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Abstract—As we move toward a carbon neutral society we
look to develop integrated best solutions to eliminate
harmful emissions and provide sustainable energy
solutions. Due to the wide range of power and propulsion
demand in all maritime segments it is difficult to find one
common solution. However, a best section and wide range
of offered solutions including multi-lateral cooperation of
these expert companies is a key element. Electric
Propulsion Systems are proven robust and provide
benefits such as load profile flexibility, elimination of
torque transients, redundancy, and improved fuel
efficiency through sophisticated power management
systems. Today fuel flexibility includes the use of carbon
neutral fuels such as hydrogen and ammonia due to the
fact that these fuels are not comprised of greenhouse
gasses. Also there is an infinite amount of hydrogen and it
can be isolated using renewable energy. The electrochemical process of a hydrogen powered fuel cell produces
electricity and water vapor. The hydrogen supplied to the
fuel cell could also be reformed from other fuels. A diesel
engine running on ammonia produces zero greenhouse
gasses. Advances in hybrid electric propulsion systems
provides a platform for renewable harvesting energy
sources. A DC bus can provided a hybrid platform for a
multitude of DC energy sources to include renewables.
These energy sources are an ever-changing landscape and
include fuel cells, diesel and turbo generators, batteries,
supercapacitors, wind turbines, solar panels, thermal

recovery systems, and hydro-turbines to name a few.
These combined technologies have made possible zero
emission / carbon neutral, efficient, quiet and autonomous
power solutions in the megawatt range for application in
all segments of the marine industry to include SuperYachts.
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I. INTRODUCTION

In an effort to reduce the carbon footprint of the global
marine industry, the International Maritime Organization
(IMO) has adopted a greenhouse gas reduction regime
from a marine power plant efficiency standpoint.
Improving power plant efficiency essentially involves
burning less fuel and, thus, emitting less carbon to the
atmosphere. IMO power plant efficiency requirements for
existing vessels include a Ship Energy Efficiency
Management Plan (SEEMP) and International Energy
Efficiency Certificate (IEEC) and are required after
January 1, 2013. The SEEMP and IEEC are retroactive to
existing vessels and will be required to retrofit marine
technology that results in a 10% plant efficiency

improvement at the next regularly scheduled dry dock
after 2013. New build vessels are required to have an
Energy Efficiency Design Index (EEDI). The IMO has
recently targeted GHG emissions on existing ships. This is
the first MARPOL ANNEX 6 regulatory regime targeting
fuel consumption for existing ships. MEPC 70 (October
2016) adopted mandatory MARPOL Annex VI
requirements for ships to record and report their fuel oil
consumption, by resolution MEPC.278(70). In addition,
earlier this year under MEPC.304(72) the United Nations
International Maritime Organization (IMO) announced an
initial strategy to reduce GHG emissions from ships –
including a 50% reduction in GHGs by 2050, compared to
2008 levels, and complete elimination of GHG’s as soon
as possible in this century [10].
Aside from the regulatory regime it is common knowledge
that a finite amount of carbon based fuels exists and a
better solution will ultimately be required.

When docked, to offset the carbon footprint of the
vessel, the photo voltaic surplus energy will be used for
hydrogen generation. Shore power can also be used for
hydrogen production. Once the hydrogen tanks are full,
battery banks charged and the vessel hotel electrical
requirements are met, all the PV surplus energy would
be fed into the local grid [3].
Vessel Particulars:
Length Over All: 65 meters
Beam Over All: 14 meters
Range: 4,000 Nm @ 12 knots + sky sail range extender
Cruising Speed: 12 knots
Max Speed: 17 knots
Endurance: 14 days
Draft: 3.5 meters
Gross Tonnage: 1400 GT
Ice Classification: 1A Class
Material: Steel Hull and Composite Superstructure
Helicopter Hanger – Euro-Copter 135 or similar /
maximum heli length 11m.
Hull Color: The vessel is available in a variety of colors.
Diving Center: Submarine and decompression chamber.
Power Generation:
35 x 100 kW PEM Hydrogen Fuel cell racks = 3.5 MW
*optional carbon neutral or carbon reducing
configurations available.

Fig. 1: Zero Emission Super-Yacht [11].

The technology to eliminate harmful emissions of all
types of vessels is available today. The superyacht is an
interesting application for this technology because it
allows passengers and crew to enjoy a virtually silent
and clean yachting experience.
This Zero Emission 65m Eco-Expedition Super-Yacht
will be something the world has never seen. She will be
the largest and greenest in the world. This is because she
is powered by a combination of sustainable sources that
integrate and exploit the availability of wind, solar,
hydro and thermal energy. At a cruising speed of 12
knots she’ll have a range of 4,000 Nm and will still have
the ability to travel quickly when desired. This range can
be extended with a larger LH2 system and sky-sail
system.

Renewable Power:
1MW Smart Traction Kite (propulsion assist power) = 1
MW.
Photo Voltaic Cells – 420 square meters available space
x 0.744m3 = 551 panels x 104 watts = 573 kW
*Optional Thermal Panels.
6 x 20 kW retractable wind turbines = 120 kWh = 2880
kWh/day
1 x 1MW retractable hydro-turbine (also thruster for
dynamic positioning).
2 x 150 kW Climeon thermal recovery system
Propulsion:

2 x 1500 kW Steerable Thruster / with ultra-efficient
prop (can also operate as hydro turbines when vessel is
in regeneration mode).
Position Keeping: Kongsberg Dynamic Positioning
optimized for renewable energy harvesting (wind, solar,
hydro, thermal).

generation energy sources to include renewables. These
Plug and Play DC Energy sources include fuel cells,
carbon neutral fueled diesel and turbo generators, batteries,
supercapacitors, solar panels, wind turbines, thermal
energy to electricity technologies and hydro electric
energy. In essence, a DC-grid system provides a platform
for a new generation of energy sources.

Potential Energy:
1 kg of h2 = 16 kWh
41,625 kg x 14 = 582,750 liters = 582.7 cbm = 2 x 300
cbm Type C LH2 tanks = 666,000 kWh.
*Optional Composite Tanks for compressed H2 system.
2 x 250 KW Li Battery Banks = 500 kWh and or Super
Capacitor equivalent.
This 65 meter luxury Eco-Expedition Superyacht will
feature PEM Hydrogen Fuel Cell racks totaling 3500 kW
that can be distributed on demand to the vessel’s power
management and propulsion system. An additional
renewable energy sources will include 573 kW of Photo
Voltaic Cells, 120 kW of wind energy, 300 kW Climeon
thermal recovery system and a 1000 kW inflatable
traction kite for propulsion assist. This yacht will be able
to move through the water at 12-14 knots by simply
using the Sky Sail. Allow the propellers to spin freely
while SkySail is deployed and you can be making
electricity with your propulsor/hydro-turbines.
The LH2 Fuel System supplied by MAN Cryo is 2 x 300
cbm type C (LH2) tanks. Tanks will be positioned
inboard away from potential collision impact areas. 2 x
Climeon 150 kW waste heat recovery units for both fuel
cell and HVAC systems. The Super-Yacht will be
propelled by two compact gearless steerable propulsion
units with the ability to consume 20 percent less fuel
than traditional propulsion systems. Propulsion extends
below the vessel’s hull freeing valuable onboard space.
These thrusters also provide quiet and comfort for
onboard guests and crew due to its low noise and
vibration.

II.

NEW

GENERATION

ELECTRIC

PROPULSION SYSTEM

A DC-based power distribution system enables simple,
flexible and functional integration of multiple energy
sources. Such a system also provides a platform for next

Fig. 2: Example of a Propulsion System electric architecture block
diagram utilizing fuel cell racks [2].

Fuel Cells generate energy by exploiting an
electrochemical reaction at the interface between the
anode and the cathode and the electrolyte membrane.

Fig. 3: Efficiency curve of a Hydrogenics HD-30 PEM fuel cell
(thick blue line) and an MTU 16V4000 diesel engine (thin red line)
as a function of the partial load [2].

They involve no combustion, converting fuel directly
into water vapor and electricity. The technology allows
energy to be concentrated more densely than in
petroleum fuels with zero emissions.

III.

HYDROGEN FUEL SYSTEM

A division of MAN Energy Solutions (MAN Cryo) can
supply Marine LH2 Fuel Systems. Liquid Hydrogen is a
zero emission marine fuel. The fuel system consists of a
cryogenic Type C stainless steel tank (10 to 400 cbm
capacity per tank), pump, vaporizer and pressure build
up unit. The purpose of the tanks is to contain and store
the -252C cryogenic liquid and maximize holding time.
Regulatory requirements of the IGF require 15 days. The
bunker station is on deck and consists of a manifold and
vent. The hydrogen system has approval in principal by
a recognized Classification Society and it comes preengineered and designed. The design pressure is 9 bar.
The pressure build up unit has no rotating equipment.
The tanks come equipped with vacuum and multilayer
insulation. Cold box comes equipped with N2 purge line
for vent mast, water inlet/outlet, gas to fuel cell lines and
liquid to vapor lines. Tanks can be engineered to
specification based on required volume, pressure,
available space, power requirement, Classification
Society and Bunkering Capacity [12].

IV.

This Super-Yacht will feature 500 kW of lithium
polymer ion batteries as part of the hybrid propulsion
package. These batteries are proven for commercial and
military marine applications. Each battery bank will
include a battery management system with connecting
cables and communication harnesses to the vessel
systems. These battery banks can act as the sole energy
source for low load situations, handle peak loads without
starting standby Fuel cells. super capacitor banks
Another hybridization option is the use of super
capacitors. Super capacitors can provide stability and
efficiency to the DC grid. A super capacitor can provide
a few seconds to a minute of reactive power in a cost
effective package. Super capacitors have a longer life
than lithium battery banks and are ideal for shipboard
application because of their superior high power
charge/discharge cycling with lifetimes over a million
charge/discharge cycles at 100% depth of charge [1].
V.

Fig. 4: Type C Liquid Hydrogen (LH2) storage tank as part of a
marine LH2 fuel system supplied by MAN Energy Systems [8].

Composite tanks that can store compressed H2 at 250,
500, 700 or 1000 bar can be used as an alternative option
to owners.

LITHIUM POLYMER ION BATTERY
BANKS AND SUPERCAPACITORS

LOW GRADE HEAT RECOVERY
SYSTEM

There is plenty of thermal energy sources available that
will provide waste heat that can be converted into
electricity. The fuel cell power system produces excess
warm water vapor that will provide a low grade heat
source for additional electricity production through
organic rankine systems such as Climeon. The system’s
low-pressure levels allow a compact and modular
design, making it easily scalable from 150kW modules
up to 2 MW systems for larger installations.
This is electricity that can be plugged right back into the
DC grid boosting the overall efficiency of the
powerplant [5]. Additional thermal energy recovery will
be made from the vessel’s HVAC system and sources
external to vessel depending on location.

Fig. :5 Power Density and Specific Power Comparison of Various
Energy Sources. [13].

Fig. 6: Solbian ISP Series (invisible solar panel) is a flexible 104 watt
panel that can be integrated with a wooden deck. [4].

VI.

SOLAR POWER SOURCES

The onboard photo voltaic cells will cover 420 square
meters of deck space and produce 573 kW to reduce fuel
consumption, assume hotel load or stored as potential
energy. The Solbian flex panels are beautiful, light and
flexible. The Solbianflex panels generate energy silently
and even in low-light conditions. The Solbian-flex panels
have been tested under the toughest conditions.
Resistance to salt water and adverse weather conditions,
along with lightness and design make them perfect for
superyacht applications [4].

VII.

WIND POWER SOURCES

SkySails Yacht SKS 160 is a 160 square meter
Auxiliary Inflatable Traction Kite that consists of a
towing kite with rope, launch and recovery mast, towing
point on deck, towing winch and reefing winch and a
control system for automatic operation. Instead of a
traditional sail fitted to a mast, SkySails uses large
towing kites for the propulsion of the ship. Their shape is
comparable to that of a paraglider. The towing kite is
made of high-strength and weather proof textiles. Kite
sizes range from 20 -400 m2 in size. The steering system
for the SkySails propulsion works automatically. It
aligns the towing kite to provide optimum propulsion
depending on the direction and strength of the wind as
well as the ships course and speed by flying a horizontal
figure 8 at high speeds. SkySails can be operated at
Beaufort scale 3-8. The crew is kept constantly informed
about the systems operation status on a display screen.
The ship’s officer can see on the SkySails user interface
the spectrum of courses on which the SkySails system
can be operated and to what extent the propulsion power
can be reduced (up to 100%). The SkySails system can
reduce fuel consumption by 10-35% depending on wind
direction and intensity, or even switch off the engines
completely. Classification Societies have classified the
SkySails system as an auxiliary propulsion system [6].

Fig. 7: SkySails: SKS 160 Kite Drive for Yachts [6].

This yacht will also feature custom made 6 x WS-30
retractable vertical axis wind turbine is rated at 20 kWh
each for a combined 120 kWh of renewable electricity
made available to the DC-grid system.

Fig. 8: Windside WS-30 Vertical Axis Wind Turbines [9]

Windside wind turbines are built to withstand all that
nature can throw at them and a made of high grade
materials such as composite reinforced fiberglass,

marine-grade aluminum permanent magnet generator
casings, stainless steel hardware, top quality lubricated
bearings, and custom sealed electronics create a literally
bullet-proof turbine [9].

VIII.

A shore based M400 hydrogen generator operating at
902 kg per day could produce enough hydrogen to refuel
the super-yacht every 46 days. Additional units could be
employed to reduce that time as needed. Onboard or
shorebased hydrogen compression or liquefaction could
also be employed based on the needs of the owner.

PROPULSORS / HYDRO-TURBINES

This yacht will feature 2 x 1500 kW Steerable Thrusters
(port and starboard on the stern) and 1 x MW retractable
thruster on the bow. These thrusters provide a high level
of maneuverability and efficient propulsion for the
vessel and work together with Kongsberg dynamic
positioning for position keeping.

X.

REGULATORY REQUIREMENTS

As a globally recognized Classification Society, DNVGL has provided the Approval in principal for the LH2
system provided by MAN Cryo of MAN ES.
XI.

DESIGN

AND

CONSTRUCTION

CONSIDERATIONS

Dynamic Positioning optimized for renewable energy
harvesting (wind, solar, hydro, thermal).
Thrusters can be optionally configured to operate as
hydro-turbines when there is opportunity to harvest
renewable (hydro) energy such as when the vessel is
anchored or docked on a river or when the SkySail is
deployed. The generated electricity can be used to
charge batteries, or make hydrogen via an onboard
hydrogen generator that makes hydrogen from seawater
to provide additional range extention.

One of the biggest open secrets of a successful green and
eco-friendly yacht is the weight. Weight savings is a
must and wherever possible it must be necessary to work
with materials like carbon fiber. This is why the superstructure of this vessel is made of carbon fiber.
Furthermore, furniture needs to be built in lightweight
honeycomb methods and use of integrated furniture. So,
every kilo or ton which comes on board will be counterproductive to the efficiency of the yacht.
In general it is also important, to design the yacht as an
electric driven boat, as this is a different design vs
standard propulsion systems. Using large electric
propulsion motors gives the Naval Architect flexibility
with location of power sources for space, passenger
comfort and stability purposes.

Fig. 9: Proton Onsite M200 Hydrogen Generator [7].

IX.

HYDROGEN GENERATION

Nel Hydrogen has demonstrated that hydrogen
generation onboard and onshore is possible today. The
M Series electrolyzer systems utilize PEM technology to
produce high purity hydrogen reliably and safely onsite.
The M400 system can produce 902 kg of hydrogen per
day. These systems are modular and scalable [7].

We all know, that the power we are getting today from
diesel is an efficient and commercially spoken cheap
way to drive. To go electric will have a higher price tag
at least initially however the virtually silent and clean
operation will become the new luxury standard.
The challenge is always to find the best setup between
eco-friendly, performance and cost balance. Mid/long
term, e-fuel producing systems as an important unit on
board of each yacht. You can generate your own
hydrogen with 100% green technologies like wind or
solar in combination with hydro. For “holiday cruisers”
it might be an efficient tool as the yacht will produce its
own hydrogen while sitting in the marina for days or
weeks. So when the owner comes, the fuel tanks should
be full for many days of autonomy.
On the commercial side, you can produce in large
hydrogen systems on shore in combination with solar

fields and large wind generator enough hydrogen to fill
up the tanks very quick on commercial vessels.
On the luxury yachts today, the owners are packing the
yachts full with all necessary and unnecessary items,
which need to get better selected in terms of the weight
issue on electric driven vessels. Owners and crew need
to be more ecological with selection and use of HVAC
systems. Europeans are more sensitive to energy
consumption HVAC systems; in the US, people very
often are freezing down their yachts so that you have to
wear a jacket (even in high summer) when you enter the
cabins. We can see the change of the mentality slowly
especially with e-car drivers, where they are using very
little AC to extend the range of the car [14].
Weight is the real advantage with LH2 compared to
Diesel as LH2 has 33.3 kWh per kg at 50% HFC
efficiency = 16.5 kWh per kg. Diesel has 12 kWh per kg
at 30% thermal efficiency =4kwh per kg so that’s a
weight savings of 36,000 tons for a vessel meant to carry
48,000 tons of diesel [3].
XII.

CARBON NEUTRAL FORECAST

MAN ES develops and deliver solutions for maritime
industry, for power propulsion systems covering the
range of 450 kW up to 82 MW an, as well as for power
generation systems in the range of 450kWel up to 11
MWel, A large range of 2-stroke and 4-stroke engines in
the program are available for the use of multi-fuels, e.g.
LNG, LPG, Methanol and Ethane.
The program included further complete gas storage and
supply systems as well as hybrid solutions. For the large
fleet of vessels in service MAN ES has furthermore a
wide package of retrofit solutions available.
Along the aim to contribute for a significant reduction
for GHG emissions in this industry sector MAN ES has
increased the development efforts for the engine system
solution for the use of further future fuels. The use of
ammonia as fuel (NH3) is in this context in focus, as
ammonia simplifies the process for fuel storage, fuel
handling and processing and can be used in both
application, such as engines for direct power propulsion
systems as well as electrical power generation, e.g. the
use of H2 operated , via a fuel-converter fuel-cells
and/or in combination with engine gen-sets for larger
electrical demands on board.
The combination of high efficient combustion engines

(2-stroke, 4-stoke) and/or high efficient fuel-cell stacks
as well as hybrid system / electrical drives provide the
potential to come up with low or even zero emission
technologies for a wide range of applications required in
the maritime market.
We believe that therefore for such innovation processes
a close cooperation with major partners in the industry,
as well as with shipyards and vessel owners along such
zero emission technology development and testing is of
high relevance. MAN ES is therefore happy to support
this carbon neutral initiative [12].
XIII.

CONCLUSION

Superyacht owners are becoming more interested in
technical aspects of vessel performance, efficiency and
environmental profile. A DC-based power distribution
system provides a hybrid platform for multiple energy
sources to come together MAN and others for the best
integrated solutions providing zero emissions at best and
carbon reductions at worst. In the case of this SuperYacht we found not only the best scenario from an
emissions standpoint but we found autonomy.
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