ISO standard, under certain conditions.

FUTURE DEVELOPMENTS

In most cases, advanced biofuels will be more
expensive than fossil fuels. The potential for
reducing biofuel costs is expected to be higher for
second-generation fuels than for first-generation
fuels (Festel etal, 2014; Van Eijk et al, 2014). lIn
2017, the International Energy Agency (IEA)
estimated the price of second-generation biofu-
els, taking into account technical development
and biomass-derived products (IEA, 2017).

Third-generation, algae-based biofuels are still at
the research and development stage, but were
tested in 2011 on the container ship Maersk
Kalmar. The US navy has also conducted some
testing.

FUEL & TECHNOLOGY OUTLOOK CHAPTER 5

5.1.3 HYDROGEN

Hydrogenis an energy carrier. Itis possible to
obtain zero-emission ship solutionsif H, is used in
marine fuel cells. If the gasis produced from rene-
wable energy sources, or from natural gas with
CCS, zero-emission value chains can be created.
Even though its lifecycle emissions may be zero, it
isimportant to note that producing H, foruse as a
fuel requires considerable energy. Consequently,
even ifthe energy efficiency of H, converted to
electrical energy in fuel cells may be high (see
below), the lifecycle energy efficiency is significantly
lower due to the energy loss in H, production.

Fuel cells were previously used mainly for special
purposes, such asin outer space and submarines.
The technology has matured and is in commercial
use in applications such as forklifts, standby
generators/uninterruptible power supply, and
combined heatand power systems. Fuel cells have
advanced to near commercial use for cars, buses,
trucks, and rail applications. They provide higher
efficiencies and thereby reduce fuel consumption
and emissions. Depending on fuel-cell type,
electrical efficiency of 50-60% is expected, which
is slightly higher than marine diesel generators
(DNV GL 2017d). With heat recovery, the efficiency
canincrease to 80%. Noise and vibrations are
insignificant, and fuel cells are also expected to
require less maintenance than conventional
combustion engines and turbines.

The cell converts the chemical energy of the fuel to
electrical power through electrochemical reac-
tions. For simplicity, the energy conversion can be
considered as being similar to thatin batteries, but
with continuous fuel and air supplies. Different
fuel-cell types are available, and their names
reflectthe materials used in the electrolyte
membrane. The properties of the membrane
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affectthe permissible operating temperature,
the nature of electrochemical reactions, and fuel
requirements. DNV GL (2017d) evaluated seven
fuel-cell technologies and concluded that the
solid-oxide fuel cell, the proton-exchange mem-
brane (PEM)fuel cell, and the high-temperature
PEM, are the most promising for marine use.
Depending on fuel-cell type, they can also be
powered by carbon fuels such as natural gas, an
option that, in particular, reduces NOx, SOx, and
PM emissions.

Driven by the expected improvementin perfor-
mance and efficiency, fuel cells for ships have
become a subject of developmentand large-
scale testing during the last decade, although
their application in shipping is still in its infancy.
Several demonstration projects have been
conducted, some of which are described in DNV
GL (2017d). The FellowSHIP project, which was
managed by DNV GL, was the first large-scale

FUEL & TECHNOLOGY OUTLOOK CHAPTER 5

installation and demonstration of a fuel cell in a
merchantvessel, the offshore supply vessel,
Viking Lady (DNV 2012a). By 2012, the project
had reached 18,500 hours operation of its 320

kW LNG-fuelled molten-carbonate fuel cell (DNV

GL, 2017d). A dynamic and multi-dimensional
model of the molten-carbonate fuel cell was also
developed (Ovrum and Dimopoulos, 2011). The
model was calibrated and validated with meas-
ured performance data from the prototype
installation. The FellowSHIP project also tested
hybrid energy-storage/battery systems (e.g.,
DNV 2013).

Fuel cells are currently an expensive option com-
pared with traditional power, due to significantly
higher investment and operational costs; for
example, high fuel price, fuel storage costs, and a
need for stack replacement. The cost of H, pro-
duced by electrolysis is closely related to the price
of electricity. When produced by steam methane
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reforming, the costis closely related to the price
of gas, as well to the scale of the production plant.
Currently, H, produced by natural gas reforming,
and as a by-productfrom industrial processes, is
typically expected to be cheaperthan H, from
electrolysis. If using natural gas, the resulting
carbon must be captured using CCS for the result-
antH, to be considered a zero-emission fuel.

The fuel distribution chain is another significant
costelement. Production and distribution costs
vary greatly with local conditions” In the near
future, the typical fuel cost of H, is expected to

remain higherthan the cost of the fossil alternatives.

More than 50 Mt/yr of H, are produced globally;
roughly equal to the energy content of 150 Mt of
ship fuel. Nearly all H, is produced from natural
gas. Butasitcan also be produced by electrolysis
of water, there are no major limitations to produc-
tion capacity, exceptthe energy source, that could
restrictthe amount of H, available to the shipping
industry.

FUTURE DEVELOPMENTS

The Norwegian Public Roads Administration has
initiated a development project aiming to have
the first hybrid H, fuel cell-electric ferry in comm-
ercial operation in 2021"“. Two vessels are to be
built for Royal Caribbean Cruise Lines featuring
anew generation of cruise ships with LNG-

w

fuelled propulsion and H, fuel cells for powering
the ship’s hotel functions. In addition, one
hydrogen-powered ferry will be builtin Scotland
and one in California'.

When battery electric solutions become very large
dueto high energy demand, or suffer from insuf-
ficient charging capacity/availability, H, might
contribute to more weight-efficient and cost-effi-
cient solutions than battery electric solutions
alone. Hydrogen can be used most efficiently in
fuel cells, butitis also possible to use itin adapted
combustion engines. Some initiatives are consid-
ering blending H, with other fuels to improve
combustion and emission properties. It has also
been reported that an electrolysis system for
producing H, is being tested on two inland water
barges (Zincir & Deniz, 2018). Hydrogen is pro-
duced on board by electrolysis of purified water,
andthere is no need for H, fuel bunkering. Testing
is meanwhile underway for 100% H, fuelling of a
combustion engine'’; some combustion products,
such as NOx, will arise from the combustion
process when H, is used in this way.

Hydrogen offers almostthree times higher energy
density on a weight basis than commonly used
liquid hydrocarbon fuels (Figure 5.0.1). However,
there are challenges to find volume-efficient ways
to store hydrogen. Most commonly, it is stored
either as a compressed gaseous hydrogen (CGH)

Indicated production costrange today from USD3.5-8.3 per kilogramme (/kg) for production by electrolysis, and from less than USD2/kg (e.g. https://idealhy.eu)
up to more than USDé6.5/kg for production from natural gas/biogas. Cost estimates typically include production, compression, storage and transport, and can
include CCS, buttypically not costs for liquefaction in the case of storage and transport of hydrogen as a cryogenicliquid. The price of electrolysers is expected
tofallinthe nearfuture, reducing the CAPEX and consequently the production cost of hydrogen. Similarly, the growth in intermittent renewable energy supply is
expected to be asource of cheaper hydrogen.

14 https://www.tu.no/artikler/skal-utvikle-verdens-forste-hydrogenferge-tre-rederier-kvalifisert/409140

o

https://lloydslist.maritimeintelligence.informa.com/LL1123165/US-to-develop-first-hydrogenpowered-ferry
https://worldmaritimenews.com/archives/255096/fergusonmarine-to-build-worlds-first-renewables-powered-hydrogen-ferry/

16 https://www.cmb.be/en/new/antwerp-maritime-group-cmb-pioneers-environmentally-friendly-shipping-the-hydroville-is-hydrogen-powered
http://www.cheetahmarine.co.uk/en/deliveries/worlds-first-hydrogen-powered-boat-smashes-targets
https://www.governmenteuropa.eu/hydrogen-powered-zero-emission-combustion-engine/86777/



oras cryogenic liquid hydrogen (LH). For storage
of large quantities of H,, itis possible to achieve
lighter and more volume-efficient storage on
board by using LH rather than CGH, to which
storage pressures of 350-700 bar are commonly
applied; forexample, in hydrogen cars. The pena-
lties with LH are the energy requirement for lique-
faction (uses typically about 30% of the energy for
liquefaction)”'®, and the losses due to boiloff
during fuel transfer and storage, and the need for
well-insulated, purpose-made storage, tanks and
equipment. The benefits of more volume-efficient
transportcan compensate for the liquefaction
losses. Arange of material-based H,-storage
methods are also being explored. Thisincludes
storage in metal hybrids, in liquid organicH,
carriers, and in various sorbents. In some instances,
other H,-rich energy carriers, like NH; or methanol,
are considered together with a reformer forend
useinfuel cells.

Storage and bunkering of H, for use on ships will
require specially-designed storage tanks and
bunkering systems. Development of a bunkering
infrastructure is therefore needed in parallel with
the development of H, as a ship fuel.

Hydrogen and fuel cell-specific requirements are
lacking and are currently not covered by the IGF
Code. According to Part A of this Code, an Alter-
native Design approach must be carried outto
demonstrate an equivalent level of safety.

FUEL & TECHNOLOGY OUTLOOK CHAPTER 5

DNV GL hasissued Class Rules for Fuel Cell
Installations (DNV GL, 2017d)". These rules set
requirements for fuel-cell power systems, as well
as design principles for fuel-cell spaces, fire safety,
and control and monitoring systems. There is
currently limited experience with marine storage
and use of H,, but storage technologies are
available from land-based applications.

5.14 AMMONIA

Safety and regulatory challenges and space/
weight considerations related to storing large
quantities of H, on ships have generated interest
in exploring alternative H,-based energy carriers.
Ammonia (NH,), sometimes called ‘the other
hydrogen’, is carbon-free and liquefies at a higher
temperature than H, (-33°C versus -253°C).
Ammonia is over 50% more energy-dense per
unit of volume than liquid H, (Maritime Knowl-
edge Centre, TNO & TU Delft, 2017). Storage
and distribution can therefore be easier than for
hydrogen. A recent study claims thatit can be
less costly to use NH, for long-term storage of
liquid H,(0.5 USD/kg for H, in NH, versus 15
USD/kg for H, stored as LH, when estimated for
half-year storage)'”. This indicates that there
might be significant cost savings associated with
storing LH as ammonia, including in ship appli-
cations. Costs and processing to make the H,
available for use in fuel cells must be considered.

17 Source:'Well-to-wheels analysis of future automotive fuels and powertrains in the European context’, JRC Technical Reports (http:/iet.jrc.ec.europa.eu/
about-jec). Energy losses for liquefaction are reported to be in the range of 21-40%, with 30% considered a representative value for today’s technology.
Typically, currentliquefaction plants are designed for minimal investment cost rather than minimal energy consumption.

18 Source: Integrated Design for Efficient Advanced Liquefaction of Hydrogen, http://idealhy.eu
Today's standard technology uses about 36% of the energy for liquefaction, butitis possible to design liquefaction plants where the loss is reduced by almost 50%.

19 https://rules.dnvgl.com/docs/pdf/DNV/rulesship/2011-07/ts623.pdf

https://rules.dnvgl.com/docs/pdf/dnvgl/ru-ship/2017-01/DNVGL-RU-SHIP-Pt6Ch2.pdf

20 IEA2017, Producingammonia and fertilizers: new opportunities from renewables, source: https://www.iea.org/media/news/2017/Fertilizer_

manufacturing_Renewables_01102017.pdf
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In addition to H, fuel cells, there are several fuel
cells designed to use ammonia directly (Maritime
Knowledge Centre, TNO & TU Delft 2017). Itis
reported that the first utilization of liquid anhy-
drous ammonia as a fuel for motor-buses took
place inthe 1940s, and that the bus fleetlogged
thousands of kilometers with no difficulties?'.
Combustion of ammoniais reported to have
enhanced power output compared to traditional
fuels and H, (Maritime Knowledge Centre, TNO
& TU Delft, 2017).In 2007, a vehicle drove across
America, from Detroit to San Francisco, powered
by a mix of NH; and gasoline?.

More than 170 Mt/yr of NH; are produced globally,
most of it from natural gas. Ammonia’s advantages
as a storage technology may make it an option for
transporting large amounts of energy over long
distances from remote renewable sources.

FUTURE DEVELOPMENTS

Ammonia engines are being developed, and major
industrial projects will soon demonstrate the
environmental benefits of NH, in dual-fuel com-
bustion?’. The use of NH, gas as a fuel source in
dual-fuel engine applications is a relatively novel
idea, where itcan be used as a substitute for natural
gas. The first NH,-specific maritime fuel data is
expected be published by researchers in the UK
this year, while the Japan ‘Energy Carriers’ pro-
gramme expects to have results in 20207, Studies
have also started to investigate non-CO, emission
levels when NH, is used as a fuel®”.

Asfor other energy carriers, the level of CO,
emissions from producing NH; depends on the
production path. Most NH, plants today are
producing from 300,000 t/yr of NH; upwards, and
production costs decrease significantly for larger
plants. Ammonia can also be produced from
naphtha, heavy fuel oil, and coal, but this will
generate greater CO, emissions.

5.1.5 ELECTROFUELS

“Electrofuels” is an umbrella term for carbon-based
fuels such as diesel, methane, and methanol, which
are produced from CO, and water using electricity
asthe source of energy (Hansson & Grahn, 2016;
Brynolfetal, 2018). Electrofuels are also known as
e-fuels, power-to-gas/liquids/fuels, or synthetic
fuels. The CO, can be captured from various indus-
trial processes, the air, or seawater (Figure 5.1.5.1).
Thisis referred to as carbon recycling, as carbon
can be taken from industrial exhaust gases or even
from ambient air. Electrofuels are carbon-neutral,
if produced using nuclear power, renewables, or
with CCS. The shipping company Stena Line has
started to run on methanol and is considering
e-methanol as a future renewable option.

Studies have assessed the potential role of elec-
trofuels as marine fuel and reported thatitis not
unlikely thatthey will be able to compete with other
fuel optionsin the shipping sectorin the nearterm
(Hansson & Grahn, 2016). They also reportthat H,
is more cost-effective than e-methanol in the
shipping sector, under the chosen assumptions.

21 https://www.agmrc.org/renewable-energy/renewable-energy/ammonia-as-a-transportation-fuel/

22 https://nh3fuelassociation.org/introduction/

23 http://www.ammoniaenergy.org/bunker-ammonia-carbon-free-liquid-fuel-for-ships/

24 http://www.hellenicshippingnews.com/the-maritime-industry-begins-assessment-of-ammonia-as-a-fuel/

25 http://www.hellenicshippingnews.com/the-maritime-industry-begins-assessment-of-ammonia-as-a-fuel/



A comprehensive review of the production costs of
electrofuels is reported by Brynolf etal (2018). They
are costlier than fossil fuels and biofuels, and the
competitiveness depends mainly on the capital
cost of the electrolyser, the electricity price, and
the capacity factor. Other cost aspects reported to
be lessimportantare CO,-capture costs, and cost
of water. Brynolf et al (2018) do not compare costs
forH, and electrofuels as this would require addi-
tional information related to the costs for propul-
sion and storage systems. They expectthat costis
higher for H,-fuelled fuel cells (need fuel storage
systems) than for the (drop-in) electrofuel options
used in combustion engines.

FUTURE DEVELOPMENTS

Electrofuel is an emerging fuel, with several demon-
stration-scale facilities in Europe. The first comm-
ercial electrofuel plantwas builtin Iceland in 2012,
with a capacity to produce more than five million
litres of e-methanol peryear. Iceland produces

FIGURE 5.1.5.1
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e-methanol using geothermal energy and CO,
from the same source (Hansson & Grahn, 2016). It
is reported that Audi has invested in a 6-megawatt
electrofuel plantin Germany (Brynolf etal, 2018). A
testfacility in Germany has shown thatitis possible
to produce high-quality drop-in electrofuels,
producing diesel from renewable electricity and
CO, captured from the air (Brynolf et al, 2018).

5.1.6 NUCLEAR

The International Atomic Energy Agency (IAEA)
defines nuclear materials as uranium, plutonium,
and thorium. Nuclear power is currently a contro-
versial technology that can be used for propul-
sion on very large ships, or on vessels that need
to be self-supporting for longer periods of time.
The extent of its actual use will depend on tech-
nology developments and social acceptance. To
avoid the possibility of unwanted use of nuclear

Production process of e-methanol (including the option of using high-temperature electrolysis).
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material, nuclear-powered ships would need to
run on low-enriched nuclear material. While limi-
ted resources of nuclear material mean thatis not
considered atruly sustainable energy alternative,
it has an obvious advantage in that nuclear gene-
ration does not emit GHGs, except for emissions
related to handling of the nuclear materials.

The Russian ice-breaker fleet operating on the
Northern Sea Route is an example of fully marine-
adapted nuclear power. Several nuclear-powered
navy vessels operate today. Three experimental
nuclear-powered merchant ships have been built
and operated, so far without commercial success;
Savannah (US); Otto Hahn (West Germany); and,
Mutsu (Japan) (Scheyen & Steger-Jensen, 2017).
These ships were independently developed and
operated in the 1960s and 1970s for technology
demonstration and learning. A fourth ship,
Sevmorput (Soviet Union/Russia, 1988-to date),
was builtand operated, a pioneerin respect of

its logistics, functions and propulsion system.

Electricity produced from nuclear power plants
on land can also be used for shore powering, for
charging batteries of electric ships, or for provid-
ing energy for producing other fuels, such as
biofuels, electrofuels, NH,, or hydrogen.

FUTURE DEVELOPMENTS AND
PERSPECTIVES

Several concepts for compact nuclear reactors are
being studied, ranging from 30-200 MW electrical
power output, and all with more than 10 years of
service life. Animportant barrier that needs to be
overcome is related to safe storage and recycling
of spentfuel.

The use of thorium as a nuclear fuel — instead of
uranium or plutonium, which are utilized today
—can also offer significant advantages: higher fuel

availability, greater efficiency, and reduced
nuclear-waste production.

Given the public opposition to nuclear powerin
most countries, and the fears related to potential
consequences from accidents and misuse, it
seems very unlikely that nuclear propulsion will be
adopted in shipping within the next 10-20 years.
This is supported by a recent study reporting that
itis unlikely that further merchant nuclear-fuelled
ships for ocean cargo transport will be built, unless
their lifecycle costs and corresponding infrastruc-
ture are improved relative to conventionally
powered ships (Schayen & Steger-Jensen, 2017).
They also point out that there may be potential for
nuclear ships, including non-military, only in nati-
ons where there is some strong political reason for
investing in nuclear ship propulsion. This picture
could change after 2030, provided that societal
acceptance increases and other efforts to reduce
GHGs do not prove as effective as desired.

5.1.7 RANKING OF ALTERNATIVE FUELS

The many alternative fuels, and their diverse
characteristics, make it difficultto clearly identify
‘winners and losers’. For different stakeholders —
shipowners, investors, cargo owners, regulators,
and others — a systematic and practical framework
for analysis is needed to aid decision making
(Figure 5.1.7.1).

We therefore introduce a conceptfor ranking
alternative marine fuels’, describing a multi-objec-
tive approach to evaluate promising options.
Utilizing detailed information about alternative
fuels, combined with the concept’s assessment
criteria and weighting factors, ranking of promis-
ing fuels can be achieved. The proposed method
isinspired by the work of DNV GL (2014b, 2015),



Brynolf(2014), Deniz & Zincir (2016), Mansson
(2017), and Hansson et al (2017).

The approach assesses how well an alternative
fuel performs compared with traditional fuels
or other alternative fuels. The main criteria are
environment, economy, and scalability, and
these are divided into sub-criteria that DNV GL
expectto be the mostimportantto consider
(Figure 5.1.7.1). The criteria developed are
qualitative and measurable.

With the involvement of relevant stakeholders,
weighting factors can be assigned to reflect
different priorities and views. Stakeholders may
include national and local authorities, shipowners,
cargo owners, ship builders, manufacturers, and
technology providers, classification societies,
industry associations, academia, non-govern-
mental organizations, and financial institutions.
The proposed approach allows promising alter-
native fuels to be ranked after assessment based
on the defined criteria (Figure 5.1.7.1).

Toillustrate a potential use of the ranking method,
consider hydrogen (H,) and biodiesel. For one of
the main criteria, ‘environment’, Figure 5.0.3
indicates that H, has a better score on air emission
compared with biodiesel, due to NOx emissions.
Hydrogen also outperforms biodiesel on bunker
spill, as H,, will not form any slick at the sea surface.
For the main criterion ‘economy’, advanced
biodiesel drop-in fuels will have a higher score
than H,, given the latter’s high investment and
operational cost. Regarding ‘scalability’, advanced
biodiesel and H, will have relatively low scores for
maturity, infrastructure, and availability. However,
biodiesel will score higher for scalability due to its
easy adaptability to existing ships, and its lesser
need for additional safety measures. If the three
main criteria are equally weighted, biodiesel will
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receive a higher score than hydrogen. However,
applying a higher weighting to the criterion
‘environment’ could potentially shift the ranking in
favour of hydrogen.

The method is suitable for making assessments
today, and for forecasting by making assumptions
abouttechnology and infrastructure develop-
ments. Use of the ranking method is expected to
provide additional supportto shipowners and
policy makers. Different actors will have different
priorities and perspectives, which can be reflected
by changing the weighting of the different criteria.
Policy makers will focus on introducing policy and
adopted strategies, to reduce emissions and
impacts from a societal perspective. The ship-
owner perspective is to design competitive future
ships of certain sizes, types, cargo capacities and
flexibility, operations and speed, while complying
with currentand upcoming regulations. In all cases
for the shipowner, the cost associated with machi-
nery, as well as expected fuel prices, will play the
dominantrole. Safety will also be a primary con-
cernand can be translated into monetary terms
once a design has been established and the
necessary safety measures identified.
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FIGURE 5.1.7.1

A multi-objective method for ranking alternative fuels
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TECHNICAL AND OPERATIONAL
ENERGY-EFFICIENCY MEASURES

Several technical and operational measures are
available for reducing shipping’s energy use and
emissions. Mitigation measures range from easily
achievable operational measures to capital-in-
tensive technical solutions. This section provides
an overview of energy-efficiency measures, and
points towards some next-generation energy-
efficiency measures.

5.2.1 OVERVIEW OF ENERGY-EFFICIENCY
MEASURES

Improved energy efficiency means thatthe same
amount of useful work is done, but using less
energy (Buhaug etal, 2009). Such improvements
can be achieved by reducing propulsion energy
demand (e.g., hull and propeller efficiency), redu-
cingthe energy use of other on-board consumers
(e.g., cargo-handling systems, deck machinery)
and improving energy production (e.g., waste-
heat recovery and machinery-system optimiza-
tion). The energy-efficiency measures can be
divided into the following groups (DNV 2010; DNV
GL 2017i; Eide etal 2011, 2013):

— Technical measures generally aim at either
reducing the power requirementto the engines
orimproving fuel efficiency. They are linked to
the design and building of ships (e.g., hull design),
to optimization of the propulsion system, to the
control and efficient operation of the main and
auxiliary engines, and to retrofits on existing
ships. These measures generally have a subst-
antial investment cost and potentially very signi-
ficant emission reduction effects. Many techni-
cal measures are limited to application on new
ships, due to the difficulties or high costs of
retrofitting existing ships.

— Operational measures relate to the way in
which the ship is maintained and operated. They
include measures such as optimized trim and
ballasting, hull and propeller cleaning, better
engine maintenance, and optimized weather
routing and scheduling. Operational measures
do notrequire significantinvestmentin hard-
ware and equipment. They generally have low
investment costs and moderate operating
costs. Implementation of many of these meas-
ures,many of which are attractive for purely
economic reasons, requires execution of pro-
grammes involving changesin management
and training.

One effective operational measure that has large
fuel-saving potential is to reduce vessel speed
(e.g., Lindstad etal, 2015; DNV GL, 2017i; CE Delft,
2012; 2017a; DNV GL 2018 ¢,d). Part of the speed
reduction can be absorbed in currenttransport
systems through reduced time in portand impro-
ved coordination and synchronization between
ship and portto avoid waiting in port, with the
extratime being used to slow steam (Longva, 2011;
Andersson, 2017). Otherwise, timetables and
schedules mustbe changed, and more ships
deployed to maintain the total transport capacity.
The fuel consumption of a vessel increases expo-
nentially with the speed. Even when considering
the energy and emissions related to building and
operating more vessels, total fuel consumption
and emissions are reduced by slow steaming.

Extensive speed reduction of up to 50% is a very
complex measure that would require changing
logistics chains and building more vessels. Legacy
industry practices, culture, and established supply
chains are resistant to 'quick fixes’; and, coordinat-
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FIGURES.2.1.1

CO:2 emission-reduction potential of individual measures within five main categories (Bouman etal, 2017,

their Figure 2)
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ing action or synchronizing behaviour represents
a significant challenge for a system involving so
many stakeholders (Rasaeg, 2009). Digital technol-
ogies are expected to facilitate improved informa-
tion flow (Andersson, 2017). However, extensive
speed reduction will require different ship designs
to be optimal. Reducing the need for energy could
also enable other solutions, such as using electrici-
ty, batteries, or hydrogen.

Arecent literature review of 60 studies provides
quantitative estimates of the CO, emission-reduc-
tion potential for different measures (Bouman et al,
2017). Figure 5.2.1.1 presents the main results,
indicating large variability. For example, studies
have reported typical reductions of 2-10% from
using lightweight materials, such as high-strength
steel and composites (LW materials, see Figure
5.2.1.1.). The reduction potential for each measure
strongly depends on factors such as ship type,
size, operational profile, technical conditions/
status, and age (e.g. DNV GL, 2016; DNV GL, 2017c).

Several studies have reported medium-and long-
term projections for decarbonization in shipping
(Buhaug etal, 2009; IMO, 2011; Eide etal, 2011,
2013; DNV GL 2017i; Smith etal, 2016; OECD,
2018). The results indicate that the cost-effective
CO, emissions-reduction potential for technical
and operational measures, excluding fuel choices,
isinthe range 20-30%, rising to about 50-60% if
the more expensive and novel technologies and
solutions are included. These studies also provid-
ed information on various existing and upcoming
energy-efficiency measures. Such measures are
included in our fleet outlook in chapter 6.
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k€ Part of the speed reduction can
be absorbed in current transport
systems through reduced time in
port and improved coordination
and synchronization between ship
and port, with the extra time being
used to slow steam.

91



DNV GL MARITIME — FORECAST TO 2050

92

5.2.2 ATTACKING ENERGY LOSSES AND IMPROVING OVERALL PERFORMANCE

Technological developments in materials science,
dragreduction, propulsion, and energy efficiency
will provide the basis for the key specifications of
new ship concepts. They will tackle energy losses
and improve overall performance. Such losses are
currently substantial. Only a fraction of the fuel
energy entering a ship’s main engines generates
propulsion thrust. In a case study illustrated in
Figure 5.2.2.1, 43% of fuel energy is converted into
shaft power, the restbeing lostin the engine
exhaustor as heat(Buhaug etal, 2009). Further
lossesin the propeller and transmission mean only

FIGURES.2.2.1

28% of the energy from the fuel is fed to the main
engine and generates propulsion thrust. There is
potential forimprovementin the areas of greatest
energy loss; for example, by reducing hull friction
and recovering energy from the engine exhaust
and cooling water.

We expectto see a drive towards mapping energy
losses and preventing them. Using advanced
thermodynamics methods, such as exergy analysis,
reveals insights about the potentially recoverable
energy lostin a ship's energy cycle. Such analysis

Use of propulsion energy on board a small well-maintained cargo ship, head sea, Beaufort 6 (Buhaug et al, 2009).

The bottom bar in the diagram represents the energy input to the main engine from the fuel.
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also assists the prototyping of novel mature and
immature technologies to close energy-efficiency
gaps (Dimopoulos etal, 2014, 2016).

COSSMOS? modelling and simulation projects
are of direct relevance here. They have been cond-
ucted for more than 70 ships, with each project
indicating ways to improve energy efficiency and
reduce relevant emissions. For ships in operation,
COSSMOS can be a novel energy-management
framework, capable of simulating the effects of
implementing promising operational and techni-
cal measures. Simulation-based approaches can
be, and are being, used for performance assess-
ment and optimizing operation (Stefanatos et al,
2014), and for the potential optimal re-configura-
tion of existing assets (Stefanatos etal, 2015).

Emerging power systems, such as electric batteries,
marine fuel cells, and renewable auxiliary sources
will resultin more complex configurations and
designs. To manage the complexity and risk
inherentin innovative solutions, there is a drive
towards using advanced, model-based techniques
for assessing technical and economic performance
from a life-cycle perspective. Model-based
techniques, such as 'digital twin’ real-time virtual
representations of physical assets, combined with
sensor data are emerging. They will provide safe
and energy-effective operations for ships. Energy
savings will come through learning from the past;
real-time optimization of key parameters; minimiz-
ing system degradation; and, through maintaining
high performance via optimized cleaning/mainte-
nance, benchmarking, and targeting. Well-calibrat-
ed maritime digital twins will enhance the ability to
analyse the pastand improve presentand future
performance (see chapter 7).
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The high focus on decarbonization and general
‘greening’ of shipping will trigger innovation and
the introduction of new technologies and con-
ceptsinthe world fleet. Afast, accelerated path
from ideato commercial application of novel
technologies will be required. Advanced model-
ling tools will help to assess and optimize new
technologies and operational practices.

5.2.3 THE FUTURE IS HYBRID

Hybridization is about taking advantage of the
benefits of two or more engine configurations.
Ahybrid electrical ship could contain alternative
diesel engine configurations, marine fuel cells,
battery packages, solar panels, and retractable
wind turbines. Increasing the level of electrifica-
tion can improve the overall efficiency and enable
incorporation of many types of renewable sources.
The large number of embedded components will
increase the system complexity and require carful
design, performance monitoring, and power
management. The complexity increases if the
future hybrid ship is also autonomous and bal-
last-free. For all these solutions, software and
controls become an increasingly important aspect
and difficult challenge. These challenges are faced
atthe commissioning and integration phase and
thus digital simulation and analysis practices can
greatly benefitnot only the design phase, butalso
the implementation.

Hybrid battery-electric configurations represent
perhaps the greatest opportunity in terms of
potential applications within the maritime sector,
with the capability to benefit a wide range of ship
types. We expectthatonthe near horizon every
new build vessel will utilize a battery in some way.

26 DNV GLhasdeveloped COSSMOS, acomputer platform for modelling, simulation, and optimization of complex ship energy systems (Dimopoulos etal, 2014)
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The introduction of batteries enables selection of
smaller engine sizes that can operate at optimal

loads foralarger proportion of the time due to add-

itional power being obtained from the batteries

when required (peak loads). When power require-

ments are low, the batteries can be charged using

the excess energy generated by keeping the engine

running atthe optimal load. Further, batteries can

provide redundancy (spinning reserve) to increase
vessel safety and performance while also decreas-

ing fuel consumption and emissions. In addition,
batteries can greatly augment the stability and

controllability of the ship power distribution system,

better enabling other technologies and arrange-
ments. Batteries can also introduce significant
benefits for vessels with electric cranes and other
cargo equipment with transient peak loads and
options for regenerating power. The introduction
of a hybrid system is expected to reduce fuel con-
sumption by up to 20%, depending on the ship

type and its operational profile. Hybrid operations

with batteries for a supply ship have shown, in
practice, 15% fuel consumption reduction (the
FellowSHIP project).

Shore-side electricity is emerging in some ports?,

and is also referred to as ‘cold ironing” and ‘shore

power”. This allows for the ship’s on-board genera-

torsto be shutdown, reducing its corresponding

emissions in port. It also allows ship batteries to be

recharged from shore power, for later use during
manoeuvring and low sailing speeds.

Auxiliary powering by renewables, which avoids
fuel costs, is also emerging:

— Various sail arrangements — such as sails, kites,

fixed wing, and Flettner rotors — have been tested
on merchantvessels over the years. Aresearch
ship, aro-ro vessel, and a ro-lo one, currently have
wind rotors, and another 'sail’-enabled vessel is
being planned (CE Delft, 2017b). In addition, two
multi-purpose ships and a bulk carrier are each
equipped with a towing kite. Itis also reported?®®
that the first modern auxiliary wind-propulsion
technology has been retrofitted on aferry in 2018.
More radical concepts?®’ claiming large fuel and
emission savings have also been reported.
Wave-powered ships, with foils that convert the
vertical motion in waves into propulsive thrust,
have been studied and demonstrated (Back-
mann, 2015). Such wavefoils could save fuel,
typically by 2-15%, but up to 40%, depending on
parameters including foil span, wave direction,
and ship speed. They could also reduce the
most violent vessel motions. Development
related to wave energy in a battery-hybrid
configuration have also been reported®.

Solar power on ships is not very common, but
solar panels were recently installed on a vehicle
carrier. The solar panels installed will be used
only as a ‘small’ supplementto the diesel
generators, thus reducing the power required
from the generators. The solar power units can
produce energy both atsea and in port, butonly

27 http://coastalconservationleague.org/wp-content/uploads/2010/01/EERA-Charleston-Shoreside-Power-Report-.pdf

https://www.zero.no/wp-content/uploads/2016/05/landstrom-i-norge.pdf
http://cruising.org/docs/default-source/research/environment-research-2017.pdf

28 Viking Grace: https://www.Ir.org/en/latest-news/viking-grace-installs-rotor-sail/

29 Vindship: http://www.ladeas.no/

30 https://marineenergy.biz/2017/09/18/uksnoy-inks-deal-with-hydrowave-for-green-power-solution/
https://www.marineinsight.com/future-shipping/a-ship-with-energy-harvesting-system-to-generate-power-from-waves/



during daylight. Itis reported®’ that Auriga
Leader, aro-ro ship, is fitted with more than 300
solararrays. Aninnovative hybrid concept® has
been proposed. Itincorporates various elements,
including solar panels, energy-storage modules,
computer control systems, and an advanced
rigid-sail design. The claimed fuel savings are
forecastto be 40% or more.

Using renewables as auxiliary power could be an
attractive option for autonomous and unmanned
hybrid ships. Such vessels are expected anyhow to
reduce energy requirements; for example, by allo-
wing the removal of a ship’s bridge, thus decreas-
ing wind resistance, and through reduced man-
ning. Smaller complements mean lower energy
demand for personal needs, and less equipment
for supporting people on board will save space
and weight. The relative effect of these effects will
depend on the type of ship and operation (DNV
GL, 2018e).

Ship draftis a function of ship weight. Avoiding
ballast water and its required treatment can reduce
energy consumption and emissions on a hybrid
ship. Innovative ballast-free ship concepts have
been proposed™®. They include ships designed to
allow a continuous flow of seawater through speci-
fically-designed tanks and/or trunks, and vessels
that do not use water ballast at all, such asthe DNV
GL Triality concept ship. It was reported recently
that South Korean shipbuilder, Hyundai Mipo
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Dockyard, has developed a ballast-free ship
design that will first be applied to a 7,600 cubic
metres-capacity LNG bunkering vessel**. This, the
world's first ballast-free LNG bunkering vessel, is
under construction.

Alternative and radical propulsion technologies
may also emerge for the hybrid ship. For example,
a demonstration ship, YAMATO 1°°, was builtand
tested in the 1990s, demonstrating superconduct-
ing electro-magnetohydrodynamic propulsion.

k€ The introduction of a hybrid
system is expected to reduce
fuel consumption by up to 20%,
depending on the ship type and
its operational profile.

31 Auriga Leader, a RoRo Ship: http://www.marineinsight.com/types-of-ships/auriga-leader-the-worlds-first-partially-propelled-cargo-ship/

32 Aquarius Eco Ship: http://www.ecomarinepower.com/en/aquarius-eco-ship

33 http://www.maritime-executive.com/article/moving-towards-a-ballast-free-future

34 https://mobile.worldmaritimenews.com/archives/243838/hyundai-mipo-develops-ballast-free-ship-design/

35 https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19960000249.pdf
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All alternative fuels face challenges and barriers
(e.g., DNV GL 2014b, 2015, 2017i; Brynolf, 2014).
The cost associated with machinery, expected fuel
prices, and availability of bunkering infrastructure,
will be key barriers. Safety will also be a primary
concern and can be translated into monetary terms
once adesign has been established and the neces-
sary safety measures are identified. The need for
infrastructure development, such as bunkering
facilities and supply chain, is another hurdle. Uncer-
tainty regarding long-term availability is also a
concern. In addition, storage of certain alternative
fuels will require more space on board compared
with traditional fuels (Figure 5.0.1).

Several studies have investigated barriers to
uptake of energy-efficiency technologies in ship-
ping (DNV 2012b; DNV GL, 2017c; Acciaro et al
2013; Rehmatulla et al 2015; Rehmatulla & Smith
2015). Findings indicate the importance of finan-
cial and technical barriers, managerial practices,
and legal constraints. For each energy-efficiency
technology, very specific challenges and barriers
will need to be identified and considered if the
solution in question is to be a viable alternative
for a significant part of the world fleet.

Based on currenttechnology, a distinction should
be made between short-sea and deep-sea ship-
ping regarding the applicability of, and barriers to,
various fuels. Deep-sea vessels have fewer options
compared to the short-sea segment:

— Short-sea shipping includes vessels typically
operating in limited geographical areas, on
relatively shortroutes, with frequent port calls.
Energy demand, sailing schedules, and bunker-
ing patterns for such vessels may be suitable
forapplying new fuels, such as H, and biofuels.

Some segments have an operating profile suit-
able for the use of batteries, either exclusively or
in hybrid-propulsion configurations. For
instance, the Norwegian ferry sector is currently
being electrified, with phasing in of about 60
battery electric ferries over the nextfew years.
The use of H, is also technically feasible. Norway
has an ongoing development project aiming to
puta new ferry with H, power on board into
service in 2021%¢.

Deep-sea shipping includes mostly large, ocean
-going vessels covering long routes and often,
except for container ships, withouta regular
schedule. These vessels require fuel that is
globally available, and fuel energy-density is
important to maximize the space available for
cargo transport over long distances. Sustainable
biofuels can be used ifthey are available in the
right quantities and will not create fuel-compati-
bility problems. Based on currenttechnological
developments, electricity cannot be used atlarge
scale for these vessels in the foreseeable future
(Sandiareport, 2017). However, hybrid solutions
can be of interest for deep-sea shipping. Nuclear
propulsion is technically feasible for large vessels,
but political, societal, and regulatory barriers can
hinder its use. Various sail arrangements — sail,
kite, fixed wing, Flettner rotors — have been
tested on merchant vessels over the years and
can potentially reduce fuel consumption. A
recent study estimated significant saving poten-
tial from applying wind power on large tank and
bulk ships (CE Delft, 2017b).

36 https://www.sjofartsdir.no/en/news/news-from-the-nma/breaking-new-ground-in-hydrogen-ferry-project/



In the future, renewable energy from offshore
wind farms can be an energy supply for shipping.
The could mean offshore charging stations supp-
lying electrical power to ships in nearby shipping
lanes. The direct electricity supply could be supp-
lemented with H, produced offshore by conver-
sion of some of the wind power by electrolysis.
DNV GL Student Summer project 2015 looked at
using offshore wind to produce sustainable hydro-
gen for Japan. They found that producing hydro-
gen offshore, by using floating offshore wind, is an
attractive option. Arecent study reported pros-
pects for renewable marine fuels, considering
decentralized production at seaports with
electricity from renewable energy like wind and
sun (Mansson, 2017). Such developments could
challenge current bunkering infrastructure and
practices, where around 12 ports account for 80%
oftoday’s bunker sales.
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6 WORLD FLEET OUTLOOK

This section provides an outlook for the world fleet, discussing
how it may develop to meet transport demand (chapter 3) in light
of expected technology developments (chapter 5) and upcoming
regulations (chapter 4). We focus only on long-term developments
and the fleet needed to meet forecast demand for transport;
we do not model short-term cycles.
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THE LOW CARBON PATHWAYS MODEL

The DNV GL Low Carbon Pathways model forms Modelled levels of uptake depend on the expected
the backbone for forecasting the maritime fleet payback time for each technology and fuel,

and energy transition towards 2050 (DNV GL, the investment horizons of shipowners, and on
2017c¢). It projects the uptake of a wide range of regulations requiring specific technologies or
energy-efficiency measures, alternative fuels, and specifying general levels of energy efficiency
other emission-reduction technologies, based on and carbon intensity.

investment decisions and upcoming regulations.
Energy use and emission levels will depend on the
availability of technological solutions applicable to
each segment, their emission-reduction potential,
and uptake rates.

TABLE 6.1.1
The impact of technology and fuel options on carbon and energy efficiency

Fuel Baseline: switch to low sulphurfuel - - -
Heavy fuel oil with scrubbers - 3% 3%
Liquefied natural gas 20% - -
Electricity 100% 50% 50%
Carbon-neutral fuels 100% - -

Energy efficiency Hull form - new buildings - 12-17% -
Hydrodynamics - retrofit - 13-20% -
Machinery improvements - 4-8% 12-23%
Waste heatrecovery - 0-8% -
Hybridization - 3-15% -
Operational measures - 3-11% -
Coldironing - - 30-70%
Renewable energy (wind, solar) - 0-10% 0-2%
Air cavity lubrication - 3-5% -

Logisticsandspeed  Speed reduction (5%) - 10% 5%
Vessel utilization - 3-20% -
Increase vessel sizes - 4-14% -
Alternative sea routes = 0-20% =
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Fleet growth and scrapping rates determine the
possible penetration rate of new technologies and
fuels. Old vessels are scrapped first; new vessels
are added to match expected demand, taking into
accountchanges in speed, utilization, and ship size.

Possible technologies and solutions to reduce
energy use and CO, emissions (see chapter 5 for
more details) are grouped into three main catego-
ries: alternative fuels; energy-efficiency measures;
and logistics and speed reduction. Measures
evaluated in this study, and their expected individ-
ual impacts, are listed in Table 6.1.1. The forecast
percentage changes are relative to the perfor-
mance of an ‘average ship’ builtin 2015, but running
on low-sulphur fuel, as this will be the default from
2020 with the introduction of global low-sulphur
requirements.

We cannot currently predict with any confidence
which of the possible types of carbon-neutral
fuels will be preferred. The uptake is very sensi-
tive to price and local/global availability, which
are, inturn, dependent on cost of production and
infrastructure development. We have therefore
grouped biofuels, electrofuels, hydrogen (H,),
and ammonia (NH,) into a single category called
carbon-neutral fuels. Although the carbon-neutr-
ality of biofuels is debated, those used in the
future will be different from those available today.
Third- and fourth-generation biofuels will likely
be closely examined to see if they can be
approved for use and labelled as carbon-neutral
and sustainable (see DNV GL 2017g, pp 141, fora
more detailed discussion on this topic).

In line with the Intergovernmental Panel on
Climate Change and Greenhouse Gas-(GHG)
accounting procedures, this study assumes that
combustion of biofuels and electrofuels, and use
of electricity, is carbon-neutral. Any emissions

due to production are accounted for elsewhere in
our Energy Transition Outlook (ETO) analysis and
are not double-counted in this maritime outlook.
The IMO has yet to decide how such fuels will be
accounted for when measuring progress towards
each its GHG-reduction targets and, on individual
ships, for complying with regulations such as the
IMO Energy Efficiency Design Index (EEDI).

For Liquefied Natural Gas (LNG), we assume a 20%
reduction in CO, emissions, though emissions of
unburnt methane (‘methane slip’) may mean GHG
emissions are cut by only about 10%.

The IMO's global 0.5% sulphur limit from 2020 will
shift fuel use to low-sulphurtypes. In the shorter
term, ships will still use heavy fuel (residual) oil
(HFO) and will be fitted with scrubbers, but this
solution will be phased outin the longer term.
Such exhaust-gas cleaning will incur a fuel consum-
ption penalty, typically about 3%, for the affected
ships, but will notimpact on the forecast energy
consumption in 2050.
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6.1.1 IMPACT OF THE INTERNATIONAL MARITIME ORGANIZATION STRATEGY FOR

REDUCING GREENHOUSE GAS EMISSIONS

In April 2018, the IMO adopted its GHG-reduction

strategy, including specific targets. Whether we
can expectthese targetsto be achieved is a key
question for the projections in this study, as it will
impact on the uptake of new technologies and
fuels. The IMO GHG-reduction strategy needs to
be implemented through regulatory and other
policy measures still under discussion.

In our projection, DNV GL assumes that regula-
tions will be in place on individual ships to incent-
ivize the necessary emissions reduction. We have

E-5HIP1

not modelled specifically which regulations and
policy measures will be putin place, but have set
arequirementin the model thatthe IMO GHG
targets should be met using the most cost-effec-
tive solutions. The Low Carbon Pathway model
will assess which are the most-likely technologies
and solutions that can take shipping emissions
down to the target levels.

See section 4.5 for a discussion on what type of
regulations can be expected in the shortand
long term.
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WORLD FLEET PROJECTIONS

Including these measures and related reduction factors
in our investment decision model, DNV GL predicts
the following trends over the period 2016-2050:

— The projected transport demand in 2050 is 76
trillion tonne-miles, about 38% more than in
2016 (chapter 3). With expected efficiency gains,
the fleet, as measured in deadweighttonnes
(DWT), will grow by 35%.

— The number of ships and total fleet size (DWT)
will grow differently from demand (tonne-miles).
Speed reduction, vessel utilization, and vessel size
will impact directly on the relationship between
tonne-milesto be transported and the corresponding
deadweighttonnage. Lower speed requires higher
deadweighttonnage to handle the same transport
work, while better utilization and larger ships
reduce the deadweighttonnage needed.

— Vessel utilization will increase in all segments;
by about 25% for deep-sea trades except bulk,
approximately 5% for deep-sea bulk, and some
20% for short-sea ships.

FIGURE 6.2.1

— The average size of deep-sea vessels will rise
40% for LNG tankers (due to more deep-sea vessels),
30% for container and other cargo ships, and 10%
for bulkers.

The developmentforecast by segmentis shown in
Figure 6.2.1. We predict that the crude oil fleet will
decrease by almost a third (30%) come mid-
century, peaking around 20% greater than today in
2030, before it shrinks towards 2050. The product
tanker fleet will decrease by 8% by 2050.

High demand growth for LNG tankers will see the
fleet size triple (205%) by 2040, but then slip back
for atotal increase of 190% by 2050. The bulk
segmentwill remain relatively stable, with moder-
ate long-term growth of 32% to 2030 and 44% to
2050. The greatestincrease after gas carriers will be
inthe container segment where fleet size grows
with GDP and rises 52%to 2030 and 88%to
mid-century. For other cargo vessels and non-
cargo vessels, we predicta 55% increase of the
fleet by 2050.

Fleet development by segment

Units: Billion dwt

30 Crude oil
25 I Oil products
B Natural gas
2.0 I Bulk
Container
1.5
I Other cargo
1.0 B Non-cargo
0.5
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ENERGY MIX

Fuel consumption pertonne-mile will decline 30%
on average due to energy-efficiency measures,
mainly hull and machinery improvements and
speed reduction. Vessel speeds will be adjusted to
meet regulatory requirements and further varied
according to market conditions and energy cost.
DNV GL assumes a speed reduction on cargo
vessels of about 5%, on average.

Total energy use and energy efficiency vary
considerably between segments depending on
typical sizes and speeds. Product tankers are
generally smaller and less energy efficient than
crude oil carriers, butthere are a larger number of
producttankers. The total energy use is about the
same for each of the two segments.

The container and bulk segments will account for
the largest shares of total shipping energy use in
2050, 28% and 19% respectively. We predict that
total energy use in international shipping will

FIGURE 6.3.1
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increase from about 11 exajoules (EJ)in 2016 to a
peak of almost 13 EJin 2035 and then decrease to
11 EJin 2050 (Figure 6.3.1).

We forecast that by 2050, 39% of shipping energy
will be supplied by carbon-neutral fuels, slightly
surpassing liquid fossil fuels such as MGO (Marine
Gas Oil) and HFO, which together will supply 33%
ofthe energy. LNG and liquid petroleum gas (LPG)
will together account for 23% of the energy use.
Electric batteries charged from shore will be an
energy source on a third of ships from mid-century.
Together with cold ironing, shore-based electricity
will provide about 5% of the total energy for
shipping (Figure 6.3.2).

The total energy use equates to 270 million tonnes
of oil equivalent(Mtoe) in 2050, of which 90 Mtoe
is supplied by HFO/MGO, 60 Mtoe by LNG, 100
Mtoe by carbon-neutral fuels, and an additional
160 terawatt hours (TWh) of electricity®.

Shipping energy mix

Units: EJ/yr
14 HFO/MGO
12 B LNG
0 i Il Carbon-neutral fuels
: I Electricity
2015 2020 2025 2030 2035 2040 2045 2050

38 1EJ=23.9Mtoe=278TWh
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If we assume that all carbon-neutral fuel would be k€ We forecast that by 2050, 39% of
biofuels, demand from shipping would be about shipping energy will be supplied
30% of the total projected global biofuel demand by carbon-neutral fuels, slightly
from the transport sector in 2050. Short-sea and surpassing liquid fossil fuels such
non-cargo shipping will use 40% of the total as MGO and HFO, which together
energy, and, in these segments, electricity can will supply 33% of the energy.

constitute more than a tenth (11%).

FIGURE 6.3.2
Shipping energy mix 2050, total
Electricity 5% HFO/MGO 33%
Carbon-neutral
fuels 39%
LNG 23%
Shipping energy mix 2050, short sea Shipping energy mix 2050, deep sea
Electricity 11% HFO/MGO 27% Electricity 1% HFO/MGO 38%
Carbon-neutral
P fuels 38%
LNG 23%

LNG 23%
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6.4 CARBON INTENSITY AND CARBON
DIOXIDE EMISSION DEVELOPMENT

Grouped into three categories — energy-efficiency strategy targets, carbon intensity will improve by
measures, alternative fuels, and logistics improve- 51% and 74% by 2030 and 2050, respectively.
ments and speed reductions —the drivers in our

model will progressively decarbonize shipping Based on projections of demand for maritime

by 2050. The impact of lower speeds and other transportwork, we forecast that CO, emissions
logistical measures can be achieved to full effect for international shipping will fall by 45% to 441
earlyinthe period up to 2035, as these options million tonnes (Mt) by 2050 compared with 2016,
can be implemented without renewing the fleet. or 52% compared with 2008 (Figure 6.4.2).
Beyond 2035, we will see the full impact of gradu- Carbon-neutral fuels contribute 42% of the

ally improving the energy efficiency of new ships, total CO, reduction by mid-century.

and of the shiftto alternative fuels.

k€ Beyond 2035, we will see the full
impact of gradually improving the
energy efficiency of new ships, and
of the shift to alternative fuels.

We forecast that average carbon intensity (CO,
emitted per tonne-mile) will improve by 60%
between 2016 and 2050 (Figure 6.4.1). Compared
with 2008, the baseline year for the IMO GHG
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Shipping average carbon intensity
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6.5 COMPARISON WITH THE 2017
ENERGY TRANSITION OUTLOOK
AND OTHER PROJECTIONS
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Based on the projections in the global ETO model,
expected transport demand in 2050 is reduced
compared to our 2017 modelling, down from 84
to 76 trillion tonne-miles. This also reduces the
energy use, assuming the same energy efficiency,
from 12to 11 EJ.

The Low Carbon Pathways model has undergone
several amendments prior to the publishing of this
report, to reflect the latest regulatory development,
technology research and advances, and knowl-
edge of the abatement measures and alternative
fuels. Inthis year's modelling, the impact and cost
of plug-in hybridization and cold ironing have
been updated. The share of electricity in global
shipping hasincreased due to cold ironing.

The main change comparing the 2017 and 2018
projections is the impact of the IMO GHG strategy.
The model forces implementation of the most
cost-effective solutions to reach the strategy’s
targets for emission levels and carbon intensity.
The uptake of carbon-neutral fuels in 2050 is
increased from 18% uptake of biofuels in lastyear's
projections to 39% uptake of any carbon-neutral
fuelinthis report, while the uptake of energy-effi-
ciency measures does not significantly increase.
This indicates that alternative fuels are preferred
to more expensive energy-efficiency measures.

Several other studies have looked at possible CO,
pathways, and the same CO, emission levels can
be achieved with various combination of technolo-
gies, alternative fuels, and operational measures
(e.g., Eide etal 2013; DNV GL 2017i; Smith et al,
2014; 2016; OECD, 2018). While the details

and assumptions of the different pathways vary
considerably, the main findings formulated by
DNV GL (2017i) are robust.

These findings were, and are, as follows:

— To halve CO, emissions, the shipping industry
must apply energy-efficiency measures to the
fullest possible extent.

— Eventhen, othertactics will be required:
carbon-neutral fuels in substantial volumes,
as showninthe currentreport, and/or reducing
speed by up to 50% compared with today.

— The emerging pathway to low or no carbon
emissions in shipping will depend on preferred
solutions, which, in turn, hinge on their cost,
availability, and effectiveness.
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7 KEY ISSUES TO MONITOR

This section addresses some key issues to monitor over the next
five years in different ship segments, and discusses factors that
could shift our projections in the long run towards 2050.
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THE NEXT FIVE YEARS

The main ETO report devotes a separate chapter
to key issues that are importantto monitor over the
nextfive years, and which will indicate where our
projections might diverge from actual outcomes.
Some of these are particularly importantto maritime
transport, and some are key for all maritime market
segments. The world fleet development s driven
by many factors, such as newbuilding activity,
scrapping, deliveries, and changes to newbuild,
second-hand, and scrap prices. We will also be
keeping a close watch on speed, congestion,
and lay-ups, as well as port and logistic-capacity
developments.

Allthese elements will shape the future size and
productivity of the fleet, and will thus influence the
capacity utilization that ultimately drives earn-
ings. All need close monitoring. Specific regional
initiatives, such as 'One Belt, One Road’in China,
and the expansion of the Northern Sea Route, could
also factorinto changing trade patterns and fleet
requirements.

Key issues to watch in the bulk, container, gas, and
oil tanker shipping segments over a five-year
horizon are discussed below.

BULK

Fundamentals in the dry bulk segment have impro-
ved significantly. We observe a stronger seaborne
trade growth within both major and minor bulk
cargoes. Coal trade remains robust and demon-
strates continuous growth. Itisimportantto note
thatincreased seaborne coal volumes are not only
driven by increased consumption. We often see
high-grade coal imports that offset a lower
grade, domestic coal. In countries like China,
despite relentless efforts to reduce GHG emis-
sions, demand for power rises and, in the
short-term perspective, coal-based energy
seems to be the only option. Elsewhere, strong

industrial production in both OECD and non-
OECD countries is well reflected in non-coal
trades such asiron ore, steel, or scrap. All these
factors persuade us that the dry bulk sector will
experience continuous growth in demand for
transportation in the energy and other com-
modity sectors.

CONTAINERS

Positive developments in the world economy have
influenced containerized trade. There are notable
improvements in the mainline and regional trades.
The biggest gains are observed in the trans-Pacific
route as well asin the North-South and intra-Asian
trade. The new Panama locks opened the way to
increase the size of vessels being deployed in the
Pacific, pushing the smaller, old Panamaxes out

of their original trade patterns to regional trades.
Intra-Asian trade continues to expand, backed

by the strong economic developmentin China.
Overall, we remain positive about near-term trade
developments, although we do appreciate the
strong influence of the recent rapid growth of
GDP. That said, any slowdown in the coming years
will have a negative influence on the box trade.
Finally, the trade is likely to suffer from the pro-
posed tariffs on trade between China and the US.
Currently, we see only marginal losses. Should
there be a bigger ‘trade war’ in the future, the
containertrade will be disrupted to a much
greater degree.

GAS

The LNG trade is undergoing structural change.
Substantial additions of new natural gas liquefaction
capacity, combined with rapidly growing demand,
have led to double-digit growth of the trade. Itis
expected to maintain this momentum in the next
few years. Rapidly increasing export capacity in
Australia, Russia, and the US meets a very strong
increase in demand for LNG, particularly in China.
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We observe a growing number of countries joining
the LNG-consumer group, importing through
eitherland-based re-gas facilities or using
Floating Storage Regasification Units. As gas
proves to be the cleanestfossil fuel, its future use
will only grow, with the seaborne LNG side gaining
inimportance compared with pipelines. New
LNG exporters, particularly the US, will have a
strong impact on the future growth of the LNG
seaborne trade, adding both new tonnes and
new miles to the world trade. We remain extreme-
ly optimistic in our expectations for expansion of
the trade over the nextfive years. Itis also worth
noting that the rapid expansion of shale gas also
drivesthe LPG sectorin the US, which, despite its
currenttemporary weakness, is expected to start
growing rapidly in the next few years.

OIL TANKERS

Lower oil prices from 2014 onwards created
substantial growth in the oil trade, both in the
crude and products sector. The uncontrolled
rapid increase of supply from OPEC countries and
Russia, and from US shale and tight oil production,
led to sharply lower oil prices, reaching to below
USD27 per barrel (/b) atthe bottom in early 2016.
Importers, particularly in Asia, were very quick to
take advantage, and the trade grew substantially.
Latterly, OPEC production limits have led to incre-
ased drawing on oil inventories, helping oil prices
to recoverto some USD75/b for benchmark Brent
crude atthe time of writing.

Although the seaborne trade growth has been
reduced, we remain relatively optimistic concerning
the near-term trade forecast. We do not expect
OPEC's production limits to remain in place for
much longer, and thus expectthe oil trade to
expand further. We also see the upcoming Inter-
national Maritime Organization 2020 sulphur
regulations for shipping as a positive driver, parti-

cularly forthe products tankers, as more diesel
fuels will need shipping around the world. Regard-
ing downside risk, we are concerned about the
future of Venezuela, with its rapidly deteriorating
political and economic situation causing, among
other effects, a rapid decline in the country’s
domestic oil production. We also see the collapse
ofthe Iranian nuclear deal, combined with the US
reinstating sanctions on Iran, as a possible drag
on oil-trade expansion in the shortterm.

k€ The LNGtradeis undergoing
structural change. Substantial
additions of new natural gas
liquefaction capacity, combined
with rapidly growing demand,
have led to double-digit growth
of the trade.



7.2

KEY ISSUES TO MONITOR CHAPTER 7

POTENTIAL GAME-CHANGERS

TOWARDS 2050

While the ETO model forecasts our best estimate
of the development of the energy transition,
based on our currentassumptions and data sets,
the actual pathways and outcomes in 2050 will
remain subjectto changed premises. Highlighting
uncertainty in energy forecasting, other studies
have predicted stronger growth in transportation
demand (Fangetal, 2013; OECD/International
Transport Forum (ITF), 2017; Sharmina et al, 2017;
OECD/ITF, 2016; OECD, 2014). This is partly
explained by their expectations of higher eco-
nomic growth, fossil-fuel use, and trade multiples
when compared with the levels factored into our
ETO analysis. Comprehensive analysis of sensitivi-
ties related to our modelling is available in the
main report (DNV GL, 2018a).

Lastyear’s Maritime Forecast outlined three
main areas of uncertainty that could impact on
our projections:

— Decarbonization and environmental awareness
— Major shifts in transport demand
- Digitalization and innovation.

These areas are still valid for this year's report;
but with the uncertainty concerning decarboni-
zation reduced from last year with the IMO's
strategy clarified. We see major disruptions due
to the impact of digitalization related to the ship
orfleet of ships, butalso potential changesin
transportdemand.

7.21 DIGITALIZATION

Inthe next decade, virtual ships will become the
standard method for commissioning, designing,
operating, and maintaining vessels and whole

fleets. The virtual vessel, a 'digital twin’ of the real
one, is a simulator containing all on-board equip-
ment and machinery, networks and control
systems; all of it connected and integrated in
cyberspace, justasifitwas on the physical vessel
(DNV GL, 2017f). The digital twin's copy of the
control system can be tested in simulated condi-
tions, identical to those encountered in reality.

Better computerized design tools have already
enabled optimization of hull design to accommo-
date lower hydraulic drags. Marine energy systems
have similarly been improved through use of
advanced simulation techniques. Indeed, the use
of digital twins now enables the re-use of such
design tools during ship operation, with the aim of
improving propulsion efficiency once afloat. In
addition to optimizing the speed for wave condi-
tions, route wave forecasts may be entered into
such algorithms to provide a more accurate view of
the economics of going slowly through adverse
weather conditions, or navigating around them.

Adigital twin and virtual engine rooms could help
to evaluate promising measures and cost-effective
reduction strategies. Improving the understand-
ing of GHG emissions over the lifetime of assets
allows companies to manage GHG-related risks
better. Where a digital twin includes real-time or
near real-time information from many sources, it
can enable improved energy and safety manage-
mentand can help to optimize scheduling of costly
maintenance.

In a digital ecosystem of many vessels, we can
integrate applications and data models and lever-
age the cloud, Big Data, and the Internet of Things to
create exciting opportunities that will harness the
power of advanced predictive analysis. This can be

117



DNV GL MARITIME — FORECAST TO 2050

118

used to optimize fleet performance, improve infor-
mation integrity, and deliver energy and cost savings.
Indirectly, digitalization can enable new business
models and better ship and fleet operations, with

a positive impact on energy use.

Shipowners will increasingly use Automatic Identi-
fication System-based systems in more intelligent
ways, augmented with similar data from ports.
With knowledge of exact port availability, waiting
times will be reduced, speed can be optimized,
and fleet utilization improved. This will reduce
tonnage needs and enable fuel saving from slow
steaming when more exactknowledge of port
slots allows for that. Such improved planning will
also enable improved scheduling and logistics,
furtherincreasing fleet utilization.

7.2.2 NEW COMMODITIES AND SHIFTIN
TRADE DEMAND

As societies, new technology, and the world
climate develop in the coming decades, new
commodity value chains will emerge and existing
ones will become less prominent.

Use of biomass for energy production will increase.
ltwill change from being a local, inefficient commo-
dity, to becoming animportant feedstock for power
generation and liquid fuels for heavy road transport,
shipping, and aviation. Regions with insufficient
capacity for producing energy from biomass will
increasingly need to import biofuels. Japan is
among those countries with comprehensive plans
to investin biomass power plants. Its government
has approved 12 gigawatts of installed capacity®’.
This will require substantial shipping capacity.

New energy carriers may become relevantin the
later part of the forecast period. One example is
hydrogen (H,), which we predict will startto see
firmer uptake from about 2030. Although initial
volumes will be limited, there will be a need for
developing storage, transport, and handling
technology. Currently, it looks likely that long-
distance ship transport will involve H, in liquid
state at 20 Kelvin (-253°C). There is a plan to pilot
thisin a project producing liquid H, from brown
coal with carbon capture and storage in Australia,
then shipping itto Japan“.

Water scarcity is expected to worsen for some
regions due to the combined effects of increased
consumption, climate change, and uneven geo-
graphical distribution of water resources. This may
lead to a need for seaborne transportation of
water, in addition to energy-intensive desalination
and water purification plants. This trade has the
potential to become significantin volume, and may
also be combined with ballastvoyages, butthe
uncertainty surrounding itis currently very high.

The type of products produced globally will cert-
ainly change in the coming decades. Additive
manufacturing (3D printing; see fact box) can lead
to more raw materials being transported or recy-
cled locally atthe expense of finished goods. The
increased use of robots and automation could
enable relocation of production back to devel-
oped countries, shortening global value chains.
With a strong trend towards electrification of the
energy system, there will be a shift from transporting
energy towards transporting goods supporting the
transition, such as electric vehicles, batteries, and
solar photovoltaic and wind turbine technologies.

39 http://www.reuters.com/article/us-japan-biomass/japan-fires-up-biomass-energy-but-fuel-shortage-looms-idUSKCN1BX0IT

40 http://www.abc.net.au/news/2018-04-12/coal-to-hydrogen-trial-for-latrobe-valley/9643570
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ADDITIVE MANUFACTURING SETTO
IMPACT SUPPLY CHAIN LOGISTICS

Additive manufacturing, otherwise known as 3D
printing, progressively builds up products from
raw materials such as metal-powder feedstock or
awire. It can transform the business models of
many industries, with consequences for supply-
chain logistics, and hence demand for transport or
components, equipment, and structures by
various means, including shipping. Being able to
source replacement parts more rapidly through
on-site manufacture can also reduce the downtime
of vessels, with the potential for positive conse-
quences for the profitability and efficient operation
of fleets and individual ships.

The technology could allow organizations to access
an archive of digital designs forimmediate on-site
printing, rather than maintaining physical invento-
ries of spare parts and/or waiting for them to be
made and transported to where they will be used.

Activity in this field is in its infancy, butis starting to
pick up. Worldwide shipments of 3D printers of all
types more than doubled in 2016 to exceed 450,000
and are expected to reach 6.7 million in 2020*".

There are now 3D printers in many ports and indu-
stry hubs around the world. Parts ranging in size
from screw pins and bearing shells to box heat
exchangers and even propellers have been
printed successfully.

In one example, the Port of Rotterdam, Nether-
lands, is establishing an Additive Manufacturing
FieldLab with 3D metal printers*. Its vision is for
companies, researchers, and students to collabo-

41 ‘Information economy report 2017', UNCTAD

42 '3D printing in the Port of Rotterdam’, www.portofrotterdam.com

rate in what will be a centre for developing know-
ledge of metal printing, 3D scanning, 3D design,
and certification.

In another sector, afinancial case can be proved
for using 3D printing for components and equip-
ment used offshore in oil and gas production, and
there is potential to scale up additive manufactur-
ing for larger structures.

These, and otherindustries, are atthe start of an
emerging market for selling digital rights and
licences to print parts, repair and refine obsolete
parts, and establish a wider supply chain. Add in
Blockchain technology for secure, private tracea-
bility, and the digital aspect of additive manufac-
turing is where the scalability and disruptive
power of it resides.

DNV GL has been looking into the potential of 3D
printing for the maritime and oil and gas sectors
since 2010. The technical advisory team has
released research and innovation papers, under-
taken pilotstudies, and collaborated in joint
development projects. For example, it has been
partof anindustry collaboration working to assess
the repair and reconditioning of turbochargers
with laser cladding 3D-printing technology*®.

DNV GL's new Global Additive Manufacturing
Technology Centre of Excellence in Singapore,
established in February 2018, will dismantle
barriers to the spread of the technology in indus-
try. Obstacles include whether 3D-printed parts
can be qualified and certified to standards
applied to traditionally-made goods**.

43 ‘Anew dimension in manufacturing’, DNV GL, Maritime Impact, Issue 02-17

44 'New centre to boost 3D printing in oil and gas industry’,
DNV GL PERSPECTIVES, www,dnvgl.com
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THE CARBON-ROBUST SHIP

Shipowners have always managed risk and uncertainty as a vital
part of business. On top of the well-known cyclical ups and downs
of shipping markets, history is rich with examples of external
shocks or events that have caused significant changes to the industry.

These include commercial game-changers like
containerization, technological break-throughs like
the transition from sail to steam power, or radical
regulations such as the double-hull requirments
imposed on tankers. We have seen winners and
losersin this ever-evolving business.

Moving forward, the uncertainty facing the
industry seems only to increase. As we have seen
in the previous chapters, global regulations on
CO, and local regulation of harmful sulphur oxides
(SOx), nitrogen oxides (NOx), and particulate
matter (PM), are poised to shape the future fleet
(chapter 4).

Simultaneously, fuels and technology are develop-
ing rapidly, with potential game-changing conse-
quences (chapter 5). Add in ‘traditional’ worries
over market cycles, trade demand (chapter 3), and
supply, and there are many uncertainties to
consider when investing in new tonnage.

Looking back 50 years, we find very recognizable
ships. The main changes have been to ship size
and cargo types, and notto design or fuel. But
giventhe trends and drivers mentioned above, itis
natural to ask whether ships built 20 or even just 10
years from now will be as similar to today’s ships as
those built 10-, 20-, or even 50-years ago.

To help navigate this future, and manage the
uncertainty, we proposed a carbon-robust ship
conceptin our 2017 publication (DNV GL, 2017b).

The concept was launched as a model for develop-
ing ships able to withstand regulatory, fuel, techno-
logical, and market shifts. A carbon-robust ship
should be designed to be competitive and survive
given any decarbonization scenario. Commenting
on this concept, the Norwegian Shipowners’
Association (2018) states: 'Simply put: managing
climate risk, putinto in practice.

Inthis section, we present a significantly developed
version of the concept. The new model evaluates
fuel and technology options by comparing the
break-even costs of a design to that of the compet-
ing fleet of ships. The DNV GL model is named the
‘Carbon-Robust Model'. The model's structure is
outlined, in Figure 8.0.1, and is briefly described in
section 8.1. Going forward, DNV GL aims to use
this ‘Carbon-Robust Model’ to assist shipowners to
future-proof their vessels, ensuring long-term
competitiveness and profitability as the industry
decarbonizes.

In section 8.2 we showcase the model to gain
insightinto what a carbon-robust bulk carrier
would look like under possible future CO,
regulations and explore a selection of likely
scenarios and design options. We draw on our
deep knowledge in a number of key areas for this
analysis: the future regulatory landscape (chap-
ter 4); fuel and technology options (chapter 5);
and fleet development (chapter 6).
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FIGURE 8.0.1 OUTLINE OF THE CARBON ROBUST MODEL

Competitiveness of selected individual ship designs is evaluated against the competing fleet of ships at

a given point in time (e.g., 2030 or 2040) by comparing the break-even cost or CO, emissions as a measure.
The user can draw on a pool of fuel and technology options in creating the individual ship designs. For the
competing fleet, fuel and technology uptake are governed by pre-set scenarios.

INDIVIDUAL
SHIP DESIGN

EVALUATING
COMPETITIVENESS

2020 - 2030 - 2040

competitivness

T

o

Machinery

FUEL & ENERGY EFFICIENCY TECHOLOGY

© & D

Alternative fuel Hybrids Hydrodynamics Operational Alternative energy
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THE CARBON-ROBUST MODEL

Afuture-proof, or carbon-robust, ship design is
one that performs well both today and in an uncer-
tain low- or zero-carbon shipping industry of the
future. Given the level of uncertainty, we have
developed a scenario-based model through
which we can explore design options and stress-
testthem for ship or fleet competitiveness fora
range of possible carbon and energy futures.

Competitiveness is evaluated by comparing the
break-even cost of a proposed ship design to that
of the competing fleet of ships at a selected point
intime (e.g., 2030 or 2040). The break-even costis
the minimum rate that a ship must secure to cover
all costs. Rates above the break-even cost will
leave the ship owner with a profit.

The break-even rate is composed of three
elements.

— Capital cost: This covers the daily costs of finan-
cing the vessel. Newbuilding costs and optional
technology costs are included. For simplicity, we
assume 30% equity, and 70% loan, standard
terms, and 20-year repayment. The capital
costs reduce over time as the loan is repaid.

— Operational cost: This covers the daily cost of
crew, maintenance and repairs, stores, etc. Crew
costis assumed to be constant. Maintenance
costincreases with age.

— Voyage cost: The annual cost of fuel, and port
and canal dues. Fuel consumption is calculated,
and adjusted for the energy-efficiency level of
ships. Fuel price depends on fuel type. Port
costs are kept constant.

The modelis populated using data from various
sources including DNV GL proprietary databases,
Stopford (2009), IHS Markit, Clarkson Research,
and Drewry (various editions).

8.1.1 INDIVIDUAL SHIP-DESIGN
SELECTION AND EVALUATION

The model compares the break-even cost of indi-
vidual vessel designs to the break-even cost of the
competing fleet of ships at a given pointin time
(e.g., 2030 0r 2040). Itis designed to allow for easy
exploration of different possibilities. In the model
front-end, the user selects a set of fuel and techno-
logy choices for a vessel to be builtin 2020, and the
model estimates the CO, emission levels and total
annual costs. Fuel prices and CO, tax levels can be
changed from pre-set levels. For simplicity, local
emissions to air are not considered to have a cost.

Results for two future scenarios can then be
examined. The results are shown for the period
between 2020 and 2050. The performance of
the vessel is compared with the performance of
the rest of the fleet. The break-even distribution
for the fleet is utilized in the comparison.



8.1.2 THE COMPETING FLEET

The future competing fleet is constructed for two
possible scenarios, each describing a plausible
and consistent narrative for the development of
the key external drivers and theirimpact on fleet
development (see section 8.2 for examples).

The competing fleet of ships consists of ships
currently operating, and ships being added to the
fleetin the yearsto come. Astime progresses, the
future fleetis constructed by scrapping ships and
building new ones. The number of ships to be
scrapped and builtis governed by the scenario
description. Towards 2040 and 2050, the fleet
composition is dominated by vessels built after
2020. Each new vessel is allocated an energy-
efficiency level, and a fuel type (see the Fuel and
Energy-Efficiency Technology module of the
model).

The uptake of technology/fuel types is outlined in
the scenario description (section 8.2). The two
scenarios differ primarily in the implementation of
the IMO GHG-reduction strategy, and the result-
ing uptake of technologies and fuels for new ships.
lthas been assumed that none of these measures
can be installed on existing vessels (i.e., no retrofit-
ting). Other trends could have been included in
scenarios; for example the introduction of autono-
mous ships, or more regulations on local pollution
such as SOx, NOx, and PM. However, the number of
variables has been kept low to maintain focus on
some key issues.

A CO2emission level and a break-even cost const-
ructed as described above is assigned to every
vessel inthe competing fleet.
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8.1.3 FUEL AND ENERGY-EFFICIENCY
TECHNOLOGIES

A repository of fuels and energy-efficiency
measures is available for application in the model.
Fuels and energy-efficiency measures are app-
lied to the individual ship designs to be evalua-
ted, and to the ships in the competing fleet.

Each technology element affects the total cost
level, ultimately resulting in a total cost distribution
forthe fleetand the selected vessel designs. The
voyage costs depend on the fuel prices, which can
be altered in the front-end. CO, emissions depend
onthe selected fuel, and the energy efficiency
level. Additional investment costs are added to the
capital costs for scrubber technology, battery
hybridization, and LNG. The energy-efficiency
measures affect the fuel consumption (and thus
the voyage costs) and the total CO,emissions (and
thus the carbon cost). Learning curves are emplo-
yed to reflect how the investment costs for fuel
technologies reduce with time.
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To showcase our model as a framework for analysis,
we now explore some possible designs for the bulk
carrier segment. The design alternatives include
several possible fuel and energy-efficiency techno-
logies. Our reference vessel is a 55,000 deadweight
tonnage (DWT)Handy Max bulk carrier, also known
as a Supramax. Using the model, we aim to shed
light on some key questions for a ship designed
today and builtin 2020:

— How will an individual design perform relative to
the fleet over its lifetime?

— How isthe individual design exposed to
carbon risk?

THE SEGMENT

Ourreference vessel is part of a segment of ships
thattypically transport minor bulks, grain, and
coal. Their main dimensions allow them to call ata
vast number of ports and to reach terminals that
are often inaccessible for larger ships.

In our model, we make the simplified assumption
thatall bulk vessels of 50,000-55,000 DWT belong
to this segment. Atthe time of writing this report,
there are 603 bulkers in this size segment, corre-
sponding to 31.6 million DWT. The average age of
these vesselsis 12.4 years, which is one year older
than the average age of the entire dry bulk fleet.
We model the development of this fleet to assess
the competitiveness of our reference vessel, and
assume that the fleet will run mainly on MGO (or
Low-Sulphur HFO, LSHFO) in 2020, with 10%
using HFO in combination with scrubbers.

THE DESIGNS

In our modelling for the reference vessel, we
consider ships to be delivered in 2020, which
means that no fuel option described in chapter 5
is available. We do not consider electrification or
the use of hydrogen. We consider most energy-
efficiency measures described to be available, at
a cost.

From this menu of options, we consider three
easily-distinguishable designs to illustrate the
use of the model:

Design A: The standard ship

— Running on MGO/LSHFO

— Standard newbuild energy-efficiency
levels; no additional investment

Design B: The LNG-powered ship

— Running on LNG with investmentin
engine, fuel tanks, and systems

— Standard newbuild energy-efficiency
levels; no additional investment

The fuel-efficient ship
— Running on MGO/LSHFO
— Enhanced levels of energy efficiency,
with additional investment.



THE FUTURE FLEET

Scenario: Dull Blue

After adoption of the IMO GHG-reduction
strategy, the development of further regulations
and measures comes to a standstill, and shipp-
ing will not reduce GHG emissions to meet the
settargets for 2050. The EEDI is slightly strengt-
hened and only a few policy measures for
developing carbon-neutral fuels are initiated.

The delayed introduction of binding regulatory
measures from the IMO weakens the incentive
for shipowners and providers of technology alike
to investin R&D, piloting, and early-

phase market introduction of low-emission
technologies.

From 2030, alternative fuels are available in small
quantities at a reasonable price. There is a limi-
ted uptake, firstin short-sea and then, from
2040, in deep-sea. Scrubbers will remain a
popular choice, with a significant market share.

Resulting fleet: 2040

A —

gy
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Scenario: Bright Green

The IMO's decarbonization vision and 50% GHG
emission-reduction ambition for 2050 is followed
up by strengthening the EEDI, which impacts
increasingly on new designs from 2025. In 2030,
the IMO introduces a market-based measure, a
fuel levy of USD50 per tonne (/t) of CO,,.

The global IMO regulations are accompanied by a
massive R&D and implementation effortto make
carbon-neutral fuels available from 2030 onwards.
Traditional oil-based fuels are replaced, first by
LNG and then by carbon-neutral alternatives. The
shift to alternative fuels makes exhaust scrubbers
redundant from 2030.

Fuel substitution starts in the coastal and short-
sea segmentfrom 2025. Availability of alternative
fuels developsfirst regionally, then globally for
the deep-sea segments. Increasing demand for
low-carbon transport results from regulation,
market pull, and reduced costs due to R&D. Itis
followed by a scale-up of the application of ‘green’
ship technology and fuel production and distribu-
tion, driving prices even lower for alternative fuels.

A growth rate of 2.6% has been applied in both scenarios, which gives a total of 986 vessels in 2040.

Fuel and energy efficiency in 2040

MGO/LSHFO 75%
HFO + scrubber  17%
LNG 8%

Note: Almostall vessels have baseline energy efficiency

Fuel and energy efficiency in 2040

MGO/LSHFO 55%
HFO + scrubber 3%
Battery hybridization 4%
LNG 18%
Biofuels 19%

Note: Some 20% of ships have energy-efficiency levels beyond baseline
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THE BULK CARRIER CASE STUDY:
THREE POSSIBLE DESIGNS

To showcase the carbon-robust model, three
bulk carrier design alternatives are presented.
These are variations over the same 55,000
DWT Handymax vessel, featuring different fuel
and energy-efficiency technology options. The
competitiveness of the three designs is
assessed using the model, capturing changes
to the investment and fuel costs associated
with the fuel and technology options.

Design A The standard ship

Running on MGO/LSHFO
Standard newbuild energy-efficiency levels, no additional investments

Operational practices including:
O—A{ - Weather routing

- Trim & draft optimization

O Diesel-mechanic machinery

Q

Conventional propeller,
rudder configuration
and aft form

Standard hull shape,
coating and maintenance
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Design B The LNG-powered ship

Running on LNG

Investment in engine, fuel tanks, and systems, standard newbuild energy-efficiency levels, no additional investments

O_

4{

Operational practices including:
- Weather routing
- Trim & draft optimization

il

N

Y

/

Q

N

Conventional propeller,
rudder configuration

and aft form

LNG engine and fuel system Standard hull shape,
coating and maintenance

Design C The fuel-efficient ship

Running on MGO/LSHFO
Enhanced levels of energy-efficiency, with additional investments.

4{

Optimized autopilot
Operational practices including: and combinator
- Weather routing
- Trim & draft optimization

(O}

Hull shape

. . . optimization
Diesel-mechanic machinery

Conventional propeller,
rudder configuration

and aft form

Optimized design with PIDs

Standard hull shape,
coating and maintenance

Main engine performance optimization
Aucxiliary systems optimization
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RESULTS: DESIGN EVALUATION

We apply the model to the three designs described
above for our reference vessel, exploring perfor-
mance under two different scenarios (see table
page 129) thatresultin different future fleets.

The following fuel and carbon-price assumptions
have been applied:

— MGO/LSHFO — USD600 per tonne (/t)

— HFO -USD400/t

— LNG -USD700/t

— CO2-USD50/tin the ‘Bright Green’ scenario,
with implementation in 2030

Figure 8.2.1 shows the fleet break-even rate distri-
bution for 2020. For any break-even rate, we show
the number of ships in the fleet to which this rate
applies. The 2020 distribution isthe same in both
scenarios as it based on the currentfleet. The
lower the break-even rate, the higher the potential
for profit. The figure shows that most vessels need
about USD23,000 per day (/d) (including fuel) to
break-even. Some poorly-performing ships need
USD25,000/d. The bestvesselsin the fleet need
lessthan USD18,000/d.

The figure also shows the performance of the three
designs for ourreference vessel: A, B,and C. In
2020, they are found in the high-cost range of the
distribution, reflecting the capital burden of finan-
cing new vessels. The standard ship (A) and the
fuel-efficient ship (C) perform similarly in 2020,
although the more energy-efficient design’s break-
even rate is slightly better. The LNG-powered ship
(B)is struggling with higher costs.

Figure 8.2.2 and 8.2.4 show the fleet changes
over time inthe ‘Dull Blue’ scenario. In 2030, the
distribution curve has shifted to the leftas it now
includes more ships with lower break-even rates.
The number of ships with rates close to
USD25,000/d has declined. In 2040, the curve
has shifted even further to the left.

The performance of our reference vessel designs
also change with time. In 2030, the energy-efficient
ship (C)is performing best, with designs Aand B
trailing. In 2040, with their debts repaid, our refere-
nce-vessel designs are all competing in the low-
costrange of the fleet.

Figure 8.2.3 and Figure 8.2.5 show the changesin
the fleet over time in the ‘Bright Green’ scenario.
There are significant differences compared to the
‘Dull Blue' scenario. The 2030 distribution has
shifted to the right, reflecting the USD50/t CO>
levy that our model imposes on the fleetin 2030.
However, in 2040 the distribution shifts back to the
left as energy-efficient designs enter the fleetin
greater numbers, compensating for the COz levy.
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FIGURE 8.2.1

Fleet brake-even rate distribution and break-even daily rate for the three reference vessels, 2020 - both scenarios
Units: Number of vessels

Fleet

composition

Design A
Design B

Design C

oo ®
10,000 15,000 20,000 25,000 30,000

Break-even daily rate ($/day)

FIGURE 8.2.2

Fleet brake-even rate distribution and break-even daily rate for the three reference vessels, dull blue 2030

Units: Number of vessels

Fleet
composition
IS DesignA
I DesignB
Design C
o o J
10,000 15,000 20,000 25,000 30,000

Break-even daily rate ($/day)
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FIGURE 8.2.3

Fleet brake-even rate distribution and break-even daily rate for the three reference vessels, bright green 2030
Units: Number of vessels

Fleet
composition

I DesignA
B Design B
B DesignC
o oo
10,000 15,000 20,000 25,000 30,000

Break-even daily rate ($/day)

FIGURE 8.2.4

Fleet brake-even rate distribution and break-even daily rate for the three reference vessels, dull blue 2040
Units: Number of vessels

Fleet
composition

I DesignA
E DesignB
I DesignC

® o
10,000 15,000 20,000 25,000 30,000

Break-even daily rate ($/day)

FIGURE 8.2.5

Fleet brake-even rate distribution and break-even daily rate for the three reference vessels, bright green 2040
Units: Number of vessels

Fleet
composition

Design A

Design B
Design C

10,000 15,000 20,000 25,000 30,000
Break-even daily rate ($/day)
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Figure 8.2.6 provides further details for the two
scenarios. Here the percentage of the fleet that
performs better than our designs are given for
2020, 2030, and 2040. Performance is ranked both
on break-even rate and COz2emissions.

Forthe break-even rates, we see the same as in the
figures on page 133-134; our vessels struggle to
compete in 2020, but the relative performance
improves with time. Forthe LNG-powered ship (B),
we see marked improvementin 2030 under the
‘Bright Green' scenario.

The numbers for CO2 performance tell a slightly
different story. All three designs perform very well
in 2020, competing with older, less efficient ships. In
2040, our designs still perform well in the ‘Dull Blue'
scenario. However, in the ‘Bright Green’ scenario,
only the LNG-powered vessel (B)is still performing
wellin 2040, when itis outperformed by only 24% of

FIGURE 8.2.6
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the competition. At that point, the standard ship (A)
has higher emissions than halfthe fleet, and the
energy-efficient ship (C) is not much better.

The modelling of the two scenarios and three
designsin Figure 8.2.6 provides afirst glimpse
of the model's capabilities, and generates useful
insights. However, there are numerous other
interesting possibilities to explore in relation to
the three reference-vessel designs and the
development of the fleet.

In the following pages, we use the model to explore
some of these options, asking ‘what if?’ questions
to investigate how the designs perform in compe-
tition with the fleet throughout their lifetime, and
how they are exposed to carbon risk. The answers
are compared againstthe base-case results shown
in Figure 8.2.6.

Relative performance of three designs under two scenarios, showing the percentage of the whole fleet that
performs betterin 2020, 2030, and 2040: performance is ranked both on break-even rate and CO, emissions.

BREAK-EVEN DAILY RATE

Scenario: Dull Blue

Scenario: Bright Green

CO, EMISSIONS

Scenario: Dull Blue Scenario: Bright Green

2020 2030 2040 2020 2030 2040 2020 2030 2040 2020 2030 2040
DesignA 0% 16% 3% 60%  16% 3% 5% 7% 0% 5% 28%  51%
w 100% 80%  21%  100%  54%  16% 1% 1% 1% 1% 0%  24%
DesionC 579, g% 3% 52% 7% 3% 1% 4% 9% 1% 19%  38%
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WHAT IF THE COST OF FUEL INCREASES?

Fuel prices are highly volatile. Predicting prices
two decades ahead is impossible, but how do our
designs perform if we assume substantially
higher fuel prices? Here, we explore an alternative
price scenario in which MGO increases by 25%
above our base-case to USD750/t, HFO by 37.5%
to USD550/t, and the LNG price is kept constant
at USD700/1.

FIGURE 8.2.7

Atthese higher prices for MGO and HFO, the
energy-efficient ship (C) reaps the reward for
improved energy efficiency and gains competi-
tiveness under both scenarios, most notably in
the shortterm (Figure 8.2.7). The LNG-powered
ship (B) also becomes more competitive as the
LNG price is lower in relative terms, and the
design outperforms the standard ship (A) in both
scenarios. The COzranking is unchanged.

Relative performance — assuming high fuel prices — of three designs under two scenarios, showing the
percentage of the whole fleet that performs betterin 2020, 2030, and 2040: performance is ranked both on

break-even rate and CO, emissions

BREAK-EVEN DAILY RATE

Scenario: Dull Blue

2020 2030 2040 2020 2030

Scenario: Bright Green

CO,EMISSIONS

Scenario: Dull Blue Scenario: Bright Green

2020 2030 2040 2020 2030 2040

DesignA 409 16% 3% 60%  28% 5% 7% 0% 5% 28%  51%
I N N S—— I I D
W 53%  10% 3% 53%  14% 1% 1% 1% 1% 10%  24%
I . ___§ =& i 5 5 5 |
DesignC 599, 7% 3% 29% 6% 1% 4% 9% 1% 19%  38%



WHAT IF WE USE HEAVY FUEL OILWITH
EXHAUST SCRUBBERS INSTEAD OF MARINE
GAS OIL?

Our reference designs A and C are assumed to
run on MGO. How do our results change if the
vessels use HFO and exhaust scrubbers, instead
of MGO? With fuel prices reset to their original
levels asin our base case, we see from Figure

FIGURE 8.2.8
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8.2.8 that using HFO substantially improves the
break-even performance of Aand Cin 2020, both
ships now being outperformed by only 9% of the
competition (compared to 60% for A and 52% for
Cinthe base case). The downside to thisis a
significantly reduced performance for CO,
emissions, increasing the exposure to market risk
if demand for low-emission vessels increases.

Relative performance — assuming HFO with exhaust scrubber instead of MGO - of three designs under
two scenarios, showing the percentage of the whole fleet that performs better in 2020, 2030, and 2040:
performance is ranked both on break-even rate and CO:2 emissions.

BREAK-EVEN DAILY RATE

Scenario: Dull Blue

2020 2030 2040 2020 2030

Scenario: Bright Green

CO:2EMISSIONS

Scenario: Dull Blue Scenario: Bright Green

2020 2030 2040 2020 2030 2040

DesignA 9o, 1% 1% 9% 1% 64% 75% 81% 64% 82% 95%

w 100% 80%  21%  100%  54% 1% 1% 1% 1% 10%  24%
I |

DesignC g, 1% 1% 9% 1% 3% 6% 9% 3% 25%  47%
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WHAT IF WE ADD MORE ENERGY-
EFFICIENCY MEASURES TO OUR DESIGN?
Investmentin energy efficiency is often a good
business proposition, but notin all circumstances.
What if we further increase investmentin energy
efficiency for our already energy-efficient ship
(C)? And how does the competitiveness of our
LNG-powered ship (B) change if energy-efficiency
levelsincrease? Here, we model what happens
when we apply all available measures to design C
(with defaultfuel price and fuel choice settings)
and we increase the energy efficiency of design B
(Figure 8.2.9).

FIGURE 8.2.9

For the modified design C, break-even competi-
tiveness changes little, as the additional capital
expenditure is balanced by fuel savings. However,
the long-term CO, competitiveness is impro-
ved. Forthe LNG-powered ship (modified design
B), the impact on break-even competitiveness is
clearer, with significantimprovements in 2030
and 2040. CO, competitiveness is only marginally
improved. For both ships, the improvements are
more pronounced under the Bright Green
scenario.

Relative performance — assuming greater energy-efficiency — of three designs under two scenarios, showing
the percentage of the whole fleet that performs better in 2020, 2030, and 2040: performance is ranked both

on break-even rate and CO, emissions

BREAK-EVEN DAILY RATE

Scenario: Dull Blue

2020 2030 2040 2020 2030 2040

Design A 60% 16% 3% 60% 16% 3%
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Scenario: Bright Green

CO, EMISSIONS

Scenario: Dull Blue Scenario: Bright Green

2020 2030 2040 2020 2030 2040

5% 7% 10% 5% 28% 51%

I S S E—
DeSignB (o) o) o) (o) [o) o)
91% 50% 3% 91% 10% 3%

— I E— — E—

DesignC 530, g 3% 53% 1% 1%

1% 1% 1% 1% 7% 19%
I S E—
1% 1% 1% 1% 9% 23%



WHAT IF WE SELECT A LNG-READY
CONCEPT?

An LNG-ready conceptimplies building the ship
with conventional MGO/HFO fuel technology,
but preparing the vessel to allow a less-costly
LNG retrofit later. In the model, we recast the
energy-efficient ship design (C) as an LNG-ready
vessel. An initial investment of 1% of the newbuild
price isadded, and, in 2030, when the vessel is
retrofitted, the cost of the LNG technology and a
20% retrofit extra costis added. This investment
takes into accountthe fuel technology learning
curve mentioned in Section 8.1.3. The LNG price
is setto the default USD700/tin 2020 but 29%
lower at USD500/tin 2030 and 2040, thus
incentivizing the switch to LNG.

FIGURE 8.2.10
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From Figure 8.2.10 we see thatthe LNG-ready
vessel (design C modified)is placed at a disad-
vantage compared with the standard ship (design
A)when judged by break-even rates in 2020, but
performs better than the LNG-powered vessel
(design B). In 2030, with the LNG price now lower,
the LNG-ready vessel performs better or equal to
design A, but notas well as design B, the
LNG-powered ship. In terms of CO2 emissions,
design C performs similarly to design A (fuelled
by MGO) before the implementation of LNG
technology in 2030, after which it performs
similarly to design B (LNG-powered). In 2040,
large parts of the competitive fleet have paid off
their debts and become more competitive
relative to the LNG-ready vessel.

Relative performance — assuming LNG-ready Design C with baseline energy-efficiency technology — of three
designs under two scenarios, showing the percentage of the whole fleet that performs better in 2020, 2030,
and 2040: performance is ranked both on break-even rate and CO, emissions

BREAK-EVEN DAILY RATE CO, EMISSIONS

Scenario: Dull Blue Scenario: Bright Green Scenario: Dull Blue Scenario: Bright Green

2020 2030 2040 2020 2030 2040 2020 2030 2040 2020 2030 2040

DesignA 409  16% 3% 60%  28% 5% 5% 7% 0% 5% 28%  51%

W 100% 10% 3% 100% 8% 1% 1% 1% 1% 1% 0%  24%
I I I B B B B B B N —

DesignC  g19  16% 21% 81% 13% 18% 5% 1% 1% 5% 10%  24%
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CASE SUMMARY

Although limited to a specific ship segment, the
case study presented offers some valuable
insights. We see significant differences in compet-
itiveness over the life of a vessel under varying
scenarios. The results indicate that the energy-effi-
cient ship (design C) is the most robust choice in
terms of break-even competitiveness, striking a
balance between short-term and long-term
interest. The design performs adequately under
both scenarios.

In comparison, the standard ship faces the risk of
being outperformed under several likely condi-
tions. The LNG vessel struggles with high invest-
ment costs, and fuel prices that are advantageous
only under certain conditions. The LNG-ready
case seems to be economically feasible only if
emphasis is placed on the Bright Green scenario.

Adding exhaust scrubbers make sense, given the
HFO/MGO price, but risks creating a ship with
relatively low CO, performance. The case study
also reveals that vulnerability to CO, ranking is
potentially high, and could easily expose an owner
to significant market and carbon price risk in 2030
and 2040. In this respect, the LNG vessel (design
B)is a safer choice, although design C - the energy
efficientship - perhaps performs adequately.

The above conclusions come with some important
caveats. First, the sensitivity to fuel prices is high,
and should be rigorously examined. Also, only a
limited set of technologies and fuels have been
appliedin the specifications of the reference
vessels. Thus, further exploration of additional
scenarios and designs is needed to reach firm
conclusions.

.:;"“'n-..._
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Second, this case study only explores a bare
minimum of two fleet scenarios, leaving out
several highly relevant scenarios. To properly
manage the risk of becoming a stranded asset,
more scenarios should be explored to assess the
probability and consequences of these. Several
relevantaspects have notbeen considered in this
case study. This includes the potential game-
changers outlined in section 7.2, shifts in transport
demand, and the impacts of digitalization and
innovation. Future studies should be shipowner
specific, and could further explore;

— The impact of local, national, and regional
requirements to reduce harmful emissions to air

- Impacts on the fleet from various forms of
regulation, including ship speed limits

— The possibilities for designing vessels with
speed flexibility

— Scenarios thatvary trade volumes and fleet
growth rates

— Ship designs with high degrees of automation/
autonomy

- Scenarios that assume different carbon prices.

In addition, the results presented here apply to a
narrow fleet segment, the bulk fleet of 50,000-
55,000 DWT used in the case study. Extrapolating
to other segments should be done with caution.
Further studies should be case-specificand
explorative rather than trying to cover all possible
scenarios.

Different stakeholders could be interested in
analysing separate costitems, not only the total
break-even rate. Many shipowners do not pay the
fuel bill for their vessel; the charterer does. This
makes it more interesting for owners to keep the
capital and operational costs low, as these are the

items that must be covered by the rate they
receive. Investments in fuel and energy-efficiency
technologyis only of interest if the additional
investmentis recouped by receiving premium
freightrates, orifit makes the vessel first pick, thus
avoiding off-hire. Various perspectives can be
explored with the model to investigate individual
costitems in detail. It can also be used for stake-
holders wishing to analyse barriers to the uptake
of alternative fuels and technologies. Robustness
costs and certainty on future expectations and
requirements are powerful drivers for uptake.

The case study outlined above provides important
new knowledge. However, itis worth re-emphasiz-
ing thatthe scenarios described are limited in
complexity and variability, and that additional
parameters could be included to gain even more
insights for making informed business or policy
decisions.

In this report, we have explored the implications of
a global transition towards an increased use of
renewable energy and a diminishing use of fossil
fuels, which is underway and will progress towards
mid-century.

As discussed, uncertainty is high. However, we
believe that this uncertainty is manageable.

By applying a structured, knowledge-based
approach, supported by modelling tools and
expertassessment, stakeholders can stay ahead
of industry developments and remain competitive
moving forward.
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ENERGY TRANSITION
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A global and regional forecast to 2050

SAFER, SMARTER. GREENER

ENERGY TRANSITION OUTLOOK

Our main publication deals with our model-based
forecast of the world's energy system through to
2050. It gives our independent view of what we
consider ‘our best estimate’ for the coming energy
transition. The report covers:

The DNV GL Model and our main assumptions,
on population, productivity, technology, costs
and the role of policy and governments.

Our outlook for global energy demand for
transport, buildings and manufacturing, energy
supply for each energy carrier, energy efficiency
and expenditures.

Regional energy outlooks for each of our
10 regions.

The climate implications of our outlook and an
assessment of how to close the gap to 2°C.
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ENERGY TRANSITION
OUTLOOK 2018
OIL AND GAS

Forecast to 2050
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OIL & GAS

Our oil and gas report underlines the continued
importance of these hydrocarbons for the world’s
energy future. It forecasts several trends:

Gas will overtake oil to become the largest
energy source in 2026, and industry efforts
will be directed accordingly.

Production is likely to come from a greater
number of smaller, more technicallychall-
enging reservoirs, with shorter lifespans.

Investment in pipeline and LNG infrastructure
will increase to connect new sources of supply
with changing demand centres.

New gases will enter distribution networks,
and lifecycle performance will come under
increasing focus for the refining and petro-
chemical industries.
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POWER SUPPLY AND USE

This report presents implications of our energy
forecast for key stakeholders in the power industry,
including electricity generation, which includes
renewables; electricity transmission and distribu-
tion; and energy use. Amidst electricity consump-
tion increasing rapidly and production becoming
dominated by renewables, the report details
importantindustry implications. These include:

Deep and widespread change involving
established energy industry players.

The need forincreased use of market mechanisms
and changes to the electricity markets
and regulation.

Massive expansion and automation of
transmission and distribution network.

Rapid expansion of electric vehicles.

MARITIME
FORECAST TO 2050

Enecgy transition outlock 2018

MARITIME

In our Maritime Forecastto 2050, we present our
wider outlook for the maritime industry.
The report details:

— Outlooks for seaborne trade; for regulatory
development; as well as fuels and technology

— Implications for the world fleet, including future
energy mix and greenhouse gas emissions.

The report ends by presenting a significant
development of the ‘carbon robust ship concept’;
astructured, knowledge-based approach to
handling uncertainty — supported by modelling
tools — which allows stakeholders to stay ahead of
industry developments and remain competitive
moving forward.
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