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Executive Summary

The s tQOg gmisdions from international shipping 7 possible reduction targets and their

associated pathwaysd f ocuses on understanding the potential p a
of international shipping, in the context of wider global decarbonisation consistent with the Paris

Agreement.

The study derived targets ranging from the most ambitious, achieving zero emissions by around 2035

(temperature stabilization 1.5 degrees above pre-industrial levels), to the least ambitious,

approximately keeping CO, emissions from shipping constant at their current levels (a target
representative of the average developing countryo6s Na
Corresponding to each target, a set of simulated pathways, each exploring the details of how the

shipping industry would meet the specified target, were produced.

This study was undertaken using a series of models and selections of assumptions, to simulate how
the shipping sector might evolve to meet different constraints on its total CO, emissions.

The simulations are run from 2010 to 2050. The modelling is initiated in the baseline year 2010 using
data obtained that characterises the different sectors of international shipping (broken down into ship
type (e.g. dry bulk carrier, container ships) and size (e.g. Panamax, 8000TEU) at that point in time.
The model then simulates the evolving decisions made by shipping owners and operators in the
management and operation of their fleets (including the specification of new builds, decisions to
retrofit, switch fuel or change average operating speed).

To investigate how different ships perform using different mixes of technologies and operational
interventions a model underpinned by detailed engineering assumptions and relationships is used.
This generates many ship design options with different design, technology, fuel and operational
specifications.

In order to meet a given target for CO, emissions, the model uses a carbon price. The price is set for
each year of the simulation, such that it enables a sufficient change within shipping (e.g. selection of
appropriate low carbon technology, operation, fuel), or purchase of offsets, so that the overall net
emissions from shipping follow the required trajectory. Varying constraints are placed on the amount
of CO, emissions that can be offset out of sector.

The model is run for ten different scenarios. The scenarios correspond both to different CO, targets,
and different input assumptions and allow the sensitivity of the results to variations in assumptions to
be explored. All assumptions used were sourced from existing literature. The assumptions used are
listed in the report, along with extensive data on the performance and costs of different energy
efficiency interventions.

A key assumption and important uncertainty in the work, is the evolution of transport demand to 2050.

I n Iight of both recent trends in world trade, and su
scenarios use the Third IMO GHG Study 2014 demand scenarios which are broadly consistent with 2

degree temperature stabilisation and so projects declining demand for the transport of fossil

commodities, coal and oil, whilst driven by increasing population and wealth, increasing demand for

some bul k commoditi es a wides @ppnoxinatelygeowth | demand of A%ges s er
annum for container shipping, growth for dry bulk of 2.5% per annum, and a halving of demand for oil

tankers over the period i driven by the increasing decarbonisation of the global economy.

Page 8 of 61



Results

The study proposes a target for shipping that ensures reductions consistent with the overall ambition
of the Paris Agreement. There are a number of different ways to achieve this, but the study
recommends that to allow a gradual transition, net emissions will need to peak in 2025, with absolute
emission reductions amounting to approximately 400 million tonnes in net emissions, by 2050.
Consistent with the Paris Agreement, emissions will then need to reduce to zero during the second
half of the 21st century.

Regarding different possible pathways, the results from the simulations show, consistent with the
Third IMO GHG Study, that with no further policy, expectations are that CO, emissions from
international shipping will rise. The results also show that a number of decarbonisation pathways in
which emissions from international shipping peak and then reduce, are also foreseeable. Exploring
the details of the results reveals a number of key findings:

1 Ineach decarbonisation pathway, there are different relative contributions from technical and
operational interventions on energy efficiency (both more efficient newbuilds and retrofitting to
existing fleet), use of alternative fuels, and the purchasing of CO, emissions offsets.

91 Inorder to achieve absolute emissions reductions, whilst accommodating an increase in
transport demand, shipping will need to reduce its average carbon intensity (the amount of
CO, emitted per tonne of goods moved) by more than can be achieved through energy
efficiency interventions alone. Whilst there are different ways this can be achieved, the
scenario results show that in addition to the use of a number of energy efficiency
interventions, alternative (low carbon) fuels such as biofuel and hydrogen become preferable
to the use of extremely low operational speeds in combination with fossil fuels.

1T Because the study did not exhaustively test all t
that hydrogen could have an important role in the future of international shipping is not
evidence that hydrogen is the most suitable. But it does indicate the potential for fuels like
hydrogen generally, as a means to convert energy (e.g. from surplus renewable energy in the
electricity grid) into a store of energy for use in ships. In this respect hydrogen is similar to
batteries and depending on how technology develops in both of these areas will determine
which could be the better solution for different future ship designs in the future.

1 Costs, both for energy efficiency technologies, and fuels, are of high uncertainty. One
scenario explores the consequences of dramatic cost reductions both for machinery (main
engines), and energy efficiency technologies. The results show that in this scenario whilst
there is a reduced cost for international shipping, the pathway that the sector follows is in
practice very similar to the equivalent standard cost scenario.

1 The role of offsetting is explored, assuming that a reliable and robust method for offsetting is
available. Offsets purcharskan aggr iane @& sdp pnadredi Hge @
(202006s and 20 3eDféfsec ttiovebh emeaancso stto manage shippi ngi
However, they become more expensive with time (as the low-hanging fruit for decarbonising
the wider economy daeetydass oftsstxeirdmanysgdenadon give way to
increasing amounts of CO, emission reduction within shipping. This indicates it could be
dangerous to assume that shippingb6s decarbonisat.i
emission offsetting.
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1 Introduction

The overall aim of this project is to provide DSA with support and evidence so that it can establish
specific, ambitious, achievable and time dependent reduction targets for CO, emissions for the future
of international shipping. Those reduction targets must:

1 bein form of specific reduction percentages in relation to a baseline year 2010;
1 be based on thorough and comprehensive research;
91 take into consideration that the fleet is diversified in size and type of operation.

2 Approach

2.1 Scenarios method overview

We carry out a scenario approach using an existing suite of data and models, and wherever possible

leveraging the substantive work that has already been undertaken to develop rigorous, robust and

appropriately detailed tools to describe the possible scenarios for the evolution of the shipping

industry over the next decades, and the details of th

The model used is called GloTraM, which performs a holistic analysis of the global shipping system
for investigation of how shipping might change in response to developments in fuel prices and
environmental regulation (on emissions of SO,, NO,, PM, CO2). Areas of particular focus are the
possible trajectories of the COz emissions from the shipping industry, and what the costs and impacts
of substantial emission reduction of the shipping industry might be. The period covered by the
modelling is 2010-2050 with a validation scenario which runs from 2008-2015.

A conceptualisation of the modelling framework can be seen in Figure 1. Each box describes a

component within the shipping 6systemdéd. The feedbacks
few are displayed on this diagram for the sake of clarity. This conceptualisation allows us to break

down the shipping system into manageable analysis tasks, ensure that the analysis and any

algorithms are robust, and then connect everything together in order to consider the dynamics at a

6whole systembd | evel

EXOGENOUS DRIVERS

Consumption: population, wealth Fuel Policy
Production. natural resources, manufacturing Price, availability Regulation, fiscal

Transport i Freght 1 OTHER MODES
demand | _ Passenger |
Allocation to mode: Other modes
- Shp., train, air
train, road, air
Routes
] Portto port
Other modes SHIPPING
-5 | Shipping logistics
1 model
pream [ ploadng spesd, |
Existing, retrofit, new Ship stock Lo dbtance, ] !
Technologies/fuels model i
’ Port model F——)‘ Ship model l
--_.{ energy, emission, cost

Figure 1: Conceptualisation of the shipping system
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GloTraM and its input data and assumptions are based on a simulation of the shipping industry. The

model is initiated in a baseline year using data obtained that characterises the shipping industry at

that point in time, then the model time-steps forwards simulating the decisions made by shipping

owners and operators in the management and operation
maxi mi singd approach, assuming that individual owner s
profit, and the model includes the representation of known market barriers and failures (e.g. the

charterer/owner split incentive) in order to generate scenarios of technology and operational change

that match actual observed behaviour as closely as possible. For a detailed model methodology

documentation the interested reader is referred to Smith et al. (2013)1 and AGI obal Marine Fue
Trends @biom adaloln with Lloydds Register (2014).

To investigate what might be the appropriate mix of technologies and operational approaches for
future ship designs the Whole Ship Model (WSM) was developed, which is a holistic ship design tool,
primarily developed at UCL, that can generate many ship design options with different design,
technology and fuel combinations. The Whole Ship model can be used to explore different
arrangements and uses of energy efficiency measures on container ships, bulk carriers and tankers
evaluating their performance over an operating profile. Figure 2 shows an overview of the inputs that
the WSM can utilise. Ship design and operational assumptions can be combined in order to examine
how a ship performs over an operating profile at an early design stage. The WSM can compare
technologies, different design variants of the same ship specification or examine the performance of
shipping fleets, depending on the preference of the designer or decision-maker®.

. . Efficiency \
Ship Design
P g Measures
Costs Weather

Whole Ship

Performance
Model (WSM)

Evaluation

Figure 2: Overview of Whole Ship Model

The WSM has an iterative design process for both design and in service operating conditions that
includes the effects of different technologies, operational measures, fuel types, regulations, speeds
and weather; leading to a numerically balanced design option. The design process establishes and
fixes the main characteristics of the ship (e.g. capacity and installed power). The operational
assessment process uses the ship specification created by the design process and calculates its
performance at different ship speeds, weather conditions and in regulatory regions like for example in
Emission Control Areas (ECA). It is important to note that the WSM calculates the ship performance in
a series of steady-state conditions. The use of time-domain approaches is being considered for future
development to allow full voyage modelling.

! Smith, T., O'Keefe, E. & Haji, S., 2013a. GloTraM method. London, UCL.

2 Calleya, J.; Gasper H.M.; Pawling, R.; Ryan, C. (2016), Using Data Driven Documents (D3) to Explore a Whole
Ship Model, SoSE, Kongsberg, Norway

Page 11 of 61



2.2 Ship types included

2.2.1 Specific ship type and sizes

Table 1 lists the ship types and size categories that are considered in the study.

Table 1: Ship type and size categories considered in this study, including the number of DSA member
owned and operated ships corresponding to the categories

DSA number of
dwt ships included
> =<
0 9,999 0
1 Dry bulk 10,000 34,999 95
35,000 59,999 57
60,000 99,999 97
100,000 199,999 17
200,000 + 0
dwt
> =<
3 Product and_ chemical 0 4,999 32
carrier 5,000 9,999 49
10,000 19,999 77
20,000 + 315
TEU
> =<
0 999 0
1,000 1,999 33
4 Containership 2,000 2,999 56
3,000 4,999 91
5,000 7,999 62
8,000 11,999 97
12,000 14,499 13
14,500 + 28
dwt
0 4999 50
5 General Cargo 5000 9999 m
10000 + 62
cbm
> =<
6 Gas 0 14,999 62
15,000 39,999 6
40,000 99,999 3
100,000 + 0
dwt
> =<
0 4,999 0
5,000 9,999 0
7 Oil tanker 10,000 19,999 0
20,000 59,999 11
60,000 79,999 0
80,000 119,000 18
120,000 199,000 0
200,000 + 2

2.2.2 Representative ships

In order to avoid including plots and tables for every ship type and size category listed in Table 1,
case studies are undertaken in Section 3 on a number of specific ship specifications. Including:

- Panamax dry bulk carrier (Max size 32.31m x 294m)
- MR tanker
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- Medium container (~4500 TEU)
- VL container (~13000 TEU)

2.3 Scenarios

Table 2 provides a summary of the scenarios with the description of the key parameters that are
changed in each scenario. An explanation for the different assumptions used and justification for the
variations can be found in Appendix A.

The model is run for ten different scenarios. The scenarios correspond both to different CO, targets,
and different input assumptions. All assumptions used were sourced from a combination of existing
literature, and discussed with DSA and its members.

There are four options for the CO, budget which correspond to 18, 23, 33 and 79 Gt of cumulative
CO, emissions during the period 2010 to 2100. Scenario 4, 5, and 10 have respectively a carbon
budget of 18, 23, and 79 Gt, while scenarios 6 to 9 have a carbon budget of 33 Gt.

An MBM regulation is introduced in the modelling simulations. The start year can vary; in the majority
of the scenarios the start year is 2025, except for scenarios 6 and 7 in which the start year is 2030.

Only a percentage of the total revenue derived from a carbon pricing can be used to purchase CO,
offsets. The percentage can be 0%, 20%, 50%, and 80% and it varies among the scenarios as shown
in Table 2.

There is a single transport demand projection used for all scenarios called 2 degree SSP3. It reflects

the projections described in the Third IMO GHG Study 2014 driven by the curves RCPs 2.6 and

SSP3. The curve RCPs 2.6 is broadly consistent with 2 degree temperature stabilisation and so

projects declining demand for the transport of fossil commodities, coal and oil. The curve SSP3 is

driven by increasing population and wealth, increasing demand for some bulk commodities and

container shippingbés services (approximately growth i
shipping, growth for dry bulk of 2.5% per annum, and a halving of demand for oil tankers over the

period i driven by the increasing decarbonisation of the global economy).

There is single fuel price projection called A2 degr e
model TIAM-UCL. The only variation is for scenario 9 and 10, in which a modification is applied to the
LNG price; it remains stable from 2035. This variant

There are three options for the level of bioenergy availability. These are: lower bound (1 EJ), mid-
range (4 EJ), and upper bound (11 EJ). The bioenergy availability varies among the scenarios as
shown in Table 2.

There are also three options for the slow steaming constraint. Due to the relationship speed and
power, this constraint is simulated by applying a limit to the minimum powering. In practice the
operational speed is assumed to be set according to market conditions, however a bound is
introduced for the reduction of installed power to represent different potential machinery limits. The
three options are: very limited, limited, and relaxed, which reflects respectively a limit to reduction of
installed power to minimums of 40%, 20% and 1% of the total installed power. For example, the case
with limited slow steaming constraint means that the minimum power output is limited to reduction to
20% of installed power.

To estimate the profitability of a given selection of energy technologies, a value of 3 years for the
return of investment period is used in all scenarios, except for scenario 10, in which a value of 5 years
is used.

There are two options for the barrier of market parameter: 50%, and 80%. This parameter indicates
the % share of the fuel savings gained by technology investment that is passed to the ship owner and
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is a representation of some of the market barriers that can exist between owners and charterers (such
as the split incentive).

A central set of assumptions for the costs of technology (energy efficiency technologies and main
machinery technologies) is used in all scenarios, except for scenario 7, in which a value of 25% of the
full price is used.
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Table 2: Scenario descriptions

: . Demand . . .
Regulation scenario (Sec.3 App. A) (Sec. 4 App. A) Techno economic (Sections 5 to 7, Appendix A)
Fair share .
derived CO, MBM out- . Fuels . Bio Slow NPV Technology
start sector Trade scenario . Fuel price availability Steaming b.tc
budget ear offsets option scenario constraint | Y€ cost
(2010-2100) | Y
_Scenarlo ' All fuels 2-degree Lower
I - - - 2 degree SSP3 | excluding deg Very limited 3 50% | Full
Validation a2 price bound
run
. All fuels
Scenario 2 - - - 2 degree SSP3 | excluding 2-degree Lower Very limited | 3 50% | Full
-BAU H2 price bound
Scenario 3 All fuels 2>_dearee Lower
- BAU no - - - 2 degree SSP3 | excluding riceg bound Very limited 3 50% | Full
EEDI H2 P
. 2-degree .
Scenario 4 18 Gt 2025 0% 2 degree SSP3 | All fuels price Mid-range Relaxed 3 50% | Full
. 2-degree . .
Scenario 5 23 Gt 2025 20% 2 degree SSP3 | All fuels price Mid-range Limited 3 50% | Full
Scenario 6 33 Gt 2030 20% | 2 degree SSP3 | All fuels 2-degree | Lower Limited 3 | 50% | Full
price bound
- 0,
Scenario 7 33 Gt 2030 | 20% | 2degree SSP3 | All fuels 2-degree | Lower Limited 3 | 500 | 22%offul
price bound price
. 2-degree , .
Scenario 8 33 Gt 2025 20% 2 degree SSP3 | All fuels orice Mid-range Limited 3 50% | Full
All fuels
Scenario 9 33 Gt 2025 50% 2 degree SSP3 | excluding LNG low Mid-range Limited 3 50% | Full
H2
Scenario 79 Gt 2025 | 80% | 2degree SSP3 |Allfuels | LNGlow | (h9ner Relaxed 5 | 80% | Ful

Page 15 of 61



3 Summary of results

This section explores results generated from two different approaches:

1 Section 3.1 presents the results generated using the Whole Ship Model only. This shows
what is achievable as a reduction on 2010 carbon intensities, using different combinations of
energy efficiency technology, fuel and operational change (speed)

1 Section 3.2, 3.3 and 3.4 present and explore the results simulated for the 10 scenarios
defined in Table 2.

The two sets of results cannot be easily cross-referenced. The results from the Whole Ship Model in
Section 3.1 are not inclusive of considerations of the cost/revenue implications of the different

solutions, but focus only on how the magnitude of carbon intensity could be changed. This contrasts

with the approach taken in Section 3.2, 3.3 and 3.4, which is informed by a matrix of newbuild and

retrofit options generated by the Whole Ship Model, and which then explores results from GloTraM

which applies an objective function in the form of a CO, emissions target, and then allows the model

to select the combination of technology, operational intervention and offsetting which meets the

object i ve function whil st profisxi mi sing a shipownerés

3.1 How could different levels of carbon intensity reduction can be achieved

through combining technical and operational measures

The Whole Ship Model used in this study enables ship designs to be generated that combine a
number of technical and operational measures. The model represents major key naval architecture
and marine engineering interactions and relationships, in order to estimate whole system impacts of a
change in technical or operating specification. An explanation of how the predecessor of the whole
ship model represents technical and operational measures is given in Calleya et al. (2015) 3 with a
more recent description of the new whole ship model described briefly in Calleya et al., (2016)4 and
Appendix 2. A set of technologies was defined that represents a maximum specification that could be
applied:

Contra rotating propeller

Air lubrication

Main engine Turbo compounding parallel

Aux turbo compounding series

Organic Rankine Cycle WHRS

Flettner rotors (not applicable to the container ship)
Kites

Engine derating

Speed control of pumps and fans

Block coefficient improvement

=4 =4 =4 4 -4 -4 -4 -4 -4 A

From Table 3 it is possible to observe that there are different pathways to achieve a lower EEOI:
speed reduction, alternative fuels, technology mixture or a combination of them. However, to achieve
a reduction of 70% or more from the baseline EEOI, and in particular for the MR tanker and 5000 TEU
container ship, it is only achievable by combining speed reduction, change of fuel and energy saving

8 Calleya, J.; Pawling, R.; Greig, A., Ship Impact Model for Technical Assessment and Selection of Carbon
Dioxide Reducing Technologies (CRTSs), Journal of Ocean Engineering, Elsevier, Vol. 97, March 2015, pages 82-
89, ISSN 0029-8018, http://dx.doi.org/10.1016/j.oceaneng.2014.12.014

4 Calleya, J.; Gaspar, H.M.; Pawling, R.; Ryan, C., Using Data Driven Documents (D3) to Explore a Whole Ship
Model, SoSE, Kongsberg, Norway, 2016
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technologies. On the case of the Panamax bulk carrier, speed reduction could well achieve the 70%
EEOI reduction but it is important to highlight that the operating speed needs to reduce by about 60%
(i.e. 4.5 kt). Careful attention is needed to ensure the safety and manoeuvrability of any ship designed
with such low operating speeds.

It is important to mention that the stated set of technologies (in the above list) is not as exhaustive as
the list contained in Appendix 2 and should be treated as an example of a technological combination
on board a ship. In practice, energy efficiency measures and their integration are designed with the
specific ship and the customer requirements that are being considered. It is recognised that the
management of human factors and their interaction wit
technologies will help to extract optimal performance from any ship design. Monitoring and analysis,
decision making and coordinating the operational performance from on board or at shore are some
examples of soft interventions that can be used to optimise the performance of the vessel. The Whole
Ship Model studies and describes just a few of these options, not because they are not relevant but
mainly to the difficulty of generating a robust and reliable model which can adapt to different hardware
design combinations (e.g. ship type, fuel, etc.).

Two steps are shown for the increase in technology, one with all the technologies except wind
assistance and block coefficient improvement, and a second step that included both wind assistance
(where applicable), and block coefficient changes. In addition to these changes, variations in
operating speed were considered. All results, shown in Table 3, are compared to a baseline ship
specification (none of the technologies listed above are applied), and a reference EEOI which is
based on the average 2010 operating speed (taken from the Third IMO GHG Study). No variations in
capacity utilisation (t.nm/dwt.nm) were considered, any improvement in capacity utilisation has a
linear relationship on carbon intensity - doubling the capacity utilisation will halve the carbon intensity.

Two different levels of fuel decarbonisation are also applied, both a 50% and 75% reduction in fuel
carbon factor. No wider system impacts are applied to represent these fuel decarbonisations, they are
therefore indicative of an increase in bio or synthetic fuel being used rather than a larger system
change that might be expected with the use of a fuel such as hydrogen. This assumes that the Bio-
fuel mixture has the same thermal efficiency as current oil fuels and assuming that the carbon factor
can be reduced due to less emissions over the full lifecycle of the fuel. The results are presented with
two different colour filters:

1 Green shows greater than 70% reduction in carbon intensity (on the baseline 2010
specification)

1 Yellow shows between 30% and 70% reduction in carbon intensity (on the baseline 2010
specification)
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Table 3: EEOI value indexed to the baseline, 2010 specification, calculated using the Whole Ship Model
by taking into account potential impacts due to technology, operation and fuel change

Max.
Max.
technology,
technology, .
) wind
o . Max. technology Max. technology wind -
perating . . . . assistance
Baseline but no wind and wind assistance/block
speed (knots) . . /block and
assistance/block assistance/block | and 50% carbon
75% carbon
factor (Cy)
N factor (Cy)
reduction \
reduction
4.5 46% 49% 34% 17% 9%
6.0 46% 46% 31% 16% 8%
8.9 59% 56% 38% 19% 9%
9.7 66% 61% 42% 21% 10%
11.3 80% 73% 50% 25% 13%
MR tanker 11.7 85% 7% 53% 27% 13%
11.9 87% 79% 55% 27% 14%
12.0 89% 80% 55% 28% 14%
12.8 100% 89% 61% 31% 15%
14.3 131% 110% 75% 38% 19%
15.0 153% 126% 85% 43% 21%
4.5 25% 29% 19% 10% 5%
6.0 31% 32% 21% 10% 5%
8.9 52% 49% 33% 16% 8%
9.7 60% 55% 38% 19% 9%
11.3 77% 69% 49% 24% 12%
Panamax 11.7 83% 74% 52% 26% 13%
bulk carrier
119 86% 76% 54% 27% 14%
12.0 88% 78% 55% 27% 14%
12.8 100% 87% 62% 31% 15%
14.3 134% 110% 78% 39% 19%
15.0 158% 127% 88% 44% 22%
6.9 34% 33% 34% 17% 8%
9.2 38% 36% 36% 18% 9%
13.6 59% 53% 51% 26% 13%
14.9 68% 60% 58% 29% 14%
17.3 88% 76% 72% 36% 18%
5000 TEU > > > ? >
container 17.9 94% 82% 76% 38% 19%
ship 18.2 98% 84% 78% 39% 20%
18.4 100% 86% 80% 40% 20%
19.6 114% 97% 88% 44% 22%
21.9 149% 121% 106% 53% 27%
23.0 172% 137% 118% 59% 29%
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3.2 Scenario results

The total operational CO, emission trajectories of the five ship types analysed are presented
alongside the shipping share of CO, emissions in Figure 3. The net emissions, which include the
effect of offsetting are shown alongside the target trajectories that were defined for the simulations, in

Figure 4.

million tonnes
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Figure 3: CO, operational emissions trajectories net of offsets, for all scenarios, for the 5 ship types

considered in this study (~80% of the total emissions of international shipping)
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Figure 4: CO, emissions trajectories net of offsets, and targets for all scenarios

The fleet considered in this study represents the CO, emissions of approximately 82% of the total
international shipping CO, emissions (according to comparison with the Third IMO GHG Study). We
observed that:

il

In scenarios 2 and 3 shipping operational emissions increase by 121-134% from 634 to 1403-
1483 million tonnes CO, per year.

In scenario 4 (18 Gt), shipping net emissions decrease by 79% from 634 to 128 million tonnes
CO, per year.
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1 Inscenario 5 (23 Gt), shipping net emissions decrease by 89% from 634 to 70 million tonnes
CO; per year.

1 Inscenarios from 6 to 9 (33 GT), shipping net emissions decrease by a range of 32 to 48%
from 634 to 427 1 328 million tonnes CO, per year. Scenario 7 presents the highest reduction
(48%), while scenario 9 the lowest (32%).

1 Inscenario 10 (79 GT), increase by 14% from 634 to 725 million tonnes CO, per year.

The aggregate fuel mix for all scenarios are presented in Figure 5. These illustrate that depending on
both the emissions target and assumptions for the scenario, a number of different fuel mixes can
arise. Scenarios 4, 5, 6, 7 and 8 all see some take up of hydrogen as a marine fuel, starting in small
guantities in 2030 and growing out to 2050. In these scenarios, the decrease in operational emissions
is highly dependent on a fuel shift from fossil fuels to a zero carbon at point of combustion fuel such
as hydrogen. Other future fuels with low or zero carbon content could be considered instead of
hydrogen. Nevertheless, the take up of hydrogen indicates that there is potential for fuels like
hydrogen that similar to batteries is just an energy vector (for storing and transporting energy ready
for release as needed). The rate of growth for this fuel is fastest in scenario 4 and 5, scenarios which
combine a stringent CO, budget (18-23Gt) with moderate bioenergy availability and low offsetting,
therefore restricting the choices for the sectorbs de

The take up of biofuels varies among the scenarios based on the assumption used on bioenergy
availability. Scenario 10, has the largest take up of biofuels in accordance with the high bioenergy
available in this scenario. In this case biofuels reaches about 35% of the total fuel supply in 2050. The
take up of biofuels is also significant in scenarios 4, 5, 8 and 9 in which it reaches about 10 - 13% of
the total shipping energy demand in 2050. The gap between the price of biofuels and conventional
marine fuels is not modelled here (they are set at the same price as their fossil fuel equivalents)
because it is assumed that it will become small, therefore, the key parameter is their availability. One

of the consequences of this demonstrated potential si
decarbonisation is that it raises the importance of shipping increasing its involvement and awareness
in the debates around bioenergyds availability, use @

land-use and life cycle emissions).

Scenario 7, which involves the largest rate of take-up of LNG, demonstrates the consequence of
lower capital costs (both for alternative main engine machinery (LNG and hydrogen main machinery
and storage technology), and energy efficiency equipment). The scenario can be contrasted with
Scenario 6 which has all the same input assumptions, except on capital costs for which the default
assumptions are used. The main difference between the scenarios is that LNG gains a larger market
share in 7, because it is the machinery of choice from 2015 onwards (whereas in Scenario 6, there
are still newbuilds specified with oil derivative fuels). The start year and rate of take up of hydrogen is
similar in both Scenario 6 and 7, even though the lower capital costs enable greater take up of energy
efficiency technology in Scenario 6 (the total PJ energy demand is slightly lower).

The rate of growth of the total energy demand also varies among the scenarios. The highest rate is
observed in the BAU scenarios 2 and 3 reaching about 21000 PJ in 2050 (141- 146 % of increasing
relative to the base year 2010). Among the scenarios with a decarbonisation trajectory, scenario 4
presents the lowest increases of total energy demand (59%), while scenario 10 presents the highest
increases (121%), reaching 14000 and 19000 PJ in 2050, respectively.

The drastic switch to more efficient engines (fuel cells) in scenario 4 can explains the relatively low
growth of energy demand, while in the rest of the scenarios the growth of energy demand appears
similar, varying between 91% (scenario 7) and 121% (scenario 10).
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Figure 5: Aggregate fuel mix for all scenarios

Figure 6, Figure 7 and Figure 8 present the various trends in energy efficiency and carbon intensity
indicators. EEDI and EEOI are both carbon intensity indicators and so aggregate the modifications to
carbon factor of the fuels (e.g. through the use of bio or synthetic fuel), with the take up of energy
efficiency technology and operational measures. Therefore, contrasting energy efficiency in J/t.nm
helps to separate out the drivers of EEDI and EEOI. All figures are calculated as fleet average values
for a given ship type, aggregating across the ship size categories modelled. In both instances a lower
value indicates a relative improvement (in carbon intensity or energy efficiency).

Generally, the lowest levels of energy efficiency and carbon intensity occur in the two baseline
scenarios with Scenarios 4 to 10 describing more ambitious trajectories. There is some commonality
across all indicators between 2010 and 2030, with greater variation occurring in the period 2030 and
2050, as different stringencies of carbon intensity reduction and the different mechanisms (offsetting,
alternative fuel use and varying take up of technical and operational energy efficiency options) are
employed.

The graphs show that the use of low carbon fuels can enable reductions in energy efficiency. For
example, Scenarios 4, 5 and 6, show deteriorating energy efficiency across all ship types between
2035 and 2050 whilst the carbon intensity improves. This is because the use of an increasing quantity
of low carbon fuel (in this instance hydrogen) enables operating speeds to increase as lowering speed
as an energy efficiency improvement is no longer required as the mechanism to achieve a given CO,
emissions trajectory.
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