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Why use Hydrogen as marine fuel?
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Hydrogen as marine fuel

® IMO strategy - Shipping contributes 3% of all greenhouse gases worldwide. IMO’s
objective is to reduce GHG emissions from international shipping by at least 50% from

2008 levels by 2050

* Decarbonization - Alternative and zero carbon fuels offer a pathway to achieve this

goal

® Challenges - Toxicity of Ammonia, limited availability of biofuels, large and heavy

batteries for long distance shipping etc.,

* Solution - Hydrogen is a potential zero-emission fuel alternatives capable of meeting

shipping industry’s energy needs |E
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Presentation Notes
La industria naviera está sometida a una presión cada vez mayor para reducir las emisiones de gases de efecto invernadero (GEI) y dióxido de carbono (CO2).
La OMI ha establecido un objetivo ambicioso de reducir las emisiones a la mitad para 2050

Los combustibles alternativos y con cero emisiones de carbono ofrecen un camino para lograr este objetivo.

. El gas natural licuado (GNL) y el gas licuado de petróleo (GLP) son combustibles fósiles. El amoníaco se produce actualmente a partir de gas natural fósil y es tóxico. Los biocombustibles enfrentan desafíos de sostenibilidad, altos costos y disponibilidad limitada. Las soluciones totalmente eléctricas se limitan a transbordadores y distancias cortas, ya que la densidad de energía de la batería sigue siendo demasiado baja. Eso significa que las baterías no pueden almacenar suficiente energía en relación con su tamaño y peso.

Las pilas de combustible de hidrógeno podrían ser la única alternativa de cero emisiones dada la falta de biogás sostenible.






Shipping industry is under increasing pressure to reduce greenhouse gas (GHG) and Carbon dioxide (CO2 ) emissions.
IMO has set an ambitious target of halving emissions by 2050

Alternative and zero carbon fuels offer a pathway to achieve this goal. 

. Liquefied natural gas (LNG) and liquefied petroleum gas (LPG) are fossil fuels. Ammonia is currently produced from fossil natural gas and is toxic. Biofuels face sustainability challenges, high costs, and limited availability. All-electric solutions are limited to ferries and short distances as battery’s energy density is still too low. That means the batteries cannot store enough energy in relation to their size and weight.

Hydrogen fuel cells might be the only zero-emission alternative given the lack of sustainable biogas.


Hydrogen as marine fuel

* Production - Green hydrogen by electrolysis using renewable sources, blue
hydrogen from captured carbons/hydrocarbons, grey hydrogen from
hydrocarbons using non-renewable resources, White hydrogen from natural

reserves

* Storage options - Compressed gas, Liquified gas, metal hydrides, organic
hydrides

* Propulsion methods - Combustion engines (e.g., ICE, GT), Fuel cells (e.g.,

Proton exchange membrane, Solid oxide etc.,) E


Presenter
Presentation Notes
La atención a las tecnologías de hidrógeno es cada vez mayor, y las industrias están aumentando la inversión en soluciones de hidrógeno. El hidrógeno y los combustibles basados en hidrógeno están ganando terreno de manera constante y el Departamento de Transporte del Reino Unido estima ...��La energía gravimétrica es alta: 2,8 veces más que el gasóleo marino�La densidad de energía volumétrica es baja: el gas comprimido a 700 bar necesita 8 veces más espacio que el MGO o 4 veces más que el GNL�El hidrógeno líquido necesita 4 veces más que el MGO y 2 veces más que el GNL�Cantidad de energía, calor de combustión (poder calorífico inferior) H2: 120 MJ/Kg GNL: 48,6 MJ/Kg; gasóleo marino: 42,8 MJ/Kg; Gasóleo: 42,6 MJ/Kg






Attention on hydrogen technologies is growing, and industries are increasing investment in hydrogen solutions. Hydrogen and hydrogen-based fuels are steadily gaining traction and UK’s Department for transport estimates …

Gravimetric energy is high: 2.8 times of Marine gas oil
Volumetric energy density is low: Compressed gas at 700 bar needs 8 times more space than MGO or 4 times than LNG
Liquid hydrogen needs 4 times than MGO and 2 times than LNG�Amount of energy, heat of combustion (lower heating value) H2: 120 MJ/Kg LNG: 48.6 MJ/Kg; Marine gas oil: 42.8 MJ/Kg; Diesel fuel: 42.6 MJ/Kg
�


Hydrogen as marine fuel

* Challenges - Safety, material compatibility, low volumetric energy density, regulations,

scaling up from land-based applications, limited industry knowledge/experience

* Early applications - As fuel: Tugboats (Hydro tug), Passenger ferries (Torghatten Nord),

Cruise ships (Viking), Bulk carriers (With Orca), As cargo: LH2 carriers (Suiso Frontier) etc.,

* Regulatory framework - Progress on draft rules for hydrogen as fuel based on IGF code (LR
published ruled for hydrogen as fuel), IMO interim recommendations for carriage of Liquid

hydrogen as cargo(based on IGC code), Approval of Alternative design and arrangements

. N



THE HYDROGEN COLOR WHEEL IS EXPANDING

Hydrogen is ane of the key replacements for fossil fuels in industry and a critical factor in the race to net zero CO, emissions by 2050.
But if there’s going to be enough hydrogen to meet the expected growth in demand, low-carbon production of the gas will need to be scaled up.
There is an expanding range of technigues to achieve this, each referred to by a different color

An electrolytic production process similar to green
but powerad by nuclear energy

One main pathway for global decarbonization.
it combines gray hydrogen production with CO,
capture technology to minimize emissions

Hydrogen

Splits methane from natural gas into hydrogen and
solid "carbon black”, a critical raw material for
industry. No CO, emissions occur

Derived from natural gas and the most common
production method today. It generates fewer
emissions than black and brown methods

Typically refers to hydrogen made
electrolytically with solar energy

Made by electrolysis using electricity from
renewable sources to split water into
hydrogen and oxygen without emitting CO,

MNaturally occurring hydrogen found
in underground deposits

Produced by fermenting microbes found in
depleted oil wells. The process relies on
CO, capture for carbon neutrality

Traditional process for making hydrogen,
which uses either black or brown coal (lignite).
it releases high amounts of CO,
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Hydrogen Properties




Gaseous hydrogen properties

Highly Flammable
Can burn from 4% to 75% v/v in air when ignited

%

Small molecular size and low density
Extremely high potential for leaks and fast diispersion

s

Low minimum ignition energy
Can ignite by electrostatic discharge

Low volumetric Energy density
Need to be stored at high pressures
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Colorless, odorless gas,

with near invisible flame
Difficult to detect combustion

Asphyxiant, non-toxic, non-corrosive
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Presentation Notes
🌬 Hidrógeno Gaseoso (H₂) 🌬
🔹 Aspecto: Gas incoloro, inodoro e insípido.�🔹 Densidad: Súper ligero, es el gas más liviano (0.08988 g/L).�🔹 Punto de fusión: ❄️ -259.16 °C (casi el cero absoluto).�🔹 Punto de ebullición: 🌡️ -252.87 °C.�🔹 Solubilidad en agua: Casi nula, no le gusta disolverse.�🔹 Masa molar: 2.016 g/mol, es el elemento más simple.
⚡ Propiedades Químicas ⚡�🔥 Extremadamente inflamable: Puede explotar en contacto con oxígeno.�🔀 Muy reactivo: Especialmente con oxígeno, halógenos y algunos metales.�🛠️ Buen reductor: Se usa en muchas reacciones químicas para ayudar a formar otros compuestos.�🚫 No es tóxico: Pero en espacios cerrados puede desplazar el oxígeno y causar asfixia.
🔬 Dato curioso: Es el elemento más abundante en el universo y el principal componente de las estrellas. 🌟


🔹 Propiedades Físicas en Detalle 🔹
✅ Estado: Gas a temperatura ambiente.�✅ Densidad: Es el gas más ligero, 14 veces más liviano que el aire.�✅ Color y olor: No tiene color, olor ni sabor.�✅ Punto de fusión: -259.16 °C (14.01 K), casi en el cero absoluto.�✅ Punto de ebullición: -252.87 °C (20.28 K), se vuelve líquido solo a temperaturas súper bajas.�✅ Viscosidad: Muy baja, se mueve rápido y difunde fácilmente.�✅ Solubilidad: Apenas se disuelve en agua (0.00016 g/100 mL).�✅ Conductividad térmica: Excelente, transmite bien el calor.
⚡ Propiedades Químicas en Detalle ⚡
🔥 Inflamabilidad: Altamente inflamable, puede explotar en el aire con solo una chispa.�⚡ Reactividad: Muy reactivo con oxígeno, cloro y otros elementos.�🛠️ Agente reductor: Ayuda a transformar sustancias al donar electrones en reacciones químicas.�🔄 Formación de agua: Cuando se combina con oxígeno, produce agua y libera mucha energía (2H₂ + O₂ → 2H₂O).�🔩 Uso en la industria: Se emplea en la producción de amoníaco, hidrocarburos y para generar electricidad en celdas de combustible.
🌎 Curiosidades sobre el Hidrógeno 🌎
⭐ El elemento más abundante del universo: Forma el 75% de la materia visible.�☀️ Combustible de las estrellas: En el Sol y otras estrellas, el hidrógeno se fusiona para formar helio y liberar energía.�🛠️ Futuro del hidrógeno: Se investiga como fuente de energía limpia para autos y electricidad.�💨 Hidrógeno líquido: Se usa como combustible para cohetes debido a su gran potencia.




Liquid hydrogen properties

Low temperature
At -253°C, nitrogen and oxygen will freeze

Low heat of vaporization
High vaporization rate if not well-insulated

(it requires very little energy to change from liquid to gas)
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High liquia to gas expansion
850x increase in pressure during evaporation

(it expands by a large factor in terms of volume)
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Low density
Difficult to pump; high pressures required for flow

Energy intensive liquification
Consumes more than 30% of hydrogen’s energy content

(Liquefaction processes are not very efficient)

ortho-hydrogen
[Parallel spins)

para-hydrogen
(Opposite spins)

Ortho-Para conversion
Exothermic reaction, results in evaporation
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The exothermic conversion of ortho- to parahydrogen at 20° K is about 254 calories per mole, whereas the endothermic heat of vaporization of liquid hydrogen is 216 calories per mole

Which means the conversion will result in loss of 18% volume in one day

Key Aspects of the Ortho-Para Conversion in Liquid Hydrogen:
Thermal Conversion:
At higher temperatures (around room temperature), hydrogen is predominantly in the ortho form. However, as it cools down to its liquid state, the hydrogen molecules gradually undergo a conversion to para-hydrogen.
The liquid hydrogen at temperatures around 20 K is almost entirely para-hydrogen because the conversion process is much faster at these temperatures.
Equilibrium in Liquid Hydrogen:
Liquid hydrogen is typically stored and handled at very low temperatures, where the equilibrium ratio of ortho-H₂ to para-H₂ is very low.
Liquid hydrogen at these low temperatures is typically around 99% para-hydrogen because para-hydrogen is more stable and lower in energy at cryogenic temperatures.
Impact on Storage and Transport:
When hydrogen is liquefied, the ortho-H₂ in the gas phase undergoes conversion to para-H₂, and the liquid hydrogen predominantly ends up as para-hydrogen. This is important for hydrogen storage because para-H₂ is more stable and doesn't release energy in an uncontrolled manner (like ortho-H₂ would over time if not managed).
However, because ortho-H₂ is in a higher energy state, if ortho-hydrogen is still present in the liquid hydrogen, it could slowly convert to para-hydrogen, releasing small amounts of energy. This is exothermic and can cause a temperature rise in the storage tank, which needs to be carefully managed to avoid pressure buildup.



Hydrogen Characteristics
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Presentation Notes
Fuente: Clarksons Research; FuellingTransition: Seguimiento del impacto económico de las reducciones de emisiones y los cambios en el combustible, septiembre de 2023, con licencia de LR Laura Smith
Observe las cifras del hidrógeno y explique por qué el hidrógeno gris es una opción realmente mala


Source: Clarksons Research; FuellingTransition: Tracking the Economic Impact of Emission Reductions & Fuel Changes, Sept.2023, licenced to LR Laura Smith
Note the figures for Hydrogen and explain why Grey hydrogen is a really bad option 


Design Challenges




Challenges in Hydrogen systems design

@ « Embrittlement
@ * hydrogen attack at high temperatures
D e Permeable through composites

Material compatibility

e 35-70 Mpa compressed hydrogen storage
* Pressure vessel and piping failures
* High energy explosions

Design for high pressure

Difficult to detect and extinguish hydrogen flames with
conventional methods

Combustion and explosion hazards
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Presentation Notes
Desafíos en el diseño de sistemas de H2, entre ellos:
Compatibilidad de materiales
- LA FRAGILIZACIÓN POR HIDRÓGENO es cuando los átomos de hidrógeno penetran en la estructura cristalina metálica, particularmente para estructuras que tienen una estructura de red cristalina cúbica centrada en el cuerpo (por ejemplo, aceros ferríticos).
En soldadura llamamos a este fenómeno como AGRIETAMIENTO POR HIDRÓGENO o AGRIETAMIENTO EN FRÍO. La diferencia es que cuando hablamos de soldadura, nos estamos refiriendo al hidrógeno que se absorbe mientras el metal se va fundiendo y una de las medidas es utilizar electrodos de bajo hidrógeno.
Esto es diferente, ya que el hidrógeno no se puede eliminar. Se necesitan otras medidas, como utilizar un material no susceptible a la fragilización por hidrógeno, como los aceros austeníticos, que tienen estructuras cúbicas CENTRADAS EN LAS CARAS.
El ATAQUE DE HIDRÓGENO es una reacción química que se produce a temperaturas elevadas, normalmente por encima de los 200ºC. Esta temperatura se puede alcanzar en motores o algunas pilas de combustible, por lo que los materiales deben seleccionarse en consecuencia.
El pequeño tamaño molecular hace que el H2 sea permeable a través de los compuestos.
 - Es difícil detectar y extinguir las llamas de hidrógeno con métodos convencionales. La práctica conocida es cortar el suministro.



Challenges in H2 system design including:
Material compatibility 
-	HYDROGEN EMBRITLEMENT is when hydrogen atoms penetrate the metallic crystal structure, particularly for structures having a body-centred cubic crystal lattice structure (e.g ferritic steels).
In welding we call this phenomena as HYDROGEN CRACKING or COLD CRACKING. The difference is that when we talk about welding, we are referring the hydrogen which is absorbed while the metal is melting and one of the measures is to use low hydrogen electrodes.
This is different, as hydrogen cannot be removed. Other measures are needed, as using a material not susceptible to hydrogen embrittlement, as austenitic steels, which have FACE-CENTERED CUBIC structures.
 HYDROGEN ATTACK is a chemical reaction which occurs at elevated temperatures, typically above 200ºC. This temperature may be achieved in Engines or some Fuel Cells, as so materials need to be selected accordingly.
-	The small molecular size make H2 permeable through composites.
-	It is difficult to detect and extinguish hydrogen flames with conventional methods. The known practice is to shut off the supply.



Challenges in Hydrogen systems design

* Inherently safe designs
« Safeventing of hydrogen
M * Inerting and ventilation
* Hazardous zones
Design for safety

o Strict material requirements
e Thermal fatigue
* Insulation and vacuum systems

Low temperature design

« Eliminating cavitation
e Sloshing
 Stratification

* Geysering effects

Two phase flow
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El diseño de seguridad también es un reto teniendo en cuenta el alto riesgo de incendio y explosión.
Las bajas temperaturas hacen que la selección de materiales sea crítica. Hay que tener en cuenta la fatiga térmica. El aislamiento también es un desafío.
El bajo calor de vaporización hace que la tasa de vaporización sea alta si no está bien aislado. Podría causar cavitación, estratificación, efectos de géiseres. Se debe evitar el sloshing para reducir la vaporización.


Safety design is also a challenge considering the high fire and explosion hazard.
Low temperature make material selection critical. Thermal fatigue needs to be considered. Insulation is a challenge as well.
Low heat of vaporization make high vaporization rate if not well-insulated. It could cause cavitation, stratification, Geysering effects. Sloshing is to be prevented to reduce vaporization. 



Design Considerations




Main hydrogen systems on ships

i
|
|
% |
/
Y
s

Bunkering systems

Shore-ship / ship-to-ship /Portable tanks,
bunkering valve manifolds onboard

Fuel preparation room

Valve manifolds/cold boxes,
high pressure piping and components,
space ventilation

Hydrogen containment

High pressure composite cylinders,
liquid hydrogen tanks

I}

ﬂ:- A

Fuel consumption room
Fuel cell room / engine rooms,
battery systems, hydrogen piping,

exhausts, ventilation
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Presentation Notes
Los principales sistemas de H2 en los buques en cubierta abierta y espacios confinados son los sistemas de carga, el sistema de contención, el sistema de sala de preparación de combustible y los sistemas de sala de consumo de combustible.


The main H2 systems on ships on open deck and confined spaces,  are loading systems, containment system, fuel preparation room system, and fuel consumption room systems.



Design considerations for Hydrogen systems

Risk elimination and Inherently safe design
Fail-safe designs, design for worst case scenarios, safety devices,
control and emergency shut down, hazardous area classification T

Consequence management
Control of handled hydrogen quantity, detection, fire fighting
systems, limiting personnel, safety cases, explosion analysis —I;

Commissioning and factory acceptance
Quality assurance plan, Workmanship, Survey procedures,

traceability, review of commissioning trials
J L
Inspection and Periodic maintenance
Preventive maintenance plan, replacement philosophy, maintaining
logs, review of performance and functional tests —li

Operating procedures
Normal and emergency response manuals, trained personnel,
periodic review of procedures




LR approval framework for
alternative fuels




LR’s rules for Hydrogen systems

Rules and
Regulations

for the

Classification of Ships
using Gases or other
Low-flashpoint Fuels

(LR-RU-012)

July 2024

Appendix LR3 - Requirements for Ships Using
Hydrogen as Fuel.

— Rules introduce the requirements for the use of
hydrogen as a fuel on board LR classed ships other
than gas carriers

— Requirements for the arrangement, installation,
control and monitoring of machinery, equipment
and systems using hydrogen fuel (in both gaseous
and liquified forms) to minimize the risk to the ship
and its crew.

https://www.lr.org/en/knowledge/lloyds-register-

rules/rules-and-regulations-for-ships-using-gases-or-low-
flashpoint-fuels/




Process for Hydrogen

Rules and Regulations for the Classification of Ships using Gases or other
Low-flashpoint Fuels
Appendix LR3

* InApril 2023, LR published the world’s first maritime rules covering hydrogen as
a fuel.

* They fill a gap within IMO’s IGF Code.

* It has been drafted to maintain consistency with Appendix LR1, which addresses
methanol or ethanol, and Appendix LR2 on ammonia as fuel.

* The hydrogen appendix enables designers to understand the performance they
must achieve to ensure that a vessel will operate safely and reliably on hydrogen
fuel, either in liquefied or gaseous form.

. - E
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Presentation Notes
Source: LR Horizon June 2023 - https://horizons.lr.org/june-2023/hydrogen-rules?utm_source=email&utm_medium=newsletter&utm_campaign=digital-horizons-june-2023&utm_id=digital-horizons


Process for Hydrogen

Rules and Regulations for the Classification of Ships using Gases or other

Low-flashpoint Fuels
Appendix LR3

* Ships complying with the requirements of Appendix LR3 will be eligible for assignment of
the LFPF(GF,HY) notation

* Hydrogen-ready Notation also available for ships built with conversion in mind

® Ships complying with the requirements of Appendix LR3 in preparation to be fuelled
by hydrogen will be eligible for assignment of descriptive notes

GR(AM,A): Approvalin Principle: compliance demonstrated for all systems

GR(AM,S): Structural Reinforcement Installed: required to support the proposed fuel tanks
GR(AM,T): Tank installed: tank design and related arrangements approved

GR(AM,P): Piping installed: piping system design approved

GR(AM,E): Equipment and machinery installed
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Source: LR Horizon June 2023 - https://horizons.lr.org/june-2023/hydrogen-rules?utm_source=email&utm_medium=newsletter&utm_campaign=digital-horizons-june-2023&utm_id=digital-horizons


LR’s guidance notes for liquid hydrogen systems

https://www.lr.org/en/knowledge/lloyds-register-rules/guidance-notes/guidance-notes-for-liquid-hydrogen-systems/

Objective

* Design, arrangement, commissioning, qualification, in service inspection and maintenance of
liquid hydrogen systems

* Derived from the best practices and industry standards of aerospace, automotive, and
cryogenic industries

* Aimed at ship owners, operators, shipyards, equipment manufacturers, and suppliers of liquid
hydrogen systems for marine applications

Material selection criteria and testing requitements

® Suitability table for commonly used materials (metallic and non-metallic) with gaseous and
liquid hydrogen

Design, selection, factory acceptance criteria, in-service inspection &
maintenance of piping components and pressure relief devices

Design, construction, and qualification of liquid hydrogen tanks and piping
Vacuum systems design and measurement

System layout for physical arrangement of piping & hoses, component
placement, Tank connection space

Installation and Integration Onboard

Guidance Notes
for

Liquid Hydrogen
Systems

Status: Published effective from June 2023




LR Rules for Hydrogen Fuel
Appendix LR3

As an example of a hydrogen-specific requirement: a section about bunker stations, which are
based on those for LNG bunkering safety requirements.

Only the additional hazards related to handling hydrogen are covered in the new appendix, which
states that “the bunker station shall be located on the open deck with minimal congestion and with an
unobstructed dispersion path for reasonably foreseeable leakage scenarios.”

Other requirements include identifying leakage scenarios as part of an explosion analysis and to
“identify, detail and justify the environmental and arrangement factors” relevant to each scenario

LR’s new rules are equally relevant for fuel-cell installations and hydrogen used in internal
combustion engines

LR’s rules reflect the risk-based approach and support the LR risk-based design process and flag
administration acceptance of the ‘Alternative Design’ process, to permit the use of hydrogen as a
fuel.
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Source: LR Horizon June 2023 - https://horizons.lr.org/june-2023/hydrogen-rules?utm_source=email&utm_medium=newsletter&utm_campaign=digital-horizons-june-2023&utm_id=digital-horizons


Hydrogen
Situation today




Readiness Levels
Technology, Investment and Community Readiness Levels

E-hydrogen

View data by: Time period by:

- Supply chain - Readiness over time

Combining

*  blue hydrogen (NG and

CCS) and Technology Investment Community
* green hydrogen _ {_’ .
(produced by electrolysis v N 2 2
(@) o) oM
and renewable energy) a\\\r/ e \ 4 o
L A T—
N

& Ship @ Ship

Propulsion (fuel cells)
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Source: https://www.lr.org/en/expertise/maritime-energy-transition/maritime-decarbonisation-hub/zcfm/ammonia/ 



Readiness Levels
Technology, Investment and Community Readiness Levels

E-hydrogen

View data by: Time period by:

Readiness Level - - Readiness over time

Resource Production Bunkering & Ports Ship

L
LLEEL
R iy

@® TRL @ TRL @ TRL (liquid hydrogen) @ TRLH&S (compressed hydrogen)
® IRL @ IRL @ TRL (compressed hydrogen gas) @ TRL H&S (liquid organic hydrogen)
@® CRL ® CRL @® IRL @ TRL Propulsion (combustion engine)

@ CRL @ TRLH&S (liquid hydrogen)
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Source: https://www.lr.org/en/expertise/maritime-energy-transition/maritime-decarbonisation-hub/zcfm/ammonia/ 



Readiness Levels
Technology, Investment and Community Readiness Levels

Blue hydrogen

View data by: Time period by:

- Supply chain - Readiness over time

Technology Investment Community

@ Resource @ Resource @ Resource

@ Production @ Production & Production

@ Bunkering and ports (liquid hydrogen) @ Bunkering and ports @ Bunkering and ports
@ Bunkering and ports (liquid organic hydrogen) @® Ship @ ship

@ Bunkering and ports (compressed hydrogen gas)

# Onboard handling and storage (liguid hydrogen)

Onboard handling and storage {liquid organic hydrogen)

@ Onboard handling and storage (compressed hydrogen gas)

Propulsion (fuel cells)

@ Propulsion (combustion engine)



Presenter
Presentation Notes
Source: https://www.lr.org/en/expertise/maritime-energy-transition/maritime-decarbonisation-hub/zcfm/ammonia/ 



Hydrogen
Technical aspects




Technical suitability

Overview
Internal Combustion Engines
° For the next years, hydrogen is likely to be used for dual-fuel - Hydrogen Fuel Cells
o . . est boat demonstration
engines. Hydrogen may be useful blended with ammonia. B 3004w FC system d —
. o o % commercialization Commercialization of

* Thefuelis at present more commonly associated with 4- =2 Next-generation FC system

stroke (medium/high speed) short-sea applications than with Hydrogen Engines Kggerons. |

2-stroke deep-sea applications. It is also where most of the e o b

projects and government funding currently are. (source MAN ES) Commertialization

put into line up

Fuel‘ Ceus ) 2025 2030 : 2[]5:[]
* Hydrogen can be used with different types of fuel cells Source: Yanmar Power Technology Co., Ltd.

(Proton Exchange, Phosphoric acid, Alkaline types).
Sometimes a gas reformer is needed as a pre-step.

* Some expect that fuel cells would ultimately replace diesel/DF
generators.

®* Thevolume of fuel to be stored for long distance shipping is
the main barrier (loss of large cargo spaces for fuel storage).
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Mark Penfold: 
Hydrogen may be blended with some (although there are already hydrogen only engines available) and notably blending H2 in land based natural gas grid in relatively small quantities. Hydrogen may be useful blended with ammonia (because of its poor combustion characteristics. But bringing ammonia and hydrogen onboard - whether as molecules, or for reforming purposes or as part of different blend - is not 'drop-in’.
Have a look at ABC, MTU and Jenbacher H2 engines to get a feel for where the H2 ICE engines are at.

Source: https://www.yanmar.com/global/about/technology/technical_review/2022/08_2.html


Technical suitability

Internal Combustion Engine ICE

* Hydrogen has been tested in ICE years
ago (invented in 1806) but is not widely
used.

* H2first used in diesel engines for buses

* Conventional DF engines could be Tier
Il compliant without SOx and CO2
emissions in the H2 phase.

* Hydrogen “knocks”. It is easy to
prematurely ignite H on engine
hotspots.

Source: SGMF Guide on Hydrogen An introduction; MAN ES Guide on Hydrogen

Fuel cells FC

First FC were developed about 150
years ago.

Some high temperature FC (500°C) are
able to reform their feedstocks,
creating H2 from methanol, ammonia
and LNG within the cell itself (internal
reforming).

Low temperature FC (200°C) use
water-based electrolytes and require
high purity (99%) hydrogen as fuel.
Electrical efficiencies are lower.

Fuel cell stacks have a lower lifetime
than ICE.
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Source: SGMF Guide on Hydrogen An introduction
Mark Penfold:  H2 has been tested in engines for years but is not widely used. There are some land based power examples and some marine offerings (ABC)
Purity of Hydrogen: For PEMFCs typically hydrogen quality according to ISO 14687:2019 Type I, Type II – Grade D is requested by the manufacturer to be used. Purity requirement (minimum mole fraction H2) is 99.97%.
Hydrogen purity or hydrogen quality describes the presence of impurities in hydrogen when used as a fuel gas. Impurities in hydrogen can interfere with the proper functioning of equipment that stores, distributes, or uses hydrogen fuel.
Ex: Water, Hydrocarbons, Methane, Oxygen, Helium, Nitrogen, Argon, Carbon Monoxide…..
Admissible Levels depend on applications.



Technical suitability

ICE Engine Fuel Ceus SGMF Guide - Fuel cells

MAN ES H2 engine concept based
on DF engine

300kW-class maritime hydrogen fuel cell system
Credit: Yanmar ©
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Source: SGMF Guide on Hydrogen An introduction
MAN ES Hydrogen in shipping

https://www.man-es.com/campaigns/download-Q4-2023/Download/hydrogen-in-shipping/faffa612-4edc-4a2a-a5f9-df89c632a431/Future-Fuels-Hydrogen/CDF484519D1857D3E307966C340527D91C91E793/ 


Technical aspects

Key elements considered for statutory and class compliance
* Fuel storage

®* Onboard arrangements
— Fuel preparation room

— Fuel Gas Supply System (FGSS) and Fuel piping

— Ventilation

®* Fire detection and control
MAN Cryo

LH2 fuel gas supply system and vacuum insulated
multilayer storage tank for marine applications
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Source: MAN ES Hydrogen in shipping



Fuel storage and containment
* Riskissignificantly reduced via a sound and reliable tank
design

® Currentindustry practice include the use of small scale
gaseous hydrogen tanks - “off the shelf solutions” : land
based design used for marine applications

* For liquefied hydrogen, cryogenic liquid tanks as IMO Type C
tanks, with a crucial selection of materials:
* Typically 3 layers:
— Innervessel: subject to material embrittlement
— Insulation layer: Temperature maintenance layer

— External Jacket: General tank protection layer

® Suiso Frontier is world’s first liquefied hydrogen carrier, using
Type C tank

NB: Land based LH2 tanks are not
designed as per IMO codes criteria.

N
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Double-wall stainless steel tank
With a layer of vacuum insulation
between the inner and outer shel

Kawasaki yard - Credit SIGTTO
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Source: Slide from Lindsay Butler trainings
Suiso is the Japanese word for hydrogen
SIGTTO News Autumn 2020




Technical aspects

Onboard arrangements

®* Fuel systems

* H2 can chemically impact austenitic stainless steel (hydrogen
embrittlement), so need to use the correct material, from pressure gauges or
even thread seal tapes, to complex machinery parts.

* Constructions materials will need to be compatible with low temperatures.
All piping needs to be vacuum insulated.

* Asa principle, liquid hydrogen should be handled as little as possible as any
transfer provides opportunities for heat ingress and therefore vaporisation.

* Boil-off rates are high because of very low temperatures (0.3% per day).

.
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Source: SGMF Guide for Hydrogen


Technical aspects

Safety arrangements

Leakage management

® Conceptually similar to LNG. But it is considered that hydrogen leaks will never be eliminated,
only minimized. Rotating equipment can especially be difficult to make leak tight. The
important criteria is where to accept leaks and where they can be eliminated.

®* Onaship, free ventilation and dispersion is impossible. Forced ventilation systems required,
and possibility to inert spaces where hydrogen may congregate.

* Secondary barriers required for insulation and for leak detection and monitoring.

Flammability risks

* Hydrogen fires are difficult (near impossible?) to extinguish, and emergency response should
consist in isolation of the supply and allowing the fire to burn itself while protecting the
surrounding equipment with large amount of water.

* Firesin hydrogen vent systems and masts are also possible.




Quick Test




Quick questions

Fill out the blanks - Take the floor, raise your hand or add a comment

1. With a boiling point of ........ °C, Hydrogen liquid state can only be
achieved through ...........

2. ..........hydrogen refers to a production process where the CO2
produced is captured and sequestrated.

3. Hydrogenishighly.................and has atendency to..............

4. Local C02 emissions for a ship using an internal combustion engine
running on 100% hydrogen fuel would be ................




Quick questions

Fill out the blanks - Take the floor, raise your hand or add a comment

1. With a boiling point of -253 °C, Hydrogen liquid state can only be
achieved through cryogenic cooling.

2. Blue hydrogen refers to a production process where CO2 produced is
captured and sequestrated.

3. Hydrogen is highly flammable and has a tendency to leak.

4. Local C02 emissions for a ship using an internal combustion engine

running on 100% hydrogen fuel would be zero. ﬁ



Hydrogen
Situation today




Hydrogen Projects
Hydroville (2017) - the Origin

* First LR Classed vessel to use Hydrogen, Compagnie
Maritime Belge (CMB), Antwerp

— Lightweight catamaran construction

— 2xHydrogen injected diesel engines, total shaft power
441kW

— 12 Hydrogen tanks (205 litre @ 200 bar) & 2 diesel tanks
— Max Speed 27 kn

® Operatesin Port of Antwerp / River Scheldt for
transportation during rush hour, occasionally longer
trips and as a water taxi, 16 passengers & 2 crew

* Demonstration platform for Hydrogen propulsion.
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Source: Slide from Lindsay Butler



LR Hydrogen Projects
Hydrotug 1, world’s first hydrogen tugboat

® Port of Antwerp-Bruges ordered the tugin
2019 from Compagnie Maritime Belge
(CMB)

* Builtat Armdn Shipyards in Spain i

® Dual fuel combustion engine

* Stores 415 kg of compressed hydrogen in
6 stillages installed on deck

Image credit: CMB.TECH
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Source: https://www.offshore-energy.biz/worlds-1st-hydrogen-powered-tug-launched/


Liquefied Hydrogen Carrier

Suiso Frontier - World’s first liquefied hydrogen carrier

The Suiso Frontier (LOA 116 m; 8 000 GT) built
by Kawasaki Heavy Industries (KHI) in 2020 to
transport liquefied hydrogen from the Port of
Hastings, Victoria, to Kobe, Japan (2 weeks).

.....

To keep LH2 at its cryogenic temperature, the
1250 m3 tank uses technologies developed
for the Japanese Space center, with ultra-high
thermal insulation:

* double-shell structure with vacuum
insulation between overlapping inner

Credit: HESC Project website

* outershell layers supported by high
strength glass-fibre-reinforced plastic.
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More info here: https://www.hydrogenenergysupplychain.com/resources/faqs/ 
liquefaction plant in Australia – for commercial use of LH2 in Japan


LR Hydrogen Projects
Great prospects for the Large Yacht industry

* Viareggio Super Yachts “Waterecho”
— Liquid Organic Hydrogen Carrier LOHC)

— Application of Hydrogen Fuel Cell technology on a 65m
Superyacht

* Dutch shipyard Feadship
— cryogenic fuel tank, for liquified hydrogen around -250°C;

— fuel cell bank

°* Yamaha Hydrogen Engine
— 5.0-liter V8 engine with 100% hydrogen power

— Modifications to standard gas-powered engine included changes
to the injectors, cylinder heads, and intake manifold
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Source: https://www.boatblurb.com/post/yamaha-toyota-developing-hydrogen-engine

https://marineindustrynews.co.uk/feadship-first-hydrogen-fuel-cell-superyacht/ 



LR Hydrogen Projects

Approval In Principle

(AiP) to Norwegian ship owner Torghatten Nord for two
hydrogen-powered vessels operating on Norway’s longest
ferry route

Designed by Norwegian Ship Design, will use a minimum of
85% ‘green hydrogen’ based fuel, to reduce CO2-emissions
by 26,500 tons each year.

The two main components of the hydrogen system on board
are:

— the hydrogen storage part, feeding hydrogen to fuel cells
and

— the fuel cells themselves, providing electric power for the
propulsion and all other consumers on board.

LR awarded the AiP following the completion of a
comprehensive and constructive risk-based HAZID
certification.

The two hydrogen-powered vessels will operate
on Norway’s longest ferry route.

Scheduled to enter operation in October 2025.
(Picture: Nowegian Ship Design)
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Source: LR press briefing
https://www.lr.org/en/about-us/press-room/press-release/lr-aip-for-torghatten-nord-hydrogen-ferry/


LR Hydrogen Projects

Approval In Principle - Bulk Carrier

(AiP) to Norwegian ship owner Egil Ulvan Rederi AS for its
zero-emission self-discharging hydrogen-fuelled bulk
carrier, With Orca

With Orca will be fully zero-emission in all operations.

It will be powered by hydrogen, stored onboard in
compressed form, and the hydrogen combustion engine
will be optimised for increased efficiency.

The vessel will also have a fuel cell system for energy
production in low load conditions.

A significant part of the energy required to operate the 88
m/5,500 tonne vessel will be harvested directly from the
wind through two large rotor sails.

The vessel also has the ability to store excess energy in
batteries.

Sailing route will mostly be in open waters
in the North Sea, where weather conditions
are ideal for wind-assisted propulsion.
Scheduled to enter operation in early 2024.
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Source: LR press briefing
https://www.lr.org/en/about-us/press-room/press-release/norwegian-zero-emission-bulk-carrier-project-awarded-lr-aip/


Hydrogen Projects - HyDIME and HySEASIII (Scotland)

Hydrogen and Diesel Injection in a Marine Environment

* HyDIME project

* Integrate and trial an innovative hydrogen/diesel !
dual fuel conversion system for a 50kW auxiliary :
diesel unit

* Fitto an existing small car ferry in Orkney islands

* Pilot project to demonstrate and use of hydrogen
fuel produced by renewable sources.

* HySEASIII - Hydrogen Fuelled Ferry powered by
hydrogen fuel from renewable sources (“Green
Hydrogen”). Initial stages of design and HAZOP

commenced. E
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LR Hydrogen Projects
HyMethShip i

* Hydrogen and Methanol Ship

On-Shore

* EU Research Project concept combining

— membrane reactor, CO2
separation system, CO2 capture
and storage system and hydroge
combustion system.

Off-Shore

* Hydrogen as fuel generated on boardby + =~~~ Tl
reforming methanol. =




Hydrogen Powered Ships
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2022 - The Hydrotug 1 is the first tugboat in the world to be powered by combustion engines that burn hydrogen in combination with traditional fuel. It is the first vessel that uses the BeHydro V12 dual fuel medium speed engines – each providing 2 megawatts – with the latest EU Stage V emissions aftertreatment. With these engines, the vessel uses clean fuels, resulting in an overall reduction of 65% of traditional fuel consumption and associated emissions in the tugboat’s overall cycle. The Hydrotug 1 can store 415kg of compressed hydrogen in 6 stillages installed on deck and eliminates the emission's equivalent of 350 cars per year.

2023 - The MF Hydra, owned by one of Norway’s leading ferry and express boat operators, Norled AS, is the first commercial passenger and car ferry fueled by liquid hydrogen. Powered by Ballard's  FCwave™ 200kw fuel cell modules - the first to achieve type approval from both DNV and Lloyd’s Register for marine operations - the ferry entered into passenger service earlier this year following final approval from the Norwegian Marine Authority (NMA).


Hydrogen Powered Ships
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Curtesy of CMB.TECH - LR Class
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2022 - The Hydrotug 1 is the first tugboat in the world to be powered by combustion engines that burn hydrogen in combination with traditional fuel. It is the first vessel that uses the BeHydro V12 dual fuel medium speed engines – each providing 2 megawatts – with the latest EU Stage V emissions aftertreatment. With these engines, the vessel uses clean fuels, resulting in an overall reduction of 65% of traditional fuel consumption and associated emissions in the tugboat’s overall cycle. The Hydrotug 1 can store 415kg of compressed hydrogen in 6 stillages installed on deck and eliminates the emission's equivalent of 350 cars per year.

2023 - The MF Hydra, owned by one of Norway’s leading ferry and express boat operators, Norled AS, is the first commercial passenger and car ferry fueled by liquid hydrogen. Powered by Ballard's  FCwave™ 200kw fuel cell modules - the first to achieve type approval from both DNV and Lloyd’s Register for marine operations - the ferry entered into passenger service earlier this year following final approval from the Norwegian Marine Authority (NMA).
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Alternative fuels: in-service and Orderbook, Capable or Ready
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Source: IHS data, Clarksons - Renewable Intelligence Network

@ Designed and maintained by LR Insight team



Green Technology Uptake Dashboard (j _ _

Alternative fuels: in-service and Orderbook, Capable or Ready ——

Alt. fuel status: Capable or Ready
Ship type group: Merchant & Leisure Vessels
Alt. fuel type Hydrogen

Total No. vessels LR share (No. vessels) Total mGT LR share (mGT) Display results by: _ - - -
Alternative fuels
e 136 | 221% | 05 | 1.0% 1

Maritime fuel breakdown Non-traditional fuel breakdown by capability . . - . - .

In-Service and Orderbook, Capable or Ready In-Service and Orderbook, Capable or Ready

136 a5

Alternative fuels
Hydrogen

@ Capable @ Ready

Source: IHS data, Clarksons - Renewable Intelligence Network @ Designed and maintained by LR Insight team
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The difference between a capable and ready hydrogen-fueled vessel comes down to the level of infrastructure, safety measures, and operational status:
1. Capable Hydrogen-Fueled Vessel
A vessel that is capable of using hydrogen fuel means it has the potential to do so but might still need modifications, certifications, or additional infrastructure before it can operate on hydrogen.
Example: A ship with dual-fuel engines designed for hydrogen but currently running on conventional fuels.
Key Features: 
Engines designed for hydrogen but not yet in use.
Hydrogen storage and supply systems are either planned or in development.
May need regulatory approval and safety enhancements before operating on hydrogen.

2. Ready Hydrogen-Fueled Vessel
A vessel that is ready for hydrogen fuel means it has all necessary systems installed, tested, certified, and operational to run on hydrogen.
Example: A ship actively running on hydrogen fuel, with all safety and refueling systems fully integrated.
Key Features: 
Fully operational hydrogen-fueled engines or fuel cells.
Certified safety systems for handling hydrogen at sea.
Access to hydrogen refueling infrastructure.
Compliance with maritime regulations for hydrogen-powered vessels.
Summary
Capable = Can be modified or upgraded to use hydrogen but is not yet operational on it.
Ready = Fully functional and operating on hydrogen fuel.
Would you like an example of a hydrogen-ready vessel currently in operation? 🚢



Green Technology Uptake Dashboard
Alternative fuels: in-service and Orderbook, Capable or Ready

Total No. vessels LR share (No. vessels) Total mGT
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Alt. fuel status: Capable or Ready
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Source: IHS data, Clarksons - Renewable Intelligence Network

@ Designed and maintained by LR Insight team
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