Provisional translation* (As of May 27, 2020)

¢ Y EI7R
< < UiE ) TNULIT
o | . - L
} SIRAB Japan Ship Technology Research Association THE NIPPON
=S FOUNDATION Ministry of Land, Infrastructure, Transport and Tourism

For Social Innovation

Roadmap to Zero Emission from

International Shipping

March 2020
Shipping Zero Emission Project

*This document was originally written in Japanese. This English version is provided for reference purposes only.






Foreword

Amid globally growing momentum for decarbonization since the Paris Agreement came into effect in
2016, further reduction of greenhouse gas (GHG) emissions has become an urgent issue in international
shipping, which currently accounts for approximately 2% of global GHG emissions and is expected to
significantly grow in the future. In April 2018, the International Maritime Organization (IMO) adopted the
“Initial Strategy on reduction of GHG emissions from ships”, aimed at reducing the GHG emissions from
international shipping by at least 50% by 2050 and phasing them out as soon as possible in this century.
Currently, in accordance with the Strategy, discussion and consideration on short-term measures are
underway at the IMO with a view toward reaching an agreement by 2023.

Japan is one of the major players in global shipping and shipbuilding sectors. In order to actively
contribute to international actions to address the climate change while ensuring the sustainable growth
of maritime transport and related industries, Japan established the “Shipping Zero Emission Project’,
in collaboration with the industrial, academic, and public sectors, in August 2018. The Japan Ship
Technology Research Association (JSTRA) and the Ministry of Land, Infrastructure, Transport and
Tourism (MLIT) are taking the lead in organizing this project with the support from the Nippon Foundation.
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Chapter 1: Introduction

Section 1.1: Background

According to the study on greenhouse gas (GHG) emissions from international shipping conducted by
the International Maritime Organization (IMO) in 2014, total CO, emissions from international shipping
as of 2012 was approximately 800 million tons, around 2.2% of global CO, emissions. Demand for
maritime transport is forecasted to increase amid the growth of the world economy.

Measures for tackling the climate change in a global manner are being discussed under the United
Nations Framework Convention on Climate Change (UNFCCC). However, GHG emissions from
international shipping and aviation sectors operating beyond national borders are difficult to be
separated and allocated to countries, by nationality of the ship or aircraft, or by the country that operates
them. Thus, actions to reduce emissions from these sectors are not compatible with the country-specific
reduction measures of the UNFCCC. For these reasons, discussions on measures on these sectors
have been delegated to United Nations specialized agencies, the IMO and the International Civil Aviation
Organization (ICAQ), respectively.

The IMO adopted the initial IMO Strategy on Reduction of GHG emissions from Ships (hereafter “the
IMO Strategy”) to reduce GHG emissions from ships in April 2018. The IMO Strategy sets quantified
GHG reduction targets: (1) to reduce carbon intensity (i.e. CO2 emissions per transport work) of
international shipping by at least 40% by 2030 compared to 2008, (2) to reduce the total annual GHG
emissions from international shipping by at least 50% by 2050 compared to 2008, and (3) to phase out
GHG emissions from international shipping as soon as possible, in this century.

The international shipping sector had already been making efforts to reduce the GHG emissions from
ships prior to the adoption of the IMO Strategy. For example, it had introduced the mandatory energy
efficiency design index (EEDI) for new ships. However, to achieve the targets under the IMO Strategy,
especially the targets for 2050 and beyond, it is necessary to not only continue these ongoing efforts
but also to introduce and speed up actions that goes beyond the conventional ones, such as transition
from fossil and other conventional fuels to low- and zero-carbon fuels and introduction of innovative
technologies.

As a major player in global shipping and shipbuilding sectors, Japan should take the lead in the global
actions to tackle the climate change in a manner that stimulates innovation and sustainability of global
maritime industry.

Under these circumstances, the Shipping Zero Emissions Project (hereinafter “the Project”), in
collaboration with the industrial, academic, and public sectors, was launched in August 2018.

Section 1.2: Purpose

In light of the background mentioned above, the Project carried out a research to clarify what actions



should be carried out by the maritime sector to meet the reduction targets set out in the IMO Strategy.
It further plotted the details and schedules of technological development and the environmental
preparations necessary for the said actions onto a roadmap, which would thereby provide materials for
maritime industries in determining and implementing the actions.

Section 1.3: Outline of the Project

This report outlines the results of the Project in the structure mentioned below.

(1) Summary of the Initial IMO Strategy on reduction of GHG emissions from ships and perspectives on
achieving its targets (Chapter 2)

(2) Measures for achieving the 2030 target (Chapter 3)
(3) Emission pathways for achieving the targets for 2050 and beyond (Chapter 4)

(4) The roadmap to zero emission from international shipping (Chapter 5)



Chapter 2: The Initial IMO Strategy on Reduction of GHG
Emissions from Ships and Perspectives on Achieving its
Targets

Section 2.1: Targets Set by the Strateqy

In April 2018, the Initial IMO Strategy on reduction of GHG emissions from ships (hereafter “the IMO
Strategy”) was adopted at the 72nd session of the IMO’s Marine Environment Protection Committee
(MEPC 72). Figure 2.1-1 gives an overview of the IMO Strategy. The IMO Strategy sets the following
GHG reduction targets:

* To reduce carbon intensity (i.e. CO2 emissions per transport work) of international shipping by
at least 40% by 2030, compared to 2008

*  Toreduce the total annual GHG emissions from international shipping by at least 50% by 2050,
compared to 2008

* To phase out GHG emissions from international shipping as soon as possible, in this century

In addition, the IMO Strategy specifies candidate measures for the reduction of GHG emissions for
achieving the targets mentioned above. They are classified into three types as follows:

*  Short-term measures: To be agreed between 2018 and 2023 (e.g. technical and operational
energy efficiency measures for both new and existing ships)

*  Mid-term measures: To be agreed between 2023 and 2030 (e.g. the introduction of low-carbon
fuels and market-based measures (MBM))

* Long-term measures: To be agreed beyond 2030 (e.g. the introduction of zero-carbon fuels)

Currently, the IMO is deliberating the short-term measures to achieve the 2030 target in accordance
with the IMO Strategy. Japan is proactively contributing to the work at the IMO by submitting concrete
proposals on energy efficiency improvement of existing ships. (Details to be discussed later.)
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Figure 2.1-1: Overview of IMO Strategy

Section 2.2: Toward Achieving the 2030 Target

As a mandatory measure to improve energy efficiency, the energy efficiency design index (EEDI)
requirements on new ships under the International Convention for the Prevention of Pollution from Ships
(MARPOL) has been established at the IMO and implemented since 2013. The required improvements
under the measure have been gradually strengthened and scheduled to be strengthened further in 2022
and 2025.

However, the 2030 target will not be met by the measure on new ships only. Therefore, it is considered
that a new energy efficiency measure on existing ships needs to be introduced and implemented. The
new measure on existing ships are discussed in detail in Chapter 3.

Section 2.3: Toward Achieving the Target for 2050

It is yet challenging to achieve the 2050 target only by means of design and operational improvement
regulations on new and existing ships. To achieve the 2050 target, introduction of low/zero-carbon
alternative fuels and innovative technologies which are capable of cutting GHG emissions substantially
should take place in time. Emission pathways for achieving the target for 2050 as well as a Roadmap
to realize those pathways are discussed in detail in Chapter 4.



Section 2.4: Toward Achieving Zero Emissions in This Century

To achieve zero GHG emissions as soon as possible in this century, the use of zero-carbon fuels emitting
no COz or the onboard CO; capturing technology would be necessary.

In considering the pathways and Roadmap toward 2050, it is essential to identify and select alternative
fuels and innovative technologies that would lead to the achievement of zero GHG emissions from
international shipping.



Chapter 3: Measures for Achieving the 2030 Target

Section 3.1: Improving the Enerqgy Efficiency of New Ships (EEDI
Requlations)

The EEDI regulations impose a standardized energy efficiency index' to mandate new ships to ensure
that their energy efficiency is equivalent or superior to a predetermined requirement level (the required
EEDI). In July 2011, the IMO adopted amendments to MARPOL Annex VI which entered into force in
2013. The required EEDI is established for each category of ship type and size, and is applied equally
to all ships engaging in international shipping regardless of their flags. The required EEDI is gradually
strengthened in a phased basis as shown in Table 3.1-1.

Table 3.1-1: The Level of Required EEDI under MARPOL Annex VI

Year of application

(on the basis of the Required EEDI
shipbuilding contract)
Phase 0 | 2013- Average EEDI of ships built between 1999 and 2008
Phase 1 | 2015- 10% better than Phase 0
Phase 2 | 2020- 20% better than Phase 0

30% to 50% better (determined by ship type and by

Phase 3 | 2022-/2025- size) than Phase 0

Section 3.2: Improving the Energy Efficiency of Existing Ships

3.2.1 Necessity of Measures on Existing Ships
Although the EEDI regulations have been implemented since 2013, existing ships contracted before the

entry into force of the EEDI are not yet subject to any energy efficiency requirements under the IMO

instruments.

By analyzing the trend of existing and new ships, it was found that existing ships tend to have engines
with higher output allowing wider choice of operating speeds, while new ships subject to the EEDI
regulations tend to have engines with a low output achieving better energy efficiency but allowing
narrower choice of operating speeds.

Under these circumstances, there is limited incentive to replace old ships with new ships. Consequently,
existing ships emitting more GHG are likely remain in the market for a long time. This may result in the
stagnation of GHG emissions reduction for the entire shipping sector.

In light of that, it was found necessary to introduce a mandatory framework to improve the energy
efficiency of existing ships, which would also have an effect to incentivize replacements to new ships
and uptake of better energy saving technologies.

! EEDI: stands for Energy Efficiency Design Index. Its value refers to the CO, emissions for transporting one ton
of cargo for one mile.



3.2.2 Development of New Energy Efficiency Regulations on Existing
Ships

The Project examined what kind of regulatory framework would effectively and feasibly improve the
energy efficiency of existing ships and then developed a concrete proposal, the energy efficiency
existing ship index (EEXI), which was submitted by the government of Japan to the IMO with a view of
adoption by 2023.2 Figure 3.2.2-1 portrays the framework of the EEXI.

The EEXI regulations require existing ships to calculate their energy efficiency performance using index
equivalent to the EEDI, and to meet the predetermined level (required EEXI). Implementation and
enforcement of the EEXI, including survey and certification, broadly follow those of the EEDI regulations.
Existing ships that fail to comply with the required EEXI with their original performance will need to
improve efficiency by limiting the engine power (speed optimization by technical means), installation of
energy saving device or any other verifiable measures.

On contrary, new and existing ships with superior energy efficiency performance that already meet the
required EEXI will not be required to take additional measures. The poorer the energy efficiency
performance, the more improvements are needed.

The required EEXI is currently proposed to be the same as the required EEDI applied to new ships
contracted in 2022 (i.e., phase 2 or phase 3 equivalent, depending on ship types).

Proposed EEXI framework
Attained EEDI/EEXI Required EEXI

| Required EEXI |
Wi |

Existing ship

Survey & Certificate

Efficiency
Calculate energy improvement required

efficiency performance
L Shaft/Engine power limit EEE EEE EEE
(power optimization) s

Fuel change and/or Efficient operation

Energy saving devices
Replacement with | IEECertificate

new ships
Other

verifiable options

-

Figure 3.2.2-1: Overview of Framework of EEXI Regulations

2 The EEXI regulations were proposed to the IMO’s Marine Environment Protection Committee (MEPC) in April
2019.



3.2.3 Estimation of the GHG Reduction Effects by means of EEXI
Regulations

The effect of EEXI regulations on operational efficiency by 2030 has been estimated. Assuming that
existing ships are required to meet the same level as the EEDI regulations applicable to ships contracted
in 2022 (equivalent to EEDI Phase 2 or 3), the average operational energy efficiency over the global
fleet as of 2030 is estimated to be more than 40% better than the 2008 level. This means that a
combination of the EEDI regulations and the EEXI regulations will open the way for the achievement of
the 2030 target set by the IMO.

Section 3.3: Towards further Operational Improvements

The EEDI and EEXI regulations are intended to raise the energy efficiency of international shipping as
a whole by imposing an obligation on all ships to meet the predetermined requirements. However, this
alone would not incentivize further energy efficiency improvement beyond the compulsory requirements.
A combination with measures to incentivize further operational improvements will help accelerate the
reduction of GHG emissions for the shipping sector as a whole. Therefore, development of a global
incentive mechanism should be pursued in addition to the EEDI and EEXI regulations at the IMO.



Chapter 4: Emission Pathways for Achieving the 2050 Target

Section 4.1: Outline of the Development of Emission Pathways

In the Project, GHG emission pathways were developed through the following steps:
(1) Estimate business-as-usual (BAU) GHG emissions® from international shipping up to 2050;

(2) Calculate the minimum reductions in GHG emissions and carbon intensity (i.e. CO2 emissions per
transport work) required to achieve the 2050 target; and then

(3) Develop emission pathways that achieve the 2050 target based on the analyses on the emissions
reduction potential of different alternative fuels and technologies.

Section 4.2: Estimate of International Seaborne Trade and Required
Reduction of GHG emissions

4.2.1 Estimate of International Seaborne Trade

For the purpose of projecting BAU GHG emissions from international shipping up to 2050, international
seaborne trade in ton-miles by ship type and size were estimated with a model using socio-economic
indicators, including gross domestic product (GDP), population, and energy consumption. The results
are outlined in the following sections. (For details, refer to Appendix 1.)

4.2.1.1 Regression Formula of International Seaborne Trade on Socio-Economic
Indicators

Regression models were created on the assumption that international seaborne trade in tons by
commodity are closely correlated with GDP, population, energy consumption and other socio-economic
indicators. To determine the models, following data were used:

- international seaborne trade for crude oil, oil products, coking coal, steam coal, iron ore,
bauxite/alumina, grain, minor bulk, containers, other dry cargo, liquefied petroleum gas (LPG), liquefied
natural gas (LNG), chemicals, cars, reefer, and cruise passengers provided by Clarksons;

- GDP values published by the Organisation for Economic Co-operation and Development (OECD);
- population published by United Nations; and

- energy consumption published by the International Energy Agency (IEA).

4.2.1.2 Estimate of International Seaborne Trade in Tons
International seaborne trade (in tons) up to 2050 were estimated by the regression models mentioned
in the previous section by inputting projected GDP, population and energy consumption. For this purpose,

3 In the Project, Business-As-Usual (BAU) GHG emissions is defined as the amount of CO, emissions in the
future assuming that no CO; emission reduction measures will be taken from 2008 onwards, that the state of marine
transport (ship speed, ship type and size distribution, etc.), design technologies, fuels and others will be maintained,
and that the average energy efficiency will remain unchanged.



following data were used: the OECD’s GDP forecast up to 2050; and projections on population and
energy consumption based on the Representative Concentration Pathways (RCPs) and the Shared
Socioeconomic Pathways (SSPs) adopted by the Intergovernmental Panel on Climate Change (IPCC)
with some modification as described below. In the Project, estimates on population and energy
consumption in 2030, 2040 and 2050 corresponding to the RCP 4.5, RCP 2.6 and RCP 1.9 scenarios,
mentioned in Table 4.2.1-1, were used. With regard to socioeconomic conditions, SSP 1 scenario with
modification to GDP value with OECD’s projection was used (hereinafter referred to as OECD, SSP 1).
Table 4.2.1-2 shows the international seaborne trade forecast up to 2050 expressed as a factor of those
in 2008 (standardized to 1), which was approximately 8.6 billion tons. International seaborne trade in
2050 are estimated to be little less than the double of the 2008 level under the OECD, SSP 1/RCP 4.5
scenario, and around 1.5 times higher than the 2008 level under the OECD, SSP 1/RCP 1.9 scenario
(temperature rise is smaller than that under RCP 4.5 scenario).

Table 4.2.1-1: Representative Concentration Pathways (RCPs) used in this study

RC.P 4.5 Radiative forcing level will be stabilized at 4.5 W/m? by the end of this century.
(Middle-level . . : °

A . It is likely that the future temperature rise will be suppressed to 2.5 °C or less.
stabilization scenario)
RCP 2.6 Radiative forcing level will hit its peak and then lower to 2.6 W/m? around the
(Low-level end of this century. It is likely that the future temperature rise will be

stabilization scenario) | suppressed to 1.6 °C or less.
Radiative forcing level will be stabilized at 1.9 W/m? by the end of this century.
It is likely that the temperature rise at the peak time will be suppressed to

RCP1.9 1.5 °C or less. (This scenario is used in the IPCC’s special report on the
impact of a global warming of 1.5 °C (2018).)
Table 4.2.1-2: Estimated Seaborne Trade (in tons) up to 2050
(emissions in 2008 = 1, excluding passenger transport)
Scenario 2020 2030 2040 2050
OECD, SSP 1/RCP 4.5 1.44 1.65 1.82 1.91
OECD, SSP 1/RCP 2.6 1.42 1.56 1.57 1.66
OECD, SSP 1/RCP 1.9 1.39 1.36 1.40 1.47

4.2.1.3 Estimate of Seaborne Trade in Ton-Miles

Seaborne trade in ton-miles up to 2050 was estimated by multiplying the estimated seaborne trade in
tons of each commodity by the average length of haul (in nautical miles) of the commaodity. For the
average distance travelled, data published by Clarksons were used.

4.2.1.4 Estimate of Seaborne Trade in Ton-Miles by Ship Type and Size

Seaborne trade in ton-miles by ship type and by size were estimated by setting relationships between
seaborne trade of each commodity in ton-miles and the type and size of ship transporting each
commodity. This estimation is based on the classification of ship type and size in the Third IMO
Greenhouse Gas Study 2014* and on ship activity status in 2008. Figure 4.2.1-1 portrays the estimated
seaborne trade in ton-miles by ship type corresponding to OECD, SSP 1/RCP 4.5 scenario. The total of

4 IMO, Third IMO Greenhouse Gas Study 2014, 2014
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seaborne trade in 2050 for each ship type is estimated to reach nearly the double of the 2008 level,

approximately 41 trillion ton-miles. Table 4.2.1-3 presents estimated seaborne trade in ton-miles by ship

size for major ship types, including oil tankers, bulkers and container ships.

Seaborne Trade [Billion ton-mile]

40,000
35,000
30,000
25,000
20,000
15,000
10,000

5,000

OECD, SSP1/RCP4.5

W DO =1 N M TN OMN VOO A AN MNMNMT N OMNOVDNO A AN MNMT N ON 0ONDNO AN MO TN O OO O
© 9O oo od o dddddd AN NN AN NN ANOOOODOD O NN §TT &I T I T ST TS N
O O O O O O 00 0000 00000000000 0000000000000 OO0 OO OO OO
N AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN NN AN AN AN AN AN AN AN AN AN NN AN AN AN AN AN AN AN AN NN ANANN
= Qil tanker e Bul ke T Container
Chemical tanker = General cargo = | iquefied gas tanker
= Ferry-RoPax Ro-Ro Ro-Ro Vehicle

Figure 4.2.1-1: Estimated Seaborne Trade in ton-miles by Ship Type up to 2050
(OECD, SSP1/RCP 4.5 scenario)

Table 4.2.1-3: Estimated Seaborne Trade in Ton-Miles by Size for Major Ship Types
(OECD, SSP 1/RCP 4.5 scenario)

Ship type Size 2008 2020 2030 2040 2050
Oil tanker -4,999 dwt 127 161 176 181 166
5k-9,999 dwt 72 91 99 102 93
10k-19,999 dwt 76 96 105 108 99
20k-59,999 dwt 1,082 1,368 1,497 1,542 1,409
60k-79,999 dwt 940 1,188 1,300 1,339 1,224
80k-119,999 dwt 3,219 4,070 4,453 4,588 4,191
120k-199,999 dwt 1,391 1,664 1,805 1,845 1,727
200k+ dwt 4,312 5,157 5,596 5,720 5,353
Bulker -9,999 dwt 131 198 218 225 226
10k-34,999 dwt 3,516 5,309 5,825 6,008 6,038
35k-59,999 dwt 6,402 9,667 10,607 10,940 10,994
60k-99,999 dwt 4,150 6,935 7,543 7,863 7,805
100k-199,999 dwt 3,893 6,681 7,078 7,148 7,108
200k+ dwt 985 1,690 1,791 1,808 1,798
Container -999 teu 228 379 556 754 973
1k-1,999 teu 659 1,095 1,609 2,180 2,813
2k-2,999 teu 724 1,203 1,767 2,395 3,090
3k-4,999 teu 1,781 2,958 4,346 5,890 7,599
5k-7,999 teu 1,644 2,731 4,012 5,438 7,016
8k-11,999 teu 892 1,481 2,176 2,949 3,805
12k-14,499 teu 54 90 133 180 232

In units of one billion ton-miles
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4.2.2 Estimate of GHG Emissions in Business-As-Usual (BAU) Scenario:
Continued Use of Conventional Technologies and Fuels

BAU emissions from international shipping was estimated by multiplying seaborne trade in ton-miles by
ship type and size from 2020 to 2050 calculated in section 4.2.1 by CO2 emissions of each ton-mile of
seaborne trade by ship type in 2008. As already mentioned in section 4.1, BAU emissions in this report
refer to future CO, emissions on the following assumptions: 1) no CO2 emissions reduction measures
will be taken after 2008; 2) the mode of marine transport (ship speed, ship type and size distribution,
etc.), design technologies, fuels and other factors will be maintained; and 3) average energy efficiency
will remain unchanged. In this study, the year 2008 was used for the base year in line with those used
for the 2030 and 2050 targets in the IMO Strategy. Table 4.2.2-1 shows CO emissions in 2008 per ton-
mile by ship type. They were calculated based on the results of the IMO’s Third IMO Greenhouse Gas
Study and seaborne trade data supplied by Clarksons.

Table 4.2.2-1: CO2 Emissions in 2008 per Ton-Mile by Ship Type

Seaborne trade CO2 emissions Carbon Intensity
(B Tonmile/yr) (M ton/yr) (g-CO2/Tonmile)
Bulk carrier 19077 194 .1 10.17
Chemical tanker 821 61.5 74.88
Container 5983 213.6 35.69
General cargo 1996 101.3 50.76
Liquefied gas tanker 901 35.7 39.60
Oil tanker 11219 159.8 14.25
Other liquids tankers 165 0.9 5.25
Ferry - pax - only 80 1.3 16.13
Cruise 509 29.4 57.81
Ferry - ro-pax 106 44.5 421.69
Refrigerated bulk 1243 20.9 16.81
Ro-ro 144 29.9 207.22
Ro-Ro Vehicle 160 28.1 175.73
Total 42404 920.9 21.72

Figure 4.2.2-1 portrays the results of the calculation of BAU emissions under the three scenarios
mentioned in section 4.2.1. The results are shown with a Y-axis in which 1.0 represents the 2008 level.
In the OECD, SSP 1/RCP 4.5 scenario, characterized with the largest increase in seaborne trade, the
emissions in 2050 will be 2.29 times the 2008 level. In the OECD, SSP 1/RCP 2.6 scenario, emissions
will be 2.13 times the 2008 level, and in the OECD, SSP 1/REC 1.9 scenario, they will be 1.97 times the
2008 level.
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Figure 4.2.2-1: GHG Emissions from International Shipping by Climate Change Scenario

(the emissions in 2008 = 1)

4.2.3 Reduction in GHG Emissions and Carbon Intensity Required to
Achieve the 2050 Target

Required reduction in GHG emissions and carbon intensity to meet the 2050 target were calculated with
the base line of the BAU emissions under the OECD, SSP 1/RCP 4.5 scenario, in which the projected
GHG emissions are the largest among the three future scenarios mentioned in section 4.2.2. This

scenario was chosen in order not to underestimate the GHG reduction efforts required. Table 4.2.3-1

shows the results for CO. emissions. The required CO_ emissions reduction represents the difference

between BAU emissions in 2050 and the maximum emissions level meeting the 2050 target, namely

460.5 million tons per year representing 50% of the emissions in 2008. The required CO> emissions

reduction from international shipping in 2050 surpasses the total CO2 emissions from land-based

activities in Japan, 1,139 million tons in 2018.5

Table 4.2.3-1: GHG Reduction and Carbon Intensity® Reduction

Required to Achieve the 2050 Target

BAU emissions
(M tons - COg/year)

Required emissions
reduction from BAU
(AM tons - COgy/year)

Required reduction in
carbon intensity
(from 2008 level)

2050

2108.3

1647.8

78.2%

3 Ministry of the Environment: Japan’s National Greenhouse Gas Emissions in Fiscal Year 2018 (Preliminary
Figures), http://'www.env.go.jp/press/107410.html.
¢ Calculated by dividing total CO2 emissions by total seaborne trade.
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Section 4.3: Emission Pathways for Achieving the 2050 Target and
Beyond

4.3.1 Feasibility Study on Potential Fuels and Technological Options

4.3.1.1 Feasibility of Alternative Fuels and GHG Reduction Technologies

Introduction of alternative fuels and other technological solutions would be main options to reduce GHG
emissions from international shipping. Alternative fuels that could be used to achieve the 2050 target
include hydrogen, ammonia, LNG, synthetic carbon-recycled fuels and biofuels. Table 4.3.1-1 shows
their respective physical properties, advantages and challenges. Other GHG emissions reduction
technologies than the use of alternative fuels include wind propulsion, battery propulsion and onboard
CO2 capturing. Table 4.3.1-2 summarizes their characteristics. (For more detailed study results, refer to

Appendix 2.)
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Table 4.3.1-1: Main Physical Properties, Advantages and Disadvantages of Alternative Fuels

CO;
emissions
per unit of

heat’

(HFO=1)

Liquid
Fuel
volume

per unit
of heat'

Advantages

Disadvantages

(HFO=1)
Hydrogen - No CO; emissions onboard - Large fuel volume, approx. 4.5 times
(Hz2) - Used in small boats (hydrogen-mixed that of HFO
(including fuel combustion engine, fuel cell) - Technical difficulty in storage stability
use in - Used in onshore boilers and gas turbines (-253 °C in liquid state)
fuel cells) - Bunkering infrastructure yet to be
developed
- Immaturity of bunkering technologies
- Technical difficulties in combustion
control
Ammonia 0 2.72 - No CO; emissions onboard - Large fuel volume, which is approx. 2.7
(N2O - Used for combustion in gas turbines times that of HFO
emissions - NOx emissions
not - N2O emissions (its greenhouse effect
considered) approx. 300 times stronger than that of
COy)
- Toxic
- Technical challenges in combustion,
such as low flammability (without pilot
fuels) and difficulties in increasing
engine output
LNG 0.74 1.65 - Already in practical use - Reduction of CO, emissions is limited.
(methane - Higher in volumetric energy density than | - Methane slip
slip not hydrogen and others - Possible international criticism for the
considered) - Minor infrastructure upgrade for use of fossil fuels
synthetic methane and biomethane
- Specific regulations for LNG in the IGF
Code
Methane 0.71 1.80 - Biomethane is treated as carbon neutral - At present, the IPCC Guidelines have
(CH4) [0 under the IPCC Guidelines in use phase. no explicit provision defining carbon-
(methane - Technologically feasible as chemically recycled methane as carbon neutral.
slip not identical to LNG (predominantly
considered) methane) already in practical use -
Infrastructure for LNG can be used.
Biodiesel [0] (1.20r - Biodiesel is treated as carbon neutral - Technical difficulties in storage stability
less) under the IPCC Guidelines in use phase. | - Possible low availability for shipping
- Combustion with other fuel is at due to high demand in other sectors
commercial level onshore.
Methanol 0.90 2.39 - Biomethanol is treated as carbon neutral | - At present, the IPCC Guidelines have
(CHsOH) [0 under the IPCC Guidelines in use phase. no explicit provision defining carbon-
- Methanol-fueled ships have already recycled methane as carbon neutral.
been delivered. - Large fuel volume, approx. 2.4 times
- Easy to handle that of HFO
- Technical difficulties in ignitability and
in increasing engine output
Ethanol 0.93 1.79 - Bioethanol is treated as carbon neutral - At present, the IPCC Guidelines have
(C2H5s0H) [0% under the IPCC Guidelines in use phase. no explicit provision defining carbon-
- Bioethanol production is at a commercial recycled methane as carbon neutral.
level. - Technical difficulties in ignitability and
- Easy to handle in increasing engine output

1. CO2 emissions per unit of heat and fuel volume (in the liquefied state) per unit heat were calculated on the basis of heavy oil for ships (HFO)

with the lower heating value of 40.4 MJ/kg, the CO2 conversion factor Cf= 3.114 t-CO2/t-Fuel and the specific gravity of 0.94. CO2 emissions per

unit of heat was calculated on the basis of the lower heating value of each fuel presented in the IPCC Guidelines and in the IMO’s EEDI Calculation

Guidelines.”

2. CO2 emissions generated are counted as 0 (zero) when burning carbon-recycled fuels (artificially produced fuels by separating, capturing, and

recycling CO2) and biofuels.
3. With respect to the space required in design, factors other than the fuel volume also need to be taken into account for each of these fuels.

7 2018 GUIDELINES ON THE METHOD OF CALCULATION OF THE ATTAINED ENERGY EFFICIENCY
DESIGN INDEX (EEDI) FOR NEW SHIPS (MEPC.308(73))
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Table 4.3.1-2: Characteristics of GHG Reduction Technologies

Potential for

efficiency Advantage Disadvantage
improvement
- . Dependent on the - Zero emissions onboard - It cannot be used as a main source
Wind propulsion .
extent of use for propulsion for reasons of scale.
- Zero emissions onboard - It cannot be used as a main source
Dependent on the .
Solar cells for propulsion
extent of use
for reasons of scale.
Air lubrication Around 2% 1o 6% - Technologies available - The effect varies depenqlng on the
hull form and the operation status.
Low friction paints Around 2% 1o 5% - Technologies available - The effect varies depenf:hng on the
hull form and the operation status.
- Technologies available - The effect varies depending on the
Energy efficient ducts Around 2% to 5% hull and stern forms and the
operation status.
- Technologies available - The effect varies depending on the
Bow form change Around 2% to 5% hull and bow forms and the operation
status.
Exhaust heat - Technologies available
recovery s¥stem for Around 1% to 5% )
generation of
electricity
- Zero emissions onboard - Low weight and volumetric energy
- Implemented as the main density
Dependent on the ) . : .
. propulsion system in some small - High voltage recharging
Battery propulsion extent and method of - .
use boats and as an auxiliary infrastructure underdeveloped
propulsion system in some larger - Longer charging time required than
ships conventional fuel bunkering
- Compatible with any fuel oil/gas (in | - No track record of implementation
theory) onboard
Capturing at least - Reduction at a considerable rate - Exhaust gas pre-treatment (such as
Onboard CO, po galle (in theory) denitration and desulfurization)
i 85% of CO; in required depending on the type of
capturing exhaust gas fugl p 9 yp
- Large volume and weight of CO,
after capturing

4.3.1.2 Identification of Appropriate Alternative Fuels and Technologies

According to the results in Section 4.2, it is necessary to improve the average energy efficiency of
international shipping (GHG emissions per ton-mile) by around 80% or more compared to the 2008 level
by the year of 2050 in order to meet the 2050 target set out in the IMO Strategy. Therefore, it is necessary
to start introducing 80% or more efficient ships from around 2030, on a simplified assumption that ocean-
going ships have a service life of 20 years. If they have a longer life, efforts should be made towards
introducing ships with 90% or greater efficiency improvement by 2030. Japan, as one of the major
players in global shipping and shipbuilding sector, should endeavor aiming at introduction of such ultra-

low or zero emission ships even earlier than 2030.

In addition, measures taken to achieve the 2050 target should be part of holistic framework/approach
that leads to the achievement of the longer-term target, namely zero GHG emission as early as possible
in this century.

In light of the matters discussed above, potential alternative fuels and technological options that should
be pursued, in addition to currently available fuels, technical and operational improvements, were
narrowed down based on the following criteria, and GHG emission pathways to achieve the long-term
targets were developed accordingly.
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< Short list criteria>
* Have a potential to improve energy efficiency by 90% or more compared to the 2008 level by
2028.

» Capable of achieving zero emissions from international shipping in the long term.

Table 4.3.1-3 shows the potential options identified. In this table, options in green were deemed to have
the highest potential for practical realization by 2028, and those in yellow were considered to have high
potential for practical realization by 2028, while all having some technological challenges to overcome.

The options meeting the aforementioned criteria with the highest potential include hydrogen-fueled ships
(direct combustion with liquefied hydrogen), ammonia-fueled ships (direct combustion), ships using
carbon-recycled methane (synthetic fuel), and relatively large ships equipped with onboard CO-
capturing systems. Here, the carbon-recycled methane refers to methane produced from hydrogen and
captured COa.

As liquefied hydrogen and ammonia fuel both emit no CO2 when burnt with no pilot fuel, those fuels
have a large potential to play an important role to reduce the total GHG emissions from international
shipping sector. Although there are some technical issues to be resolved as mentioned earlier, the
developments of internal combustion engines for those fuels are expected to be accelerated, and it is
deemed possible to introduce ships with such engines by 2028.
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Table 4.3.1-3: Alternative Fuel and Technological Options for Achieving the Long-Term Target

Coastal ships:
Estimated cruising
range of 200 miles

Short-distance ocean-
going ships:
Estimated cruising

Medium-distance
ocean-going ships:
Estimated cruising

range of 3,000 miles

Long-distance ocean-
going ships:
Estimated cruising

Battery propulsion
ships

(e.g. Tokyo- range of 1,000 miles (e.g. Japan- range of 5,000 miles
Tomakomai) (e.g. Japan-China) Sigéapgre) (e.g. Japan-LA/LB)
- Pod drive - Difficulties due to low energy density of batteries

- Cruising range may
be increased to
around 200 miles.

Hydrogen-fueled

-Development of technologies for fuel supply systems is required.

(hydrogen energy
carrier, direct
combustion & fuel

ships . -R&D for internal combustion engines using hydrogen has been started. |
(liquefied -Potential application : -Large fuel storage volume
hydrogen, direct | to ships with short .
combustion) cruising ranges !
Hydrogen-fueled | -Technological development of carburetors is needed.
ships - Poor load-following capability and slow startup of fuel cells
(liquefied -It is possible to combine with small-capacity batteries.
hydrogen, fuel | -For large ships, a high output motor needs to be developed.
cells)
Hydrogen-fueled | -Technical challenges and potential are same as hydrogen-fueled ships (liquefied hydrogen,
ships direct combustion and fuel cells).

-Technological development for separators is quite challenging.
-A space for the separator is required (there is no reason to use energy carrier instead of
hydrogen).

(direct combustion)

cells) -For large ships powered by fuel cells, it is necessary to develop a high output motor.
Ammonia-fueled | -Ammonia has poor combustibility.
ships . -Measures against N2O emissions are required. |

. -R&D for two-cycle engines has been started.

Ammonia-fueled

- Technologically premature compared to direct combustion type

ships
(fuel cells)
Shibs usin -Technology for LNG-fueled ships could be applied.
P 9 -Explicit methodology for accounting GHG emissions from carbon-recycled methane not
carbon-recycled . .
methane developed. Necessary to be considered as carbon neutral in use phase.

-Measures against methane slip are required.

Onboard CO2
capturing

-Onboard CO2 -Onboard CO: storage space necessary
storage space -Capture rate should be increased.
necessary -Onshore COz2 reception facilities (storage, recycling) need to be
(particularly barrier developed.
for small ships)
-Capture rate should
be increased.
-Onshore CO2
reception facilities
(storage, recycling)
need to be

developed.

Note 1: This table does not take into account the availability of fuel supply.
Note 2: If hydrogen or ammonia is used as fuel, rules on ship safety and seafarers must be reviewed.

Note 3: Hydrogen energy carriers are substances that carry and store hydrogen. Here, hydrogen storing alloys, organic hydride and

other substances excluding liquefied hydrogen and ammonia are presumed to be used as carriers.

With regard to carbon-recycled methane, since technologies for liquefied natural gas (LNG) that are

already in practical use are applicable, existing LNG-fueled ships and bunkering infrastructure can be

used without any upgrade, given that methane is the main ingredient making up around 90% of LNG.

However, it must be noted that carbon-recycled methane produced from captured CO, need to be

internationally re

have to be taken

cognized and verified as carbon neutral fuel and that measures against methane slip
so that a ship using such fuel becomes an ultra-low or zero emission ship.

18



Regarding onboard CO2 capturing system, it is considered applicable to ocean-going ships as it is
already in practical use in onshore facilities while it would be difficult to install on small ships due to their
limited space for CO- storage. As this technology is applicable to ships using conventional fossil fuels,
it has potential to achieve 90% or greater CO, emissions reduction without relying on fuel transition.
However, further improvement of the CO; capture rate and the development of onshore CO- reception
facilities are necessary.

In this study, fuel cells have been categorized as having relatively poor potential for practical application
as a main source of propulsion power at the time of 2028 because there are large barriers to their
application in large ships. For hydrogen energy carriers other than liquefied hydrogen and ammonia,
potential of their use as a marine fuel would low for the time being in terms of volumetric efficiency and
the technological issues of separators. Therefore, ships using these carriers were removed from the
short-list of technologies.

A number of research and development activities are undertaken for technologies to utilize alternative
fuels. At this stage, it is difficult to accurately estimate the superiority of each alternative fuels and
technologies discussed above and how large the uptake of each fuel and technology will be in the future.
Therefore, it would be necessary to carry out more detailed studies at later stage, while monitoring the
trend of energy supply and price, and the development of new technologies.

4.3.2 Emission Pathways for Achieving the 2050 Target and beyond

In sub section 4.3.1.2, alternative fuels, such as hydrogen, ammonia, carbon-recycled methane
produced from the captured CO2, and onboard CO, capturing technology were identified as
technological options that are expected to be practically applied to ships by 2028 for achieving reduction
of GHG emissions by 90% or more compared to the 2008 level, along with currently available fuels,
technical and operational improvements. Taking into account these shortlisted options, GHG emission
pathways were developed to meet the 2050 target in the IMO Strategy.

Given that the aforementioned alternative fuels and technologies may be introduced in or after 2028,
LNG fuels alone are the only practicable option to address GHG emissions reduction by means of fuel
transition in international shipping for the time being. It is therefore considered that the expansion of the
use of LNG fuels will be a common trend to all emission pathways. On the basis of this trend, two major
possibilities of fuel shift in international shipping are examined. One is the possibility of the expanded
use of biomethane or carbon-recycled methane using the infrastructure for LNG fuels that have been
already widely used as a marine fuel. The other is the possibility of increased use of either hydrogen or
ammonia fuels, or both, which generate no CO- at all when burnt, in addition to the continuous use of
LNG fuels. Considering these possibilities of fuel transition, following two GHG emission pathways are
examined.

* Emission pathway | “a fuel shift from LNG to carbon-recycled methane”

* Emission pathway Il “the expansion of hydrogen and/or ammonia fuels”

19



Based on the findings in 4.3.1, Figure 4.3.2-1 shows assumed timeline for the introduction of alternative
fuels and other technologies considered in the two emission pathways. As discussed in 4.3.1.2, it was
envisioned that hydrogen fuels, ammonia fuels and onboard CO. capturing technology would be
introduced from 2028 onwards. It was also presumed that as more and more LNG-fueled ships are used,
the newbuilding of ships using petroleum-based fuel such as heavy fuel oil would gradually decrease
and that no such ships would be built in or after 2035.

In Figure 4.3.2-2, the project examined the penetration levels of the different alternative fuels and
technologies and other assumptions for two different pathways in 2050, which enable global shipping
sector to achieve the 2050 target under the conditions specified in Figure 4.3.2-1.

In both pathways, it is expected that the 2030 target of carbon intensity reduction by 40% will be
achieved, followed by an extra 5% reduction by means of technical and operational improvement by
2050, and that nearly 2% of the entire fleet engaged in international shipping will adopt wind or battery
propulsion.

In the emission pathway shifting from LNG to carbon-recycled methane, it is assumed that construction
of infrastructure for hydrogen and ammonia fuels will not advance considerably despite the increased
use of LNG-fueled ships and the expansion of infrastructure for supplying LNG fuels. In this case, nearly
75% of energy consumption in international shipping in 2050 will be supplied by LNG fuels, carbon-
recycled methane, or biomethane fuels while around 10% will be by hydrogen or ammonia fuels. In
addition, some 20% of the LNG-fueled ships will introduce onboard CO» capturing system. These set of
measures enable the achievement of the 2050 target.

In the emission pathway of the expansion of hydrogen and ammonia fuels, it is assumed that the
development of ship technology will be advanced and fuel supply will be increased for hydrogen or
ammonia fuels, or for both. However, since the introduction of ships using these fuels is presumed to
commence around 2028, it is considered more realistic to envision that the use of currently available
LNG fuels will also increase to some extent. It will be possible to reach the 2050 target on the condition
that hydrogen or ammonia fuels account for approximately 45% of energy consumption in international
shipping in 2050 and LNG fuels some 35%, while carbon-recycled methane or biomethane fuels account
for around 7%, and that nearly 5% of the ships of the international shipping sector will introduce onboard
CO2 capturing.
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Figure 4.3.2-1: Timeline for the Introduction of Alternative Fuels and Technologies

Used in Emission Pathways

1. LNG to Carbon-Recycled Methane

Technical and operational
improvements

« efficiency improvement over the fleet at least 40% by 2030
« efficiency improvement over the fleet at least 45% by 2030

| Use of petroleum fuel

« Supply for shipping sector gradually decreases by 2050 due to decreasing productvolume in energy sector
* Demands for new ships gradually decrease (zero by 2035), as LNG fuels increase

LNG fuel

+ Accounts for approx. 35% of energy consumedin
international shipping in 2050

LNG fuel

* Accounts for approx. 35% of energy consumed in
international shipping in 2050

| Carbon-recycled methane / Biomethane

« Accounts for approx. 40% of energy consumed in
international shipping in 2050

| Carbon-recycled methane / Biomethane

« Accounts for approx. 7% of energy consumed in
international shipping in 2050

| Hydrogen/ Ammeonia |

+ Accounts for approx. 10% of energy consumedin
international shipping in 2050

| Hydrogen/ Ammonia |

+ Accounts for approx. 45% of energy consumedin
international shipping in 2050

‘ Onboard CO, capturing ‘

* Installed in approx. 20% of LNG-fueled ships in 2050.

‘ Onboard CO, capturing ‘
* Installed in approx. 5% of LNG-fueled shipsin 2050.

‘ Wind propulsion / Battery ‘

= Introducedin approx. 2% of ships engaged in international shipping

Figure 4.3.2-2: Assumptions in Two Emission Pathways
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In the following sections, GHG emission and fuel consumption trends in international shipping under the

two emission pathways are shown.

4.3.2.1 Emission Pathway I: A Fuel Shift from LNG to Carbon-recycled Methane
Figures 4.3.2-3 and 4.3.2-4 demonstrate the trends in GHG emissions and reduction and energy
consumption by fuel in the pathway of using mainly LNG fuels and carbon-recycled methane as a marine
fuel.

In Figure 4.3.2-3, the top broken line indicates BAU emissions and the bottom solid line a trend in
emissions that meets the targets for 2050 and beyond. The difference between these two lines
represents GHG emissions reduction achieved by alternative fuels and technical and operational
improvements. In this emission pathway, carbon-recycled methane will make the greatest contribution
to GHG emissions reduction besides the reductions achieved by the introduction of energy saving
technologies and operational improvements. In Figure 4.3.2-3, carbon-recycled methane and biofuels
are treated under the same category (right orange) as both are carbon-neutral fuels. Because of
uncertainty in supply of biofuels due to demand from other sectors, etc., the contribution of each carbon-
neutral fuel was not quantitatively estimated.

With regard to LNG fuels, they make a limited contribution to GHG reduction (Figure 4.3.2-3) because,
as shown in Table 4.3.1-1, LNG’s COz emissions per unit of heat is 74% of those of HFO. However, it
should be pointed out that they constitute a large portion of energy consumption in international shipping
(Figure 4.3.2-4) in 2050, and are significant in the sense that their widespread use will provide the
foundation for the introduction of carbon-recycled methane and biomethane in 2025 and later years.

It should also be noted that this pathway is based on the assumption that carbon-recycled methane will
be sufficiently supplied and that they will be recognized by the IMO or other bodies as carbon-neutral
fuels.

4.3.2.2 Emission Pathway IlI: Expansion of Hydrogen and/or Ammonia Fuels
Figures 4.3.2-5 and 4.3.2-6 demonstrate the trends in GHG emissions and reduction and the energy
consumption by fuel under the pathway in which hydrogen and/or ammonia fuels will be mainly used in
international shipping. In this pathway, hydrogen or ammonia fuels will make the greatest contribution
to GHG reduction besides reductions achieved by the introduction of energy saving technologies and
operational improvements. As discussed in subsection 4.3.1.2, hydrogen and ammonia have their
respective advantages and disadvantages and at this stage it is difficult to tell which of them is superior.
This pathway, similar to another pathway mainly utilizing LNG and carbon-recycled methane, envisions
that use of LNG fuels will expand.

It is to be noted that this pathway is based on the assumption that hydrogen and/or ammonia fuels will
be sufficiently supplied.
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Section 4.4: Concept Designs for Ultra-low or Zero Emission Ships

The Project created the concept designs for the ultra-low or zero emission ships achieving nearly or
more than 90% reduction of GHG emissions compared to the 2008 level (hereafter “Zero Emission
Ships”) to be introduced by 2028: (1) hydrogen-fueled ships, (2) ammonia-fueled ships, (3) onboard
CO2 capturing ships, and (4) super-efficient LNG-fueled ships. By developing the concept designs of
these four types of Zero Emission Ships, envisioning 20,000 TEU container ships or 80,000 DWT bulk
carriers, the Project identified possibilities as well as challenges in introducing the Zero Emission Ships
from technical and other perspectives. (For details, refer to Appendix 3.)

4.4.1 Hydrogen-Fueled Ships

The Project developed concept designs for two different sizes of liquified hydrogen-fueled ships, an
80,000 DWT bulk carrier and a 20,000 TEU container ship.

The designs were based on the assumption that i) liquefied hydrogen for the purpose of bunker fuel
could be supplied at five major ports located around the world, in Europe, the Middle East, Australia,
Japan and South America, that ii) the 80,000 DWT bulk carrier would have a one-way cruising range of
7,000 nautical miles (NM) while the 20,000 TEU container ship would have 11,500 NM, and that iii) a
dual fuel reciprocating engine would be used as the main engine. Figures 4.4.1-1 and 4.4.1-3 show the
general arrangements of these ships and Tables 4.4.1-1 and 4.4.1-2 show their principal characteristics.

In developing the concept design, the following technical issues which should be resolved in introducing
the liquified hydrogen-fueled ships were identified: development of hydrogen-fueled engines and fuel
supply systems, upsizing of fuel tanks, thermal protection systems, and measures to prevent hydrogen
leakage. (See Appendix 3-1.)
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Figure 4.4.1-1: General Arrangement of the Hydrogen-Fueled 80,000 DWT Bulk Carrier

Figure 4.4.1-2: Hydrogen Fuel Systems on the
80,000 DWT Bulk Carrier

Table 4.4.1-1: Principal Characteristics of the
Hydrogen-Fueled 80,000 DWT Bulk Carrier

Total length
Ship length
Total width
Depth
Draft
Designed draft
Full load summer draft
Deadweight
Designed draft
Full load summer draft
Liquefied hydrogen tank
Designed speed
Cruising distance
Main engine
Maximum output
Normal output
Power generator

2289 m
226.00 m
32.24 m
21.20m

1220 m
14.50 m

63,500 tons
80,000 tons
4,000 m?

14.0 knots

7,000 NM

1 unit

8,000kW x 84 rpm
6,800kW x 80 rpm
3 units

1,000 kW
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Figure 4.4.1-3: General Arrangement of the Hydrogen-Fueled 20,000 TEU Container Ship

Table 4.4.1-2: Principal Characteristics of the
Hydrogen-Fueled 20,000 TEU Container Ship

Total length
Ship length
Total width
Depth
Draft
Designed draft
Full load summer draft
Liquefied hydrogen tank
Number of containers
Freezing container plugs
Designed speed
Cruising distance
Main engine
Maximum output
Normal output
Power generator

Figure 4.4.1-4: Hydrogen Fuel Systems on the

399.90 m
383.00 m
61.50 m
33.00 m

1450 m

16.50 m

30,000 m3

21,000 TEUs

1,100 TEUs

22.5 knots

11,500 NM

1 unit

60,000 kW x 80 rpm
54,000 kW x 77 rpm
3 units

5,000 KW

20,000 TEU Container Ship
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4.4.2 Ammonia-Fueled Ships

The Project developed a concept design for an ammonia-fueled 80,000 DWT bulk carrier.

The design was based on the assumptions that i) the ship would serve Japan-Australia route, and that
ii) a dual fuel reciprocating engine using a mechanism of injecting methanol, LPG or other liquid fuels
as a pilot fuel would be used as a main engine. Given that ammonia fuels were flame-retardant, the
engine was equipped with a pilot fuel injection valve to control ignition. With the pilot fuel considered,
the ship was expected to reduce CO2 by 91.9% compared to conventional ships of the same type and
size. Figures 4.4.2-1 shows the general arrangement of the ship and Table 4.4.2-1 shows its principal
characteristics.

In developing the concept design, the following technical issues which should be resolved in introducing
the ammonia-fueled ships were identified: the risks of ammonia’s toxicity and other properties, the
control of ammonia leakage, release to the atmosphere in the event of an emergency, NOx emissions,
N20O emissions and other issues. (See Appendix 3-2.)
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Figure 4.4.2-1: General Arrangement of the Ammonia-Fueled 80,000 DWT Bulk Carrier

28



Table 4.4.2-1: Principal Characteristics of
Ammonia-Fueled 80,000 DWT Bulk Carrier

Total length 233.00 m
Ship length 2255 m
Total width 32.26 m
Depth 20.10 m

Draft
Designed draft 12.20 m
Full load summer draft 1445 m
Deadweight 81,000 tons
Ammonia tank 1,550 m?3
Designed speed 14.2 knots
Main engine 1 unit
Maximum output 9,660 kW
Normal output 7,052 kW
Power generator 3 units
600 kW

Figure 4.4.2-2: Ammonia Fuel Related Systems

4.4.3 Onboard CO: Capturing Ship

The Project developed a concept design for a 20,000 TEU container ship equipped with an onboard
CO2 capturing system.

The design was based on assumptions that i) the ship would operate on routes between the Far East
and Europe, that ii) a dual fuel reciprocating engine using methanol fuels would be used as main engine,
and that iii) the ship is equipped with an onboard CO; capturing system using the liquid amine absorption
method and CO- storage tanks. The systems are expected to capture 85.7% of CO, emissions, and has
potential to improve the capturing rate to 90% or higher subject to further technological development.
Figure 4.4.3-1 demonstrates the general arrangement of the ship and Table 4.4.3-1 its principal
characteristics.

In developing the concept design, specific technical issues related to the CO, capturing and liquefaction
systems which should be resolved in introducing the onboard CO, capturing ships were identified. (See
Appendix 3-3.)
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Figure 4.4.3-1: General Arrangement of 20,000 TEU Container Ship
with an Onboard CO; Capturing System
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Table 4.4.3-1: Principal Characteristics of 20,000
CO2 liquefaction CO2 capturing . . .
e TEU Container Ship with an Onboard CO;

Capturing System

Total length 399.90 m
Ship length 383.00 m
- Total width 61.00 m
Depth 33.50m
Draft
Designed draft 1450 m
Full load summer draft 16.00 m
Number of containers 21,300 TEUs
) ) i . Methanol tank 13,200 m3
Figure 4.4.3-2: CO, Capturing and Liquefaction COs tank 6,400 m3 x 2 sets
Impact on loading capacity -1,820 TEUs
System Designed speed 21.8 knots
Main engine 1 unit
Maximum output 55,000 kW
Normal output 49,500 kW
Methanol Power generator 5 units
fuel tank 6,870 kW

_—

\m.‘\.
&H of

Figure 4.4.3-3: CO2 and Methanol Fuel Tanks

4.4.4 Super-efficient LNG-Fueled Ships

The project developed concept designs for a bulk carrier and a container ship using a combination of
LNG fuel and other technologies to achieve energy efficiency improvement by more than 80% compared
to the 2008 level.

These designs assumed introduction of a hybrid contra-rotating propeller, hull form improvements,
speed optimization, ship upsizing, electric propulsion and the application of LNG fuels and other
innovative energy saving technologies, such as the wind propulsion system and the air lubrication
system. In accordance with the IMO’s EEDI calculation guidelines, these concept designs would achieve
86% improvement compared with the average efficiency of conventional ships. Figures 4.4.4-1 and
4.4.4-2 display general arrangements of the ships and Tables 4.4.4-1 and 4.4.4-2 their principal

characteristics.
Table 4.4.4-1: Principal Characteristics of the
The technical challenges are considered to be few Super-efficient LNG-Fueled Bulk Carrier
in the super-efficient LNG-fueled ships, as they [ Total length 229.00 m
o : Ship length 225.00 m
are based on combination of currently available Total width 42.00 m
energy saving technologies. Meanwhile, it would Bepfth 20.60 m
raft
be necessary to revise the IMO’s related rules and Designed draft 1220 m
guidelines in a bid to provide an environment for DZ‘;'LLS:%S? mmer draft 102 (;(?d“tinrz
practical application. (See Appendix 3-4.) LNG tank 3,800 m3
Designed speed 11.5 knots
Propulsion motors 2 units
Rated output 1,750 kW
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Figure 4.4.4-1: General Arrangement of the Super-efficient LNG-Fueled Bulk Carrier
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Figure 4.4.4-2: General Arrangement of the Super-efficient LNG-Fueled Container Ship
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Figure 4.4.4-3: Hybrid Contra-Rotating Propeller
System
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Table 4.4.4-2: Principal Characteristics of the
Super-efficient LNG-Fueled Container Ship

Total length 400.00 m
Ship length 387.00 m
Total width 69.20 m
Depth 33.20m
Draft

Designed draft 13.00 m

Full load summer draft 16.00 m
Number of containers 27,000 TEUs
LNG tank 11,000 m?3
Designed speed 15.2 knots
Propulsion motors 2 units

Rated output 5,500 kW




4.4.5 Conceptual Drawings of Zero Emission Ships
Figure 4.4.5-1 shows conceptual drawings of each type of Zero Emission Ships.

Figure 4.4.5-1: Bird’s Eye Views of Zero Emission Ships
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Chapter 5: Roadmap to Zero Emission from International
Shipping

Section 5.1: Outline of the Roadmap

In Chapter 4, it was identified that energy efficiency improvement by 80% or more by 2050 compared to
2008 level would be needed in order to achieve the 2050 target of the IMO Strategy. Then the two
emission pathways were developed: Emission Pathway | “a fuel shift from LNG to carbon-recycled
methane” and Emission Pathway Il “expansion of hydrogen and/or ammonia fuels”. On this basis,
the Project considered actions which would need to be taken by the industrial, academic, and public
sectors, as well as timelines for these actions. These actions and timelines are put together as a

roadmap to zero emission from international shipping.

Figure 5.1-1 outlines the roadmap. It designates the period from 2028 to 2030 as the milestone to start
introduction of Zero Emission Ships (ultra-low or zero emission ships capable of achieving nearly or
more than 90% reduction of GHG emissions compared to the 2008 level) in order to achieve the 2050
target. To realize construction and operation of Zero Emission Ships by the milestone, research,
development and demonstration of new technologies should be accelerated, and simultaneously
regulatory framework and standards should be reviewed or developed at a global level. Then, it would
also be necessary to develop measures to incentivize adoption of Zero Emission Ships, as well as global
supply chains and infrastructures for low-/zero-carbon alternative fuel to facilitate wide spread of them.

2025 2028 2030 2040 205
B e gl
: 4 i e Examples of zero-emission A
- i technologies Total: A50%
* Enhancing R&D | R (carbon intensity: 80%)
capacities ' L Onboard CO;, (base year 2008)

capturing, liquefier

* Trial design
* Tank, inboard transfer,
storage, etc.
» Engine (single/dual fuel) !
and related !
technologies !
T - i \\_ Ammonia-fueled engine etc.

: Pilot projects

* Experiment and demonstration of
the use of alternative fuels
1| (single/dual fuel combustion)
e Adoption of technologies from small
coastal ships, to be scaled up into
larger ocean-going vessels

i | = Incentive scheme
. ; i | (energy efficiency requirement,
| ! ' | market mechanisms; financing etc.)

Establishment of Fuel supply

Figure 5.1-1: Roadmap Outline

Regulatory developments

» Safety requirements
* Training and competency for seafarers
» Methodology to evaluate energy efficiency
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Section 5.2: Research and Development

The Project explored the possible research and development actions towards introduction of Zero
Emission Ships, as shown in Figure 5.2-1.

5.2.1 Enhancing Research and Development capacities
In order to efficiently carry out fruitful R&D programs, a joint R&D system would be effective. For example,

setting up a joint venture for collaborative research projects would reduce duplicated costs and
investment, while allowing synergy and economy of scale.

Another possible approach is to launch an international scheme to facilitate R&D activities. Alarge-scale
R&D investment is necessary for introduction of zero emission ships, and it is desirable to establish an
international framework for procuring financial resources for such investment. An establishment of a new
framework for international R&D funds, in which each ship is obliged to make contribution to the fund
proportional to the annual fuel consumption, could be a possible way forward, if it was designed and
implemented in a reasonable and effective manner. An example would be shipowners contributing an
amount proportionate to their annual fuel consumption to set up a fund to finance internationally selected
R&D projects. Contributions of around two dollars per ton of fuel oil consumption may raise R&D funds
of around 500 million dollars per year.

5.2.2 Pilot Projects

For introduction of hydrogen fuels and ammonia fuels, it would be essential to develop hydrogen-fueled
engines and ammonia-fueled engines by 2024. Then, pilot projects for the dual-fuel combustion engines
using conventional fuel and either of these alternative fuels should be conducted possibly using small
coastal ships by 2026. Subsequently, the technologies would be sophisticated and scaled up to larger
ocean-going ships to realize Zero Emission Ships by 2028.

To encourage the use of LNG fuels and carbon-recycled methane fuels, it is vital to swiftly establish
measures to minimize methane slip.

For introduction of wind propulsion systems, a robust and reliable mechanism to verify the energy saving
performance by means of wind power should be established.

Onboard CO; capturing system is based on technology that has already been practically implemented
on land. For onboard applications, it is necessary to address improvement in CO. capturing rate,
reduction of size, cost and necessary power, countermeasures against saltwater damage and vibration,
and other issues related to operation and verification.

For super-efficient LNG-fueled ships, it would be necessary to resolve issues related to maneuverability
in case where the ship is designed to have much lower speed and power than the conventional ships.

Battery propulsion have already reached the verification phase and been applied to small domestic ships.

8 Proposed to the IMO as the International Maritime Research and Development Board (IMRB) by international
shipping industries.
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However, as discussed in Section 4.3, given the low energy density of existing batteries, it is difficult to
apply them to large ocean-going ships.

It should be noted that uptake of the aforementioned technologies and alternative fuels will depend
considerably on the progress of development of onshore infrastructure for supply, including bunkering
facilities.
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Figure 5.2-1: R & D and Pilot Project Roadmap

Section 5.3: Requlatory Developments

Figure 5.3-1 lays out actions and measures for regulatory developments that are considered necessary
for introduction of zero emission ships.

5.3.1 Short-, Mid- and Long-Term Measures

Deliberations on the short-term measures are under way at the IMO aiming at an agreement by 2023
as mentioned in Sections 2.1 and 3.2. Japan is proposing the energy efficiency existing ship index
(EEXI) regulations aiming at approval as soon as possible. In addition to the EEXI, the mandatory rating
mechanism as proposed by China to visualize actual energy efficiency would be another way to
incentivize further operational improvement.

For mid- and long-term measures, the IMO is currently discussing the development of lifecycle
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GHG/carbon intensity guidelines for fuels. It may also need to address issues on the use of carbon-
recycled fuels and biofuels in the context of cross-border with other sectors. In the future, it may need
to draw up market-based measures (MBMs), such as global levy, to create economic incentives for GHG
reduction.

5.3.2 Revision to Existing MARPOL-Related Regulations

The EEDI regulations under the MARPOL Convention provide for up to Phase 3 requirements, which
were originally scheduled to come into effect in 2025, but decided to be brought forward to 2022 for
some ship types. Currently, new Phase 4 requirements are also being discussed at the IMO, which may
envision the introduction of alternative fuels and other measures. Although the year of application and
the level of stringency of Phase 4 has not been decided yet, the following issues, inter alia, could be
incorporated in the EEDI framework from Phase 4:

* A verification scheme for alternative fuels;
» EEDI calculation for electric propulsion ships; and

* Inclusion of wind propulsion systems into the EEDI.

5.3.3 Safety requirement
To introduce alternative fuels, some of the existing rules on ship safety and seafarers must be reviewed
and revised as appropriate.

For example, the IMO has already developed safety standards for LNG-fueled ships in the International
Code of Safety for Ships using Gases or other Low-flashpoint Fuels (IGF Code).® However, there is no
safety standards dedicated for ships using hydrogen or ammonia fuels. According to the International
Code for the Construction and Equipment of Ships Carrying Liquefied Gases in Bulk (IGC Code), use
of ammonia fuels is not allowed for liquid ammonium carriers at the moment.’® Therefore, revision or
establishment of IMO rules will be necessary for general use of hydrogen and ammonia fuels. Similarly,
safety standards for the onboard installation of wind propulsion systems and onboard CO_ capturing
systems will have to be developed. Training and competency for seafarers involved in the operation of
ships using hydrogen or ammonia fuel would also be necessary to be considered.

5.3.4 Others

Depending on the trends in the technological development of alternative fuels and the state of the supply
of these fuels, the revision of existing marine fuel standards, such as ISO 8217, or the formulation of
new standards would be necessary.

? IMO, International Code of Safety for Ships Using Gases or Other Low-Flashpoint Fuels
10 IMO, The International Code for the Construction and Equipment of Ships Carrying Liquefied Gases in Bulk
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Figure 5.3-1: Regulatory Developments Roadmap
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Chapter 6: Concluding remarks

Potential of zero emission from international shipping in the future depends on intricately entangled and
uncertain factors, such as technological developments, supply capacity and availability of alternative
fuels, and their costs, which cannot be precisely predicted at this stage. Under these circumstances,
based on information currently available, the Project analyzed and explored possible emission pathways
that enable international shipping to meet the GHG reduction target set out in the IMO Strategy. It then
developed detailed plan of actions, including technological developments and regulatory development
that would be necessary to realize the pathways and presented them in the form of a Roadmap.

The Roadmap needs to be revised continuously through reviewing and narrowing down the optional
pathways and actions taking into account updated circumstances and progresses. The actions, roles,
systems and funding mechanisms for the implementation of the Roadmap needs to be materialized
further by all stakeholders with a view to enhance commercial feasibility and realize the construction
and operation of Zero Emission Ships as soon as possible.
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Appendix 1. Estimate of International Seaborne Trade

To predict the future CO2 emissions (BAU emissions) from international shipping, international seaborne
trade volume was estimated up to 2050. Details of the estimation are as follows.

1. Outline of the Method of Estimate on Seaborne Trade
The method for estimating the international seaborne trade is outlined in the Figure Appendix 1-1.

Based on the assumption that the international seaborne trade correlates with socio-economic indicators
(GDP, population, and energy consumption), a regression model using such indicators was built for the
trade volume for each commodity.

Next, by inputting the predicted values for the socio-economic indicators for a period up to 2050 into the
regression formulas, the future trade volume (in tons) of each commodity was calculated. For this
purpose, GDP forecast from OECD and projection on energy consumption and population from the
International Institute for Applied Systems Analysis (IIASA) were used.

Further, the future seaborne trade of each commaodity on the ton-mile basis was estimated by multiplying
the estimated trade volume in tons by the average distance travelled for each commodity.

Finally, Seaborne trade on the ton-mile basis were estimated by ship type and size by setting a
corresponding relationship between the trade volume of each commaodity and the ship type and size of
the ships that transport the commodity.

(1) Creation of regression formulas for seaborne trade using socio-economic indicators

l

(2) Estimation of seaborne trade in tons for each commodity up to 2050

l

(3) Estimation of seaborne trade in ton-miles for each commaodity up to 2050

l

(4) Estimation of seaborne trade by ship type/ size in ton-miles up to 2050

Figure Appendix 1-1: Outline of the Method for Estimation of Seaborne Trade
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2. Regression Formulas for Seaborne Trade

(1) Data used for creating the equations

The regression models were created by assuming that seaborne trade of each commodity (in tons) are
correlated with socio-economic indicators. To verify this assumption, data from Clarksons' which
classify commodities in detail, were used as the actual values for trade volume by commaodity. Data from
Clarksons is used widely in other studies, including in the past IMO study (3rd IMO GHG Study'?) and
in CE Delft's analyses of international seaborne trade. The target commodities to be analyzed here
were classified as follows in accordance with Clarksons’ classifications.

e [Target commodities]Crude Oil
*  Oil Products

e Coking Coal

* Steam Coal

* Iron Ore

*  Bauxite/Alumina

*  Grain, Minor Bulk

*  Container

e Other Dry Cargo

e LPG, LNG, Chemical
e Car

* Reefer

e Cruise Passenger

Here, the unit for Cruise Passenger is the number of passengers while other commodities are measured
in tons. In this study, by using both printed and online formats of Clarksons data, Bauxite/Alumina was
considered separately from Minor Bulk, and likewise Reefer and Car were categorized differently from
Other Dry Cargo.

Historical GDP values were taken from data published by OECD'* and population data was taken from
data published by the United Nations'. Energy consumption data was taken from data published by
IEA'® . As to GDP data, global total GDP(US Dollar, 2010) was used, with GDP values available since
1995. Data on the global total population from the United Nations was used, with data being available
since 1950. The IEA energy consumption data includes the global total values for oil, coal, and gas

" Clarkson Research, Shipping Review & Outlook, Spring 2019, pp115, pp145.

2 IMO, Third IMO Greenhouse Gas Study 2014, 2015.

3 CE Delft, Update of maritime greenhouse gas emission projections, January 2019.

4 OECD, Economic Outlook No. 103, July 2018, Long-term baseline projections,
https://stats.oecd.org/Index.aspx?DataSetCode=EO103_LTB#

5 United Nations, World Population Prospects 2019, https://population.un.org/wpp/

6 |EA, Data and statistics, https://www.iea.org/data-and-statistics
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(primary energy supply, unit: joule), and values for global total energy consumption dating since 1990.

(2) Regression formulas

In creating the regression formulas, relationships between variables were considered using the three
types of formulas — linear, linear (logarithm), and sigmoid formulas (logistic curve) — shown (1) to (3)
below, with trade volume being the explained variable and a socio-economic indicator being the
explanatory variable.

Linear Y=a X+5b ... Formula (1)
Linear (Logarithm) LN(Y)=a LN(X)+b ... Formula (2)
Sigmoid c ... Formula (3)

r= 1+ a exp(—bX)

Here, Y is the explained variable, X is the explanatory variable, and a, b, and ¢ are parameters.

In the linear regression formula, a linear relationship, in which the explained variable Y changes in
proportion to changes in the explanatory variable X, was assumed. In the linear (logarithm) regression
formula, it was assumed that the elasticity of between X and Y is constant. In addition, the application
of the sigmoid (logistic curve) was considered for some commodities expected to see restricted demand
in the future. This curve is often applied to express a phenomenon concerning the trend toward an
increase in the target commodity, in which the increase is accelerated at the onset and saturated in the
end. It therefore enables the expression of the effects of restriction. In the logistic curve, the parameter
c indicates the upper limit of the explained variable in the regression formula.

Socio-economic indicators that are considered to be strongly related to each commodity were used as
the explanatory variables in the regression formulas. Oil consumption was adopted as the explanatory
variable for Crude Qil, Oil Products, LPG, and Chemicals. Coal consumption was adopted for Steam
Coal while gas consumption was used for LNG, and population was adopted for Grain. For the other
commodities, GDP was used as the explanatory variable.

Parameters for the regression formulas were determined through regression analyses using historical
values for the period from 1995 to 2018 in the case of GDP, values from 1985 to 2017 in the case of
population, and values from 1990 to 2017 in the case of energy consumption. The type of regression
formulas was determined by comparing the R? (coefficient of determination) values (the closer to 1 it is,
the better the correlation is), which indicate the levels of adaptation between variables. However, the
logistic curve parameter ¢ needs to be determined in advance. Therefore, value for the parameter c was
set to one at which the R? value became appropriate.

Table Appendix 1-1 shows the explanatory variable, the regression formula, and the R? value of each
commodity.
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Table Appendix 1-1: Results of Regression Formula Consideration

Explanato Unit of
No. Commodity p ry explained Regression formula R?
variable: Unit .
variable
1 |lIron Ore GDP: Million tons | Sigmoid |Y=1614/(1+97.723 exp (-7.122E - 05 X)) | 0.98
Billion USD g ' P/ '
. GDP: - . . _
2 | Coking Coal Billion USD Million tons | Sigmoid |Y =362/ (1 + 4.152 exp (-2.501E - 05 X)) | 0.94
3 | Steam Coal (E:ja' CONSUMPYON: | tiion tons | Linear  |Y = 8.960X - 584.922 0.95
4 | Bauxite/Alumina GDP: Million tons | Sigmoid |Y =206/ (1 + 18.596 exp (-3.778E - 05 X)) | 0.96
Billion USD 9 ' P '
5 |Grain PQF.)uIatlon: Million tons | Sigmoid Y =722/ (1 + 8733.995 exp (-1.275E -03 098
Million people X))
. GDP: - . . _
6 | Minor Bulk Billion USD Million tons | Sigmoid |Y =2238/ (1 + 8.185 exp (-4.002E - 05 X)) | 0.99
7 |Container GDP: Million tons Linear |Y =0.029X-869.709 0.99
Billion USD ' ) '
GDP: - . . _
8 | Other Dry cargo Billion USD Million tons | Sigmoid |Y =710/ (1 + 18.900 exp (-5.127E - 05 X)) | 0.98
9 | Crude Oil (E)j' consumption: | yyiion tons | Linear | Y = 14.161X - 586.546 0.89
10 | Ol Products (E)j' consumption: | yiion tons | Linear | Y = 13.563X - 1500.875 0.95
Oil consumption: . Linear _
11 |LPG EJ Million tons (Logarithm) Y =exp (-8.710 + 2.489 LN(X)) 0.88
Gas consumption: . Linear _
12 |LNG EJ Million tons (Logarithm) Y =exp (-7.300 + 2.670 LN(X)) 0.99
13 | Chemicals (E)j' consumption: | \yiion tons | Linear | Y = 3.661X - 399.872 0.94
14 | Car GDP: Million tons | Sigmoid |Y =44/ (1 + 10.209 exp (-3.561E - 05 X)) [ 0.90
Billion USD g ' P '
15 | Reefer GDP: Million tons | Sigmoid |Y =345/ (1 + 7.639 exp (-3.190E - 05 X)) |0.99
Billion USD 9 ' Pl '
16 | Cruise Passenger | S0 - Million Linear |Y = 3.864E - 04X - 9.327 0.99
Billion USD passengers

GDP:2010 value based on prices, EJ: Exajoule

Figure Appendix 1-2 shows actual seaborne trade by commodity and estimate which was obtained by

applying the regression formulas. However, the regression formulas for Grain and Other Dry Cargo were

created based only on recent years’ trends.
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Figure Appendix 1-2: Comparison of Actual and Estimated Values of Seaborne Trade by Commodity
(Blue: Actual value, Orange: Estimate)
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3. Estimate of Seaborne Trade in Tons for Each Commodity

Trade volume in tons up to 2050 was estimated by inputting the projections of socio-economic indicators
into the regression formulas. The socio-economic data used are as follows.

OECD forecasts were used for the prediction of the future GDP. This prediction is relatively close to the
SSP 3 scenario, which shows modest growth, among the multiple GDP forecasts adopted by the
Intergovernmental Panel on Climate Change (IPCC) that were also used for the 3rd IMO GHG Study.

Data from the IIASA' was used for population and energy consumption. This database contains
calculated energy consumptions based on the Representative Concentration Pathways (RCP) and
Shared Socioeconomic Pathways (SSP) adopted by the IPCC. From the database, this study used
energy consumption forecasts calculated with the Asia-Pacific Integrated Model/Computable General
Equilibrium (AIM/CGE) model from the National Institute for Environmental Studies of Japan (NIES)
based on the RCP scenarios and SSP scenarios. The SSP scenario shows socio-economic indicators,
such as GDP and population, while the RCP scenario is a representative GHG concentration scenario
that is used by the IPCC’s climate model. The numerical value shown at the end of each scenario of
RCP is a physical indicator called the radiative forcing value (unit: W/m?). The greater the value is, the
higher its effect on the warming of the earth’s surface is. This study used forecasts for energy
consumption and population in 2030, 2040, and 2050 from the three scenarios shown in Table Appendix
1-2, including the RCP 1.9 shown by IPCC in 2018. Socio-economic conditions were analyzed using the
SSP1 scenario with replacing the GDP forecasts from SSP 1 with the OECD forecasts (hereinafter
referred to as OECD, SSP 1).

Figure Appendix 1-3 shows actual GDP, population, and energy consumption and the forecasts for these
indicators up to 2050, which were used in this study.

Table Appendix 1-2: Representative Concentration Pathways (RCP) Used in this Study

RCP 4.5 Radiative forcing level will be stabilized at 4.5 W/m? by the end of this
(Middle-level century. It is likely that the future temperature rise will be suppressed to
stabilization scenario) | 2.5 °C or less.

RCP 2.6 Radiative forcing level will hit its peak and then lower to 2.6 W/m? around
(Low-level the end of this century. It is likely that the future temperature rise will be

stabilization scenario) | suppressed to 1.6 °C or less.

Radiative forcing level will be stabilized at 1.9 W/m? by the end of this
century. It is likely that the temperature rise at the peak time will be
RCP 1.9 suppressed to 1.5 °C or less.

(This scenario is used in the IPCC’s special report on the impact of a
global warming of 1.5 °C (2018).)

7 1IASA, SSP Database (Shared Socioeconomic Pathways) - Version 2.0, December 2018,
https://tntcat.iiasa.ac.at/SspDb
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Future trade volume (in tons) was estimated by inputting the predicted values of the explanatory
variables from GDP provided by OECD and others from SSP/RCP scenarios into the above-mentioned

regression formulas.

In this process, the Qil Products estimates calculated by the regression formula were corrected on the
assumption that the ratio of the trade volume of Qil Products to Crude Qil is constant. In the Clarksons
data, the ratio of the trade volume of Oil Products to Crude Oil from 2014 to 2018 was 0.533 on average.

Accordingly, the estimate was made assuming the above ratio will remain unchanged in the future.

Table Appendix 1-3 shows estimates of total seaborne trade up to 2050, expressed in a factor of that in
2008 (8.627 billion tons). Estimates of seaborne trade by commodity are shown in Figure Appendix 1-4.

Appendix 1-3: Estimate of Trade Volume in Tons up to 2050
(Total volume of all commodities, excluding the passengers, index: trade volume in 2008 = 1)

Scenario 2020 2030 2040 2050
OECD, SSP1/RCP 4.5 1.44 1.65 1.82 1.91
OECD, SSP1/RCP 2.6 1.42 1.56 1.57 1.66
OECD, SSP1/RCP 1.9 1.39 1.36 1.40 1.47

50




2,500

2,000

1,500

1,000

500

400

350

300

250

200

150

5
e
<
2
S

100

50

1,800
1,600
1,400
1,200
1,000

800

600

400
200

700

600

500

400

300

c
L
<
S
=

200

100

=== Actual
—SSP1-4.5
===55P1-2.6
===55P1-1.9
T T T T T
n o uwu 8 n 9O unu O u wn g n o
0 [ a o — Pl o o o0 o0 =4 wn
o & &% © 6 © O O O O O S o
4 4 49 A 8§ & A A A
Year
N / === Actual
]
n
1
5 —OECD
o~
—-—‘\v ~’
wn o wn Q ["a} o wn o wn o n Q wn o
0 O O O 0O 4 o4 a o ;0 § g 0
o o o O O O O O O O O O O O
- -~ — o~ o~ o~ o~ o~ o o o~ o~ o~ o~
Year
,
’
14
3 |
7 ===Actual
’l
’
J ——O0ECD
/
4
v
7
/
Y d
e
wn o wn Q wn o wn o wn o n Q wn o
o o O O O O O O O O O o
- — - o~ o~ o~ o~ o~ o o~ o~ o~ ~ o~
Year
=== Actual
’
4
/
1 ——SSP1-4.5
’
.
o ===5S5P1-2.6
NP2 B g
% ~g
———SSP1:1.9.
n o wn n O unu O v O wu n o
0 (=) a o Pl e N o oM o0 =y un
o & & © 6 © O o 0 o & & O
4 4 9 R 8 8 d A A A d
Year

1,400
1,200
1,000
800
600

400

200

1,200

1,000

800

600

400

s
e
<
2
2

200

250

200

150

100

50

2,500

2,000

1,500

1,000

500

A === Actual
e
/
7 . ——SSP1-4.5
4 -
II \\
1-’ 8 ---55P1-2.6
=’ ~
. <
I\’ N
s <
===55P1-1.9
n 9 uwu 8 n O 1 O nu O u 9 u o
0 [} a o By P o o oM oM g < wn
o o o O O 0O O O O O o o o
223 IR RII’IRAQI R Q&K
Year
AW
(YA
J \\‘\ ===Actual
t \‘\
/ Y
] v % ——SSP1-4.5
P S
F 3 \)
I' ‘\ \\
\ - -
/ \ A SSP1-2.6
* D
I” ‘\ \\
C il \ \ ===55P1-1.9
- rd A \\
= “ \
\ Vel
S
n o wn 8 "a} o n o wn o wn Q wn Q
0 O O O 4 o4 a8 o oo o g S 0
o 0o o O O O O O O O o o O
- -~ - o o o~ o~ o~ o~ o~ o~ o~ o~ o~
Year
/ —==Actual
rl
1
l‘l\; — OECD
JV
"ni
\
ll ‘l
4
VAl L .
I~ ~
wn o wn Q wn o n o wn o wn Q wn o
o o o O O O O O O O O o
— — - o~ o~ o~ o~ o~ o~ o~ o o~ o~ o~
Year
—f/
Pl === Actual
"t
v
/ A
’ —OECD
4
4
%
’l
-.—'
e’
n 9O wn n O 1 O 1 9O wu n o
o o @ O O O O O O O O o
422 3 88 A A@”AAAN AN
Year

Minor Bulk

Figure: Appendix 1-4: Estimate of Seaborne Trade in Tons by Commodity up to 2050

51

*This figure continues to next page.



6,000

5,000 //
4,000 /
3,000 /
2,000 /
I—,
4
1,000 N
’
-—“—’
o £
n o un 8 n O 1 O v O 1 O wWw 9
0w O O O 4 o4 a4 o o o g < 0
o o 0O O O O O O O O O O O o
T 22 R2RRRLR]RKRLLLRR
Year
Container
50
45
40
35 //
30 R
S 25 AV
= ARy
§ 2 Y.
= o7
S 5 e
5
10
5
o |
wn o wn 8 ["a} o wn o wn o wn Q wn o
0 O O O o4 o4 a4 o o o & & v
o 0O 0O O O O O O O O O O O O
-~ -~ - o~ o~ o~ o~ o~ o o o~ o~ o~ o~
Year
Car
120
100
80
60
'I
a, %
40 St =
/s s
0 - Sso
G
o |
wn o wn Q wn o wn o wn o n Q wn o
o 0O O O O O O O O O o o
— — — o~ o~ o~ o~ o~ o o~ o~ o~ o~ o~
Year
400
350
300
250
s
S 200
4
S 150
2 j00 5
50
\
\
S AR (RRR A b0 S
8 88 883 LK I A 2 2
o O O O O O O O O O O o o o
2 3 2 RRRIAIRRKRRRKRRRR
Year

Chemical

=== Actual

—OECD

=== Actual

—OECD

=== Actual

——SSP1-4.5

=== S5P1-2.6:

——=$55P1-1.9

=== Actual

——SSP1-4.5

===55P1-2.6

e 5SPA-1.9

s
e
<
2
2

Million Passenger

400

350

300

250

200

150

100

50

800

700

600

500

400

300

200

100

80

70

60

50

40

30

20

10

77
7’
4”
"/
&

Z
momgmomomomomo
0 O O OHHNNmmgﬂ‘Lﬂ
o o o O O 0O O O O O o o o
4 4 49 A 8 8 A A AN |

Year

-

4

4
mOLﬂgLﬂDLﬂOLﬂOLﬂOLﬂO
0 O O OHHNNmmgQ‘Lﬂ
o 0o o O O O O O O O o o O
= = H AN AN AN NN NN NN NN

Year

Other Dry Cargo

n O 1 O 1 O 1 O 1 O 1 9O wnu O
o o o O O O O O O O O o
— = N AN AN AN NN N NN NN
Year
7
’
—”
-
i
L
2
n 9O wn n O 1 O 1 9O wu n o
0 O O O o4 o4 a4 o MM o gm
o o o O O O O o o o o
ZZ 2 RRRIIIILIRIRR
Year

Cruise Passenger

===Actual

—OECD

===Actual

—OECD

=== Actual

——SSP1-4.5

=== S5P1-2.6!

e 5SP1-1.9

=== Actual

——OECD

Appendix 1-4: Estimate of Seaborne Trade in Tons by Commodity up to 2050 (continued)

52



4. Estimate of Seaborne Trade in Ton-miles for Each Commodity

Seaborne trade in ton-miles was estimated by multiplying the trade volume in tons by the average length
of haul in nautical miles. The average length of haul was calculated based on seaborne trade in ton-
miles and in tons, both published by Clarksons.'® Concerning Coal, the total of Coking Coal and Steam
Coal was used because these commodities are not distinguished from each other in the ton-mile data
from Clarksons. In addition, regarding Reefer and Cruise Passenger, no published data in ton-miles
exists. Therefore, for these categories, a method to estimate trade volume without referring to distance
travelled was created. Although the Clarkson does not provide values in ton-miles for Car, the number
of vehicles transported between major countries in 2017 is published in another data source'®. Therefore,
these values were used to estimate trade volume in ton-miles for Car. Specifically, the number of
vehicles was multiplied by the distance between the major countries, and the product was divided by
the total number of vehicles (for 2017, 9.32 million), resulting in the average distance travelled.

5. Estimate of Seaborne Trade by Ship Type and Size in Ton-miles

Trade volume by ship type and size was estimated by setting correspondence relationships between
trade volume (ton-miles) of each commodity and the type and size of ship transporting it. Ship type and
size was classified in accordance with the 3rd IMO GHG Study. The relationships between ship types
and commodities are shown in Appendix 1-4.

Table Appendix 1-4: Relationships between Ship Types and Commodities

Ship types in the 3rd

No. Target commodities

GHG Study
1 Bulk Carrier Coking Coal, Steam Coal, Iron Ore, Bauxite/Alumina, Grain, Minor Bulk
2 Chemical Tanker Chemical
3 Container Container
4 General Cargo Part of Other Dry Cargo
5 Liquefied Gas Tanker LPG, LNG
6 QOil Tanker Crude Oil, Oil Products

7 Other Liquids Tankers None

8 Ferry-pax Only None

9 Cruise Cruise Passenger

10 Ferry- RoPax Part of Other Dry Cargo
11 Refrigerated Reefer

12 Ro-Ro Part of Other Dry Cargo
13  Ro-Ro Vehicle Car

'8 Clarkson Research, Shipping Review & Outlook, Spring 2019, pp115, pp145.
9 Clarkson Research, Car Carrier Trade and Transport 2018.
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By following the relationships between ship types and commodities, trade volume for each ship type and
size was estimated for each category, (1), (2) or (3) below. For the estimation, data from the 3rd IMO
GHG Study on tonnage (DWT) and distance traveled (nautical miles) by ship type and size from 2008
until 2012 was used. Distance traveled was calculated from the number of days at sea and the average
vessel speed. In this report, it was assumed that multiple of tonnage (DWT) of each ship type and size
by distance traveled (miles) indicates the volume of activity of each ship type and size and that the
amount of trade volume for each category was determined based on the ratio of this value to the whole
(ratio of DWT-mile value of each ship type and size).

(1) One-to-one relationship between ship type and commodity (Chemical Tanker, Container, Cruise,
Reefer, Car)

For Chemical, Container, and Car, for which actual or estimated values for seaborne trade in ton-miles
from Clarkson exist, the ton-mile value for each commodity was attributed to ship size based on the ratio
of DWT-mile value of each ship type and size. Regarding Cruise and Reefer, for which ton-mile values
do not exist, the ton value for each commodity was attributed to ship size based on the ratio of DWT-
mile value of each ship type and size to the whole.

(2) One-to-many relationship between ship type and commodity (Bulk Carrier, Qil Tanker)

For Bulk Carrier, the percentage of each ship size (Supra/Handysize, Panamax, Capesize)? in ton-mile
values for each commodity, published by IHS Markit Ltd.,>! were applied to set the ton-mile ratio for
each. Ton-miles for each commaodity were attributed to ship size by multiplying this by the percentage of
DWT-miles of each ship type and size, so that the data would correspond to the ship type and size
classification of this study.

For Qil Tanker, ton-miles for Crude Oil was attributed to ship size based on the percentage of DWT-
miles of each ship type and size. Ton-miles for Oil Products were attributed to ship size based on the
DWT-miles percentage of ship types and size excluding 120,000 DWT or larger Oil Tankers.

(3) Many-to-one relationships between ship type and commaodity (General Cargo, Ferry- RoPax, Ro-Ro)
Ton-miles for Other Dry Cargo was distributed among General Cargo, Ferry- RoPax, and Ro-Ro based
on the percentage of DWT-miles of each ship type and size.

In this section, trade volume in ton-miles by ship type and size up to 2050 were estimated using the
percentage of DWT-miles of each ship type and size for 2008. However, the estimations do not include
values for Other Liquid Tanker and Ferry Pax Only, for which target commodities are not set, and Cruise

20 Supra/Handysize: At around 18,000 DWT to 45,000 DWT, these ships can navigate almost anywhere
in the world. Panamax: Approx. 60,000 DWT to 68,000 DWT, these ships are the largest that can pass
through the Panama Canal. Capesize: Large ships around 150,000 DWT that cannot pass through the
Panama or Suez Canals

21 |HS Markit, Bulk Shipping Market Outlook, 2018 Maritime Silk Road Port International Cooperation
Forum, http://www.mpforum.org/
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and Refrigerated, for which ton-miles are not set. Figures Appendix 1-5, Appendix 1-6, and Appendix 1-
7 show estimated ton-mile values for each scenario. Estimates by ship type and size are shown in Tables
Appendix 1-5, Appendix 1-6, and Appendix 1-7. For OECD, SSP 1/ RCP 4.5, the total trade volume for
all ship types is estimated to increase approx. twofold by 2050, when compared to 2008 (approx. 41
trillion ton-miles).

OECD, SSP1/RCP4.5
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Appendix 1-5: Estimated Seaborne Trade in Ton-miles by Ship Type up to 2050
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Appendix 1-5: Estimated Seaborne Trade in Ton-miles by Ship Type and Size

(Scenario: OECD, SSP 1/RCP 4.5)

Ship type Ship size 2008 2020 2030 2040 2050
QOil Tanker -4,999 dwt 127 161 176 181 166
5 k-9,999 dwt 72 91 99 102 93
10 k-19,999 dwt 76 96 105 108 99
20 k-59,999 dwt 1,082 1,368 1,497 1,542 1,409
60 k-79,999 dwt 940 1,188 1,300 1,339 1,224
80 k-119,999 dwt 3,219 4,070 4,453 4,588 4,191
120 k-199,999 dwt 1,391 1,664 1,805 1,845 1,727
200 k+ dwt 4,312 5,157 5,596 5,720 5,353
Bulker -9,999 dwt 131 198 218 225 226
10 k-34,999 dwt 3,516 5,309 5,825 6,008 6,038
35 k-59,999 dwt 6,402 9,667 10,607 10,940 10,994
60 k-99,999 dwt 4,150 6,935 7,543 7,863 7,805
100 k-199,999 dwt 3,893 6,681 7,078 7,148 7,108
200 k+ dwt 985 1,690 1,791 1,808 1,798
Container -999 teu 228 379 556 754 973
1k-1,999 teu 659 1,095 1,609 2,180 2,813
2k-2,999 teu 724 1,203 1,767 2,395 3,090
3 k-4,999 teu 1,781 2,958 4,346 5,890 7,599
5 k-7,999 teu 1,644 2,731 4,012 5,438 7,016
8 k-11,999 teu 892 1,481 2,176 2,949 3,805
12 k-14,499 teu 54 90 133 180 232
Chemical Tanker -4,999 dwt 21 32 33 34 30
5 k-9,999 dwt 57 89 92 95 85
10 k-19,999 dwt 139 216 222 230 205
20 k+ dwt 605 942 967 1,005 893
General Cargo -4,999 dwt 324 428 461 468 469
5 k-9,999 dwt 497 656 707 717 719
10 k+ dwt 1,174 1,549 1,671 1,694 1,698
Liquefied Gas Tanker -49,999 cbm 93 182 177 178 151
50 k-199,999 cbm 706 1,376 1,340 1,349 1,140
200 k+ cbm 102 199 194 195 165
Ferry-RoPax -1,999 grt 21 28 30 31 31
2 k+ grt 106 139 150 152 153
Ro-Ro -4,999 dwt 44 58 62 63 63
5 k+ dwt 101 133 143 145 145
Ro-Ro Vehicle -3,999 vehicle 35 42 49 52 53
4 k+ vehicle 125 148 173 183 186

Unit: Billion ton-miles
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Table Appendix 1-6: Estimated Seaborne Trade in Ton-miles by Ship Type and Size

(Scenario: OECD, SSP1/RCP 2.6)

Ship type Ship size 2008 2020 2030 2040 2050
QOil Tanker -4,999 dwt 127 160 164 137 121
5 k-9,999 dwt 72 90 92 77 68
10 k-19,999 dwt 76 95 08 82 72
20 k-59,999 dwt 1,082 1,358 1,397 1,168 1,027
60 k-79,999 dwt 940 1,179 1,213 1,014 892
80 k-119,999 dwt 3,219 4,040 4,156 3,474 3,054
120 k-199,999 dwt 1,391 1,645 1,692 1,414 1,243
200 k+ dwt 4,312 5,098 5,244 4,384 3,854
Bulker -9,999 dwt 131 198 213 214 216
10 k-34,999 dwt 3,516 5,286 5,689 5,728 5,765
35 k-59,999 dwt 6,402 9,625 10,359 10,430 10,498
60 k-99,999 dwt 4,150 6,739 6,369 5,453 5,463
100 k-199,999 dwt 3,893 6,616 6,688 6,347 6,330
200 k+ dwt 985 1,674 1,692 1,606 1,601
Container -999 teu 228 379 556 754 973
1k-1,999 teu 659 1,095 1,609 2,180 2,813
2 k-2,999 teu 724 1,203 1,767 2,395 3,090
3 k-4,999 teu 1,781 2,958 4,346 5,890 7,599
5 k-7,999 teu 1,644 2,731 4,012 5,438 7,016
8 k-11,999 teu 892 1,481 2,176 2,949 3,805
12 k-14,499 teu 54 90 133 180 232
Chemical Tanker -4,999 dwt 21 31 29 20 15
5 k-9,999 dwt 57 88 82 57 42
10 k-19,999 dwt 139 212 197 138 101
20 k+ dwt 605 924 861 600 440
General Cargo -4,999 dwt 324 428 461 468 469
5 k-9,999 dwt 497 656 707 717 719
10 k+ dwt 1,174 1,549 1,671 1,694 1,698
Liquefied Gas Tanker -49,999 cbm 93 177 148 84 60
50 k-199,999 cbm 706 1,340 1,123 634 451
200 k+ cbm 102 194 163 92 65
Ferry-RoPax -1,999 grt 21 28 30 31 31
2 k+ grt 106 139 150 152 153
Ro-Ro -4,999 dwt 44 58 62 63 63
5 k+ dwt 101 133 143 145 145
Ro-Ro Vehicle -3,999 vehicle 35 42 49 52 53
4 k+ vehicle 125 148 173 183 186

Unit: Billion ton-miles
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Table Appendix 1-7: Estimated Seaborne Trade in Ton-miles by Ship Type and Size
(Scenario: OECD, SSP 1/RCP 1.9)

Ship type Ship size 2008 2020 2030 2040 2050
QOil Tanker -4,999 dwt 127 153 121 82 49
5 k-9,999 dwt 72 86 68 46 28
10 k-19,999 dwt 76 91 72 49 29
20 k-59,999 dwt 1,082 1,297 1,032 695 419
60 k-79,999 dwt 940 1,126 896 604 364
80 k-119,999 dwt 3,219 3,859 3,069 2,068 1,247
120 k-199,999 dwt 1,391 1,571 1,250 842 508
200 k+ dwt 4,312 4,869 3,874 2,609 1,574
Bulker -9,999 dwt 131 197 207 213 215
10 k-34,999 dwt 3,516 5,259 5,527 5,707 5,756
35 k-59,999 dwt 6,402 9,576 10,064 10,393 10,482
60 k-99,999 dwt 4,150 6,507 4,980 5,279 5,385
100 k-199,999 dwt 3,893 6,539 6,227 6,289 6,304
200 k+ dwt 985 1,654 1,575 1,591 1,595
Container -999 teu 228 379 556 754 973
1k-1,999 teu 659 1,095 1,609 2,180 2,813
2k-2,999 teu 724 1,203 1,767 2,395 3,090
3 k-4,999 teu 1,781 2,958 4,346 5,890 7,599
5 k-7,999 teu 1,644 2,731 4,012 5,438 7,016
8 k-11,999 teu 892 1,481 2,176 2,949 3,805
12 k-14,499 teu 54 90 133 180 232
Chemical Tanker -4,999 dwt 21 29 15 2 0
5 k-9,999 dwt 57 81 42 6 0
10 k-19,999 dwt 139 196 102 14 0
20 k+ dwt 605 855 446 63 0
General Cargo -4,999 dwt 324 428 461 468 469
5 k-9,999 dwt 497 656 707 717 719
10 k+ dwt 1,174 1,549 1,671 1,694 1,698
Liquefied Gas Tanker -49,999 cbm 93 164 71 28 17
50 k-199,999 cbm 706 1,243 537 215 129
200 k+ cbm 102 180 78 31 19
Ferry-RoPax -1,999 grt 21 28 30 31 31
2 k+ grt 106 139 150 152 153
Ro-Ro -4,999 dwt 44 58 62 63 63
5 k+ dwt 101 133 143 145 145
Ro-Ro Vehicle -3,999 vehicle 35 42 49 52 53
4 k+ vehicle 125 148 173 183 186

Unit: Billion ton-miles
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Appendix 2. Feasibility of Alternative Fuels and GHG Reduction
Technologies

1. Feasibility of alternative fuels

Alternative fuels which could be used to achieve the 2050 target include hydrogen, ammonia, LNG,
synthetic carbon-recycled fuels, and biofuels.

Table Appendix 2-1 summarizes physical properties of each alternative fuel. In this table, heavy oil for
ships (HFO), whose lower heating value is 40.4 MJ/kg, CO2 conversion factor is Cf = 3.114 t-CO2/t-Fuel,
and specific gravity is 0.94, is used as the benchmark for CO2 emissions per unit of hear and liquid fuel
volume per unit of heat, and they were expressed as a factor of HFO. CO, emissions per unit of heat
were calculated based on the lower heating value for each fuel presented in the IPCC Guidelines for
National Greenhouse Gas Inventories??> (hereinafter, the “IPCC Guidelines”) and the EEDI Calculation
Guidelines.?? Use of the IPCC Guidelines in the creation of national greenhouse gas inventories is
required under a decision (Decision 18/CMA.1) made at the 2018 Conference of the Parties serving as
the meeting of the Parties to the Paris Agreement.

Table Appendix 2-1: Physical Properties of Alternative Fuels

. . CO2 CO2 Liquid fuel
Specific Lower heating . _
ravity (in the value conversion emissions per volume per
g" uid form) [GJ/ton] factor (Cf) unit of hear unit of heat
g (t-CO2/t-Fuel) (HFO=1) (HFO=1)

Hydrogen 0.071 120 0 0 4.46
Ammonia 0.68 20.5 0 0 2.72
LNG 0.48 48.0 2.750 0.74 1.65
Methane 0.422 50.0 2.750 0.71* 1.80
Biodiesel 0.88 27.0 [2.816] [0] 1.60
Methanol 0.80 19.9 1.375 0.90* 2.39
Ethanol 0.79 26.8 1.913 0.93* 1.79

*The value for carbon-recycled fuels (synthetic fuels and biofuels) is assumed to be 0. See Appendix 4
with regards to ideas on emissions from carbon-recycled fuels, etc.

Appendix 2-2 summarizes the features of each alternative fuel. Details of each alternative fuel’s physical
properties, development status, and other issues are as described below.

22 2006 IPCC Guidelines for National Greenhouse Gas Inventories
23 IMO, 2018 GUIDELINES ON THE METHOD OF CALCULATION OF THE ATTAINED ENERGY
EFFICIENCY DESIGN INDEX (EEDI) FOR NEW SHIPS (MEPC.308(73))
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Table Appendix 2-2: Physical Properties, Advantages and Disadvantages of Alternative Fuels

CO;
emissions

per unit of

heat’
(HFO=1)

Liquid
Fuel
volume

per unit
of heat'

Advantages

Disadvantages

(HFO=1)
Hydrogen - No CO; emissions onboard - Large fuel volume, approx. 4.5 times
(H2) - Used in small boats (hydrogen-mixed that of HFO
(including fuel combustion engine, fuel cell) - Technical difficulty in storage stability
use in fuel - Used in onshore boilers and gas turbines (-253 °C in liquid state)
cells) - Bunkering infrastructure yet to be
developed
- Immaturity of bunkering technologies
- Technical difficulties in combustion
control
Ammonia 0 2.72 - No CO; emissions onboard - Large fuel volume, which is approx. 2.7
(N2O - Used for combustion in gas turbines times that of HFO
emissions - NOx emissions
not - N2O emissions (its greenhouse effect
considered approx. 300 times stronger than that of
) COy)
- Toxic
- Technical challenges in combustion,
such as low flammability (without pilot
fuels) and difficulties in increasing
engine output
LNG 0.74 1.65 - Already in practical use - Reduction of CO, emissions is limited.
(methane - Higher in volumetric energy density than | - Methane slip
slip not hydrogen and others - Possible international criticism for the
considered - Minor infrastructure upgrade for use of fossil fuels
) synthetic methane and biomethane
- Specific regulations for LNG in the IGF
Code
Methane 0.71 1.80 - Biomethane is treated as carbon neutral - At present, the IPCC Guidelines have
(CH4) [0 under the IPCC Guidelines in use phase. no explicit provision defining carbon-
(methane - Technologically feasible as chemically recycled methane as carbon neutral.
slip not identical to LNG (predominantly
considered methane) already in practical use -
) Infrastructure for LNG can be used.
Biodiesel [0] (1.20r - Biodiesel is treated as carbon neutral - Technical difficulties in storage stability
less) under the IPCC Guidelines in use phase. | - Possible low availability for shipping
- Combustion with other fuel is at due to high demand in other sectors
commercial level onshore.
Methanol 0.90 2.39 - Biomethanol is treated as carbon neutral | - At present, the IPCC Guidelines have
(CH3OH) [0 under the IPCC Guidelines in use phase. no explicit provision defining carbon-
- Methanol-fueled ships have already recycled methane as carbon neutral.
been delivered. - Large fuel volume, approx. 2.4 times
- Easy to handle that of HFO
- Technical difficulties in ignitability and
in increasing engine output
Ethanol 0.93 1.79 - Bioethanol is treated as carbon neutral - At present, the IPCC Guidelines have
(C.HsOH) [0% under the IPCC Guidelines in use phase. no explicit provision defining carbon-
- Bioethanol production is at a commercial recycled methane as carbon neutral.
level. - Technical difficulties in ignitability and
- Easy to handle in increasing engine output

1. CO2 emissions per unit of heat and fuel volume (in the liquefied state) per unit heat were calculated on the basis of heavy oil for ships (HFO)

with the lower heating value of 40.4 MJ/kg, the CO2 conversion factor Cf= 3.114 t-CO2/t-Fuel and the specific gravity of 0.94. CO2 emissions per

unit of heat was calculated on the basis of the lower heating value of each fuel presented in the IPCC Guidelines and in the IMO’s EEDI Calculation

Guidelines.2*

2. CO2 emissions generated are counted as 0 (zero) when burning carbon-recycled fuels (artificially produced fuels by separating, capturing, and

recycling CO2) and biofuels.
3. With respect to the space required in design, factors other than the fuel volume also need to be taken into account for each of these fuels.

24 2018 GUIDELINES ON THE METHOD OF CALCULATION OF THE ATTAINED ENERGY
EFFICIENCY DESIGN INDEX (EEDI) FOR NEW SHIPS (MEPC.308(73))
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(1) Hydrogen

Hydrogen does not emit CO2 when burned. Therefore, in Japan and other countries, it is deemed to be
a promising fuel that enables carbon reduction in various areas, such as electric power generation,
transport, and heat and industrial processes. Its other advantages include that hydrogen produced with
surplus electricity from renewable energy sources and its storage enable the expansion of the
introduction of renewable energy and that, unlike oil, which is unevenly distributed in the world, hydrogen
can be produced from renewable energy and a wide variety of fossil fuels, enabling the reduction of risk
in the procurement of primary energy. In addition, even if hydrogen is not used directly as a fuel for ships,
it is an important resource related to the manufacturing of ammonia and synthetic fuels.

Hydrogen can be used as an energy source for a reciprocating engine and fuel cells. In the maritime
sector, hydrogen has been used for small ships with engines using hydrogen mixed fuels and for
hydrogen fuel cell powered ships.?5%6 In the onshore sector, continuous combustion technologies for
boilers, gas turbines, and other equipment are being proactively developed and have been applied in
many projects.?’” Appendix 2-3 summarizes features of power sources that use hydrogen as a fuel.

Methods for direct storage and transport of hydrogen include one involving liquid hydrogen and one
using high-pressure tanks. The research and development of technologies for adsorbing hydrogen onto
other substances or transforming it into other substances is also being conducted. Methods of storing
hydrogen with a hydrogen storage alloy and of transporting hydrogen by transforming it into ammonia,
organic hydrides, or other substances have been suggested, and some of them are being developed or
commercialized. 2 Information about ammonia will be described later separately. Regardless of
methods, the development of infrastructure to supply ships and the development and establishment of
bunkering technologies are required. Features of each hydrogen storage technology are summarized in
Table Appendix 2-4.

25 CMB, http://www.hydroville.be/en/hydroville/ and Water-GO-Round, https://watergoround.com/.

26 \Water-GO-Round, https://watergoround.com/.

27 NEDO: Suiso Hatsuden - Power to Gas (P2G) Bunya (Hydrogen power generation — power to gas
field), https://www.nedo.go.jp/content/100895064.pdf.

28 Segawa, A: Yu