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1 Introduction
Inland navigation currently contributes about 8 % to the greenhouse gas (GHG) emissions of the national
shipping sector whereas the share of coastal and inland navigation in the total national transport sector
is about 0.5 %. In order to achieve the set climate protection targets, all national transport would have
to be converted to zero-emission propulsion systems by 2050, which also includes inland navigation. A
step in this direction has been taken with stricter limits and exhaust gas standards. The specifications
apply not only to new ships, but also to the retrofitting of older vehicles that receive newly installed
engines. The EU's Non-Road-Mobile Machinery (NRMM) Directive does not regulate vehicles that continue to operate with an old diesel engine although many of these vessels are currently in operation in
inland navigation. Conversion of the old diesel-powered vessels to fuel cell propulsion systems and
electricity-based fuels from renewable energy sources (RES-E) represents a great potential for emission
reduction (GHG, pollutants, noise). Hybridization (FC with battery) can lead to further system benefits
(range, lifetime, efficiency, cost reduction). [1][2]
The fuels hydrogen (EE-H₂), synthetic methane (EE-CH₄) or synthesized liquid fuels (EE-gasoline, kerosene and -diesel), can be obtained from regeneratively generated electricity and thus offer the possibility of maritime mobility without global CO2 emissions. This study is intended to provide a brief overview of the technical prerequisites that must be created or are already in place in order to include these
energy sources in the market segment. A comparison of the alternative fuels is made, which is carried
out exclusively under consideration of fuel cell propulsion systems and the currently common diesel
propulsion systems with an internal combustion engine. The entire process chain from the production of
the fuel, its transport, distribution, and storage to the bunkering process as well as its storage and use
as an energy source on board was taken into account as shown in Figure 1.

Figure 1: Process chain for alternative fuels

In order to analyze the adaptation of various fuel and fuel cell technologies for inland waterway vessels,
four reference ships from the commercial shipping sector were selected. The reference ships were selected from the categories cargo ships ("Europaschiff"), push boats ("ELEKTRA") and passenger ships.
In the analysis, a further subdivision was made from the group of passenger ships into the ship types of
cabin ships ("Viking Longship") and the day excursion ships ("Stern"). These categories are among the
most common types of vessels in the inland navigation fleet. The current stock of the inland fleet is
broken down in Figure 2. For the technical analysis, it was determined that the use of fuel cells in inland
navigation is principally possible. However, it should be noted that this may only apply to the types of
vessels analyzed. No universal solution could be identified, since a variety of possible combinations of
renewable fuels and different fuel cell types with different levels of technological maturity can be considered. [3] Thereby, the choice of suitable combinations depends on many factors, such as:







Reconsctruction or new construction of the ship
Implementation period for the project
Required power and energy demands of the ship
Operational profile of the ship
Bunker options (fixed refueling stations/vessels or mobile bunker vessels).
Availability of alternative fuels in operation
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In 2018, ca. 4,500 inland waterway vessels were registered in Germany. About half of these were registered as freight and cargo ships in Germany. Of these, approx. 77% were cargo ships and 23% tankers. Around 500 ships were registered as pusher and tug boats. In the case of passenger vessels,
approximately 1,005 vessels were documented. These include about 818 day-excursion-ships, which
corresponds to about 81 % of the passenger ship fleet. In addition to the day excursion ships, the cabin
ships also represent an interesting potential for future fuel cell use due to the additional hotel load (electricity/heating and cooling requirements). In addition, fuel cells are also interesting for recreational boats
& houseboats, because in contrast to commercial shipping, these boats have significantly lower energy
consumption and fluctuating driving/use profiles. Further potentials for fuel cell systems are also to be
found in governmental vessels and ferries. [4]

Passenger Transport

Inland Navigation Fleet 2019
Day Excursion Ships

822

Ferries

263

Passenger Launches

171

Passenger Ships Inland Waterway
Cabin Ships

128
58

Cargo Motor Ships

1171

Cargo Transport

Push Barge
Bunker Boat

764
49

Tanker

404

Barges

505

Pusher and Tug Boats
Tow Barge

466
41

Figure 2: Vessel fleet of the German inland fleet 2019 [4]

At present, the transport sector is still 94% dependent on mostly imported mineral oil products, and the
use of renewable fuels in fuel cell drives could avoid or significantly reduce greenhouse gas emissions
and local air pollutants as well as noise and vibration. Fuel cell drives have a higher efficiency and a
more dynamic application profile compared to conventional combustion engines. Due to the number of
influencing factors, no final decision can be made for a specific fuel cell solution. This paper is based on
the NOW H2 study - Electricity-based fuels for fuel cells in inland navigation. [3]

2 Market Analysis
First an analysis of the German inland shipping market was carried out. Reference ships were selected
that are most frequently represented in inland shipping or shipping. In addition, special attention was
paid to maximizing the potential for emission reductions in retrofitting. The selection of the most suitable
ship type for a fuel cell system is determined in advance in many projects by the ship operators, shipyards and design offices. Therefore, in the following, the focus is only laid on the technical facts when
choosing a suitable fuel-fuel cell combination. [3]
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Fuels

2.1

2.1.1 Characteristics
For an initial system design for ships, knowledge of the energy density of the fuel and the storage conditions required for it (pressure, temperature, compression) is important, since these determine the
space required for the amount of energy needed. Basically, fuels can be divided into their gravimetric
and volumetric energy density. In volumetric energy density, the energy per volume of space is considered (unit kWh/m³). Thus, the gravimetric energy density, also called specific energy, is a measure of
the energy per mass of a substance (unit kWh/kg). [3]
The fuels considered are differentiated according to volumetric energy density, assigning them to the
following three fuel storage variants [3]:




Liquid at ambient pressure and temperature
Liquid at cryogenic temperatures (approx. -250 °C)
Gaseous and compressed

Figure 3: Volumetric
energy density of fuels
in relation to diesel
fuel [3]

The storage conditions of the fuel to be used determine how the ship's tank system must be dimensioned. For liquid fuels (diesel, methanol and LOHC), which are stored at ambient temperature and
pressure, structural tanks are used similar to diesel, which can be integrated into the ship's structure to
save space or adapted to the ship's structure. For cryogenic fuels stored under pressure (LNG, LH2),
cylindrical pressure tanks (cryogenic tanks) are used, which require considerably more space than diesel tanks. Moreover, cryogenic tanks use an additional insulation layer to reduce the losses due to
heat input. [3]
In the future, some fuels will require additional safety requirements. This could be a second shell or
cofferdam around the tank. These additional requirements can increase the space required for the
tank system significantly. The following figure shows the qualitative impact of volumetric energy densities on tank sizes. [3]
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Figure 4: Comparison of
the volumetric energy density of fuels in relation to
diesel (blue) and possible
additional space requirements due to the tank design (orange). [3]

The comparison of the volumetric energy densities and tank sizes of the fuels illustrates that when an
"e-fuel" ("power-to-fuels") is used on board of volume-critical ships, such as passenger ships, the utilization profile, bunkering and/or ship design must also be changed. For example, if a lower energy density fuel such as CGH2 is used, the opportunity for frequent refueling must exist. If these changes cannot
be implemented, e-fuels with high volumetric energy densities must be considered.
The use of hydrogen as an energy carrier enables the use of efficient fuel cell systems, which would
significantly reduce fuel consumption in the ship. This reduces the need for fuel to be carried along - this
is discussed in detail in chapter 2.3. In addition, the energy required for fuel supply and the transport
and distribution infrastructures required for this also play a role in the environmental impact and in technology and energy strategy considerations. The energy required for the production of synthetic fuels is
significantly higher than for the direct use of hydrogen. Due to the associated plant requirements, direct
use of hydrogen is to be preferred wherever this is technically possible and economically justifiable.
Therefore, in the following, the storage of hydrogen will be discussed in particular.

2.1.2 Hydrogen – H2
The most common chemical element in the Sun and the large gas planets Jupiter, Saturn, Uranus, and
Neptune is hydrogen, accounting for over 99.99% of the solar system's mass. In the entire universe
(under disregard of dark matter) an even higher portion of hydrogen is assumed. Hydrogen accounts for
75% of the total mass or 93% of all atoms in the solar system. The mass portion on earth is substantially
smaller; related to the total weight the portion is about 0.12 %; related to the earth's crust the portion
amounts to approximately 2.9 %. The terrestrial hydrogen is predominantly bound and almost never
pure as an unmixed gas. No other element has so many known chemical compounds. The most common chemical compound of hydrogen is water. However, the element also occurs in all living things, in
crude oil, natural gas and in many minerals. Other natural occurrences include natural gases, such as
methane (CH4). [5]
Hydrogen is used for fuel refining, hydrocracking of crude oils, melting of metals or catalytic hydrogenation of unsaturated vegetable fats. About 75% of industrially produced hydrogen is used for synthesis of
ammonia (N2 + 3 H2 2 NH3) in the Haber-Bosch process. [6]

Seite | 6

Industrially, hydrogen is obtained in different ways:
a) from natural gas by steam cracking: gaseous hydrocarbons (e.g., methane) react with steam at
800 °C; use of catalysts containing nickel.
b) from coal (coke) by coal gasification: water vapor reacts with glowing coke at 1,200 °C.
c) by electrolysis (electrolytic water separation): water is separated by the influence of electricity.
Hydrogen is the lightest element with a density of 0.0899 kg/m³. This characteristic gives it a high buoyancy force, which was used in early airship travel because molecular hydrogen is about 14.4 times
lighter than air. Hydrogen becomes liquid at 20.27 K (-252.88 °C) and has a low melting point of 14.2 K
(-258.95 °C). The solubility of hydrogen in water is relatively low and amounts to 1.6 mg/l at an ambient
temperature of 20 °C. [5][6]
At temperatures below 20.27 K (-252.88 °C), the gas condenses to a clear, colorless liquid. Lowering
the temperature further, at 14.02 K (-259.2 °C) hydrogen enters a slurry-like state called slush before
freezing and forming a crystalline solid with hexagonal closest sphere packing (hcp), each molecule
surrounded by twelve others. Unlike helium, no superfluidity occurs when simple hydrogen (1H) liquefies; in principle, however, the isotope deuterium (2H) can become superfluid. The triple point of hydrogen, at which its three states of aggregation occur simultaneously, is one of the fixed points of the
International Temperature Scale (IPTS). It is at a temperature of exactly 13.8033 K and a pressure of
7.042 kPa. The critical point of hydrogen is at 33.18 K and 1 300 kPa. [5]
Due to the low density of hydrogen, storage and transport pose technical and economic challenges for
sufficient energy density. The following processes are commonly used:




Compressed gaseous hydrogen at pressures between 300 and 700 bar, CGH2 (compressed
gaseous hydrogen), stored and transported in pressure tanks
Liquid cryogenic hydrogen at temperatures below -252.88 °C (20.27 K), LH2 (liquid hydrogen), stored and transported in cryo-containers.
Hydrogen in chemical or physical compounds, mostly in or on solids or liquids, currently in
the laboratory stage.

Gaseous hydrogen is highly compressed to pressures between 300 bar and 700 bar and stored as
CGH2 (compressed gaseous hydrogen) in pressure tanks. Compression requires energy input, and high
demands are placed on both the compressors and the pressure tanks. In order to guarantee the high
required purity of the hydrogen, mostly lubricant-free piston compressors are used. The pressure tanks
must be made of suitable materials to withstand the pressures and prevent diffusion. To achieve higher
energy densities, hydrogen is liquefied and stored cryogenically as LH2 (liquid hydrogen). Since hydrogen only becomes liquid below -240 °C (33 K), the cost of liquefaction is high, and cryogenic storage is
carried out in insulated tanks. Table 1 and Figure 5 provide an overview of the density and energy
content of hydrogen in the different states of aggregation and in the various compression stages [5][7].
Table 1: Density and energy content of hydrogen [7]
Hydrogen

Pressure
[bar]

Temperature
[°C]

Density
[kg/m3]

Energy Content
[MJ]

Energy Content
[kWh]

1kg

1

25

0,0899

120

33,3

1Nm3 (gas)

1

25

0,0899

10,7

3,0

1m3 (gas)

200

25

14,5

1685

468

1m3

(gas)

350

25

23,3

2630

731

1m3 (gas)

750

25

39,3

4276

1188

1m3 (gas)

900

25

46,3

4691

1303

1m3 (liquid)

1

-253

70,8

8495

2360
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Figure 5 shows the dependence of density on pressure for liquid and gaseous compressed hydrogen.
Parallel to the density, a scale for the energy density is shown. At today's usual operating ranges, the
(energy) density of LH2 is about 50 % higher than that of CGH2. Also shown in Figure 5 is the ideal
work required for liquefaction and compression as a percentage of the calorific value of hydrogen. For
liquefaction, an ideal cycle with iso-thermal cooling was assumed, and for compression, an iso-thermal
change of state with ideal cooling. If the efficiencies of the real processes of 0.3 to 0.5 are considered,
it becomes clear what a large energy input liquefaction and compression require. [7]

Figure 5: Density (blue)
and Work (red) for LH2 and
CGH2 versus Pressure [7].

A comparison of achievable volumetric and gravimetric energy densities of different energy storage
systems is shown in Figure 6 and Figure 7. Figure 6 shows the volumetric energy density for hydrogen
at 350 and 700 bar, for liquid hydrogen and for solid state storage. The lower (blue) bars apply in each
case to the total system, the higher (turquoise) to the pure substance. Significantly higher energy densities are achieved by natural gas, especially in liquid form. By far the highest densities and thus the
longest ranges in vehicles are achieved with liquid hydrocarbons such as gasoline or diesel, for which
the tank systems are also comparatively light and simple. [7]

Volumetric Energy Density
[kWh/dm³]

12
10
10

8,8
8

8

7
5,8

6
3,3

4
2,3
2

0,5 0,8

0,9 1,2

1,2

0,8

1,5

2,2

0,27

0

Volumetric Energy Density System

Volumetric Energy Density Pure Substance

Figure 6: volumetric energy densities of storage systems [7]

Figure 7 shows the corresponding comparison for the gravimetric energy densities. Although hydrogen,
at 33.3 kWh/kg, has by far the highest calorific value of all fuels, the storage units, with their high dead
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weight, do not reach the values of liquid hydrocarbons by far. Solid-state storage and batteries are again
a size class lower.
33,3

Gravimetric Energy Density
[kWh/kg]

35

33,3

33,3

30
25
20
13,9

15

13,9
10

9,7

11,9

7,4

10
5

12

1,6

1,8

2

3,8
0,4

0,15

0

Gravimetric Energy Density System

Gravimetric Energy Density Pure Substance

Figure 7: gravimetric energy densities of storage systems [7]

A summary overview of the storage possibilities for hydrogen is given in Figure 8 which plots volumetric storage density versus gravimetric storage density for various hydrogen storage systems. It should
be noted that the weight and volume of the storage itself were considered for compressed gas storage
and cryogenic storage, but not for hydrides. The dashed lines in the lower part of the figure for pressurized storage (compressed H2) show that composite materials with about 14 mass percent (14 kg-H2
/ 100 kg-tank) have a decisive advantage in gravimetric density over steel with about 2 mass percent,
but the volumetric storage density remains low. With liquid storage (H2liq), a higher volumetric energy
density can be achieved at an average gravimetric density. The curve for surface storage (physisorbed
on carbon) shows that by increasing the storage surface, high gravimetric storage densities are possible, but at modest volumetric density. Highest gravimetric storage densities are achieved by liquid hydrocarbons (chemisorbed on carbon). [7]
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Figure 8: Densities of different hydrogen storage systems [7]

In the following, the methods of H2 storage selected according to the above criteria will be examined in
more detail
2.1.2.1
Compressed Hydrogen (CGH₂)
Hydrogen has by far the highest gravimetric energy density of the conventional energy carriers, at 33.33
kWh/kg by weight. Nevertheless, the low volumetric energy density of compressed hydrogen compared
to other e-fuels leads either to a high space requirement in the ship or to more frequent bunkering
operations or a combination of both. New ship consctructions could partially or completely eliminate this
disadvantage through innovative concepts. Thereby new opportunities for ship designers could emerge.
[3]
Tank system
The gaseous hydrogen is compressed to pressures of 200 bar to 900 bar and stored as CGH2 (compressed gaseous hydrogen) in pressure vessels. Compression requires a high energy input and therefore high demands are placed on the compressors as well as on the pressure tanks. When the hydrogen
is compressed to 250 bar, a compression work of about 5.6 % of the calorific value is required. In order
to guarantee the high required purity of the hydrogen, mostly lubricant-free piston compressors are used.
The pressure tanks must be made of suitable materials to withstand the pressures and prevent diffusion.
[3]
A generally accepted pressure level for hydrogen storage has not yet been firmly established in industry
or the transport sector. While passenger cars store H2 at 70 MPa due to the limited space available, 35
MPa tanks are primarily used for buses. It is important to monitor current developments in the various
transport applications. Here, a significant advantage would be if the outlet pressure of the filling station
corresponded to a future standardized pressure level, and thus better synergies could be created in the
transport sector. [3]
In the ELEKTRA research project, a 500-bar tank system was chosen. The entire system is located on
board the ELEKTRA and consists of six interchangeable tanks that can be hoisted on and off the ship
using the shipboard crane. Each tank consists of twenty 500 bar Type IV compresses gas cylinders.
The decision to use a 500-bar system was the result of weighing the amount of hydrogen that could be
stored against the cost of building the tanks. The first criterion, the storage pressure, would argue for a
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higher storage pressure level, the second criterion, the manufacturing cost of the tanks, would argue for
a lower pressure. The 500 bar interchangeable tanks can be used not only directly in the mobile sector,
but also as a more effective means of transporting and mobile storage for hydrogen with the aim of onsite refueling of equipment with a pressure level of 300 bar. [8]
Bunker system
The inland passenger ship "FCS Alsterwasser" was equipped with fuel cell propulsion as part of a funded
project. (Table 9) The experience gained in this project shows that refueling via a fixed refueling station
(pier-to-ship) is possible in principle. However, the economic operation of the refueling station is only
feasible with high utilization or several users. This aspect must be taken into account when selecting
the fuel. Construction specifications for hydrogen refueling facilities are currently being developed by
the ISO working group "TC 197: Hydrogen Technologies" for land vehicles. Specific requirements for
maritime stations have yet to be co-developed through support of appropriate R&D efforts. Another
example of economical operation of individual applications is provided by the concept of interchangeable
cylinder bundles, as envisaged in the construction of an inland push boat with NT-PEMFC as part of a
funded project "ELEKTRA". (Table 10) This project is attempting to develop uniform requirements for
handling cylinder bundles as fuel storage devices for inland waterway applications. In addition, this project is paving the way for the certification of an FC vessel in the inland navigation sector, since only
prototypes or research applications exist at the present time. [3]

2.1.2.2
Liquid Hydrogen (LH₂)
To achieve higher energy densities, hydrogen is liquefied and stored cryogenically as LH2 (liquid hydrogen). Since hydrogen only becomes liquid below -252.88 °C (20.27 K), the effort required for liquefaction
is very high, which means that 28 to 46 % of the energy content of hydrogen must be used for liquefaction, depending on the quantity and the method used. The cryogenic storage takes place in so-called
insulated tanks. There, however, the liquid hydrogen (LH2) heats up due to the physically given continuous heat input into the tank, causing the liquid hydrogen to evaporate. During operation, this effect is
desirable to a certain extent since the hydrogen must be supplied to the fuel cell in gaseous form. However, during longer phases of low energy demand, the amount of hydrogen evaporating can exceed the
demand. Above a defined pressure rise, the hydrogen must either be removed in a controlled manner
or reliquefied at comparatively high cost. Inland vessels, which have an irregular operating and energy
demand profile, are therefore less suitable for the use of LH2. As an additional obstacle, cryogenic hydrogen is currently not available all the time or everywhere. A widespread and economically attractive
supply can only emerge when demand is high and liquefaction plants are as large as possible. This
cannot be achieved by the ship sector alone. Here, too, future developments in other sectors must be
observed. [3]

Tank System
At present, no experience has been gained with the storage of liquid hydrogen in the inland navigation
sector. Since liquefied hydrogen is stored at - 253 °C, LNG tank systems (stored at - 163 °C) cannot be
readily converted for liquid hydrogen. Currently, there are still no regulations for the use and storage of
liquid hydrogen for inland ship applications. The technical solutions are available and “only” need to be
implemented. [3]
Bunker System
The general requirements for bunkering with different bunker operations are known from some application examples for the bunkering of LNG as fuel for inland and sea-going vessels. As with compressed
hydrogen, the economic operation of a bunkering station or bunkering vessel is only feasible when used
by multiple users. Construction specifications for liquid hydrogen refueling facilities are currently under
development at the ISO working group "TC 197: Hydrogen Technologies" for land vehicles...
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ISO/197: The scope of this working group includes standardization activities for systems and components for the production, storage, transport, and application of hydrogen (cf. ISO 2010):








ISO 13984:1999 Liquid hydrogen – Land vehicle fueling system interface
ISO 13985:2006 Liquid hydrogen – Land vehicle fuel tanks
ISO/14687-2:2008 Hydrogen fuel – Product specification – Part 2: Proton Exchange Membrane
(PEM) fuel cell applications for road vehicles
ISO 15869:2009 Gaseous hydrogen and hydrogen blends – Land vehicle fuel tanks
ISO 15916:2004 Basic considerations for the safety of hydrogen
ISO 16111:2008 Transportable gas storage devices – Hydrogen absorbed in reversible metal
hydride
ISO 20100:2008 Gaseous hydrogen – Fuelling stations

Standardization activities are also already taking place at European (European Committee for Standardization CEN, European Committee for Electrotechnical Standardization CENELEC) and German
(Deutsches Institut für Normung DIN) level. For example, IEC 62282 has already been adopted by
CENELEC at the European level. Furthermore, there is a national mirror committee to IEC/TC 105,
which deals with fuel cell technology (DKE/K 384) and has also adopted this Technical Specification
from the European level into the national standardization catalog. [9]
For the maritime bunker stations and bunker ships, corresponding specific requirements still have to be
co-developed, if necessary, through R&D measures. Currently, there is a lack of technical regulations
for liquid hydrogen in the areas of the bunker transfer system (hose lines, valves, couplings) as well as
in the tank systems.

2.1.2.3
Conclusion
Compressed hydrogen can be stored in a closed system for a long time without losses. Material selection and safety issues are relevant for containers and infrastructure. There are synergy effects with
compressed natural gas. Type IV composite material containers are commercially available for 350 and
700 bar. The density of hydrogen is 23.3 kg/m3 at 350 bar and 39.3 kg/m3 at 700 bar and 25 °C, corresponding to gravimetric energy densities of 0.78 kWh/dm3 and 1.3 kWh/dm3, respectively. Including the
tank system, total system densities of up to 0.9 kWh/dm3 and 1.8 kWh/kg are achieved at 700 bar. The
energy input required for compression is about 15% of the calorific value of the hydrogen. Higher energy
densities can be achieved with liquid hydrogen. At 2 bar, liquid hydrogen has a density of 67.67 kg/m3,
which corresponds to an energy density of 2.3 kWh/dm3. With the heavy and bulky tank systems, total
system densities of 2 kWh/kg and 1.2 kWh/dm3 can currently be achieved. The energy required to liquefy
the hydrogen is 20 to 30% of its calorific value. The vacuum-insulated storage tanks usually do not have
active cooling, and the unavoidable heat input causes the boiling hydrogen to evaporate, pressure to
build up in the tank, and hydrogen to be blown off when the limit pressure is reached. This causes
evaporation losses of 0.3 to 3 % per day. Only in exceptional cases is the evaporating hydrogen used
to generate energy; it is usually blown off into the environment, which in addition to the energy loss can
also raise safety issues. All components for liquid hydrogen, such as lines, valves, couplings, etc., are
made of austenitic stainless steel; they must be vacuum-insulated against heat input and are correspondingly complex and expensive.
From the point of view of practical application, gaseous storage at 700 bar provides an acceptable energy density at reasonable cost; type IV tanks are mature and commercially available. With correspondingly higher effort in production, storage and infrastructure, higher energy densities can be achieved
with liquid hydrogen. Liquid hydrogen is already used when vehicle range is critical or when large quantities are required, as in the distribution of hydrogen from centralized production or in rocket propulsion
systems. Special processes such as pressure-compressed storage or slush, as well as solid-state storage, promise high potential in terms of storage density, but are still in the development stage. Regarding
its use as a CO2-free energy carrier, hydrogen is technically mature and ready for the market in both
gaseous and liquid form. Hydrogen, like electrical energy, must be produced. The consistent expansion
of alternative energy production from water, wind and solar power is absolutely necessary for this. Due
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to the higher costs of hydrogen compared to conventional fossil technologies in production, storage and
distribution, its widespread use in the foreseeable future seems conceivable only through political control
measures such as a substantial CO2 tax. This applies even more to battery-electric drives.
After examining hydrogen as a fuel and its storage, the next section takes a closer look at liquefied
natural gas as a fuel and its storage options.

2.1.3 Liquefied Natural Gas (LNG)
Liquefied natural gas (LNG) is a clear, odorless liquid that is produced when natural gas is cooled to 160°C. In this liquid state, LNG has about 600 times less volume than natural gas and can therefore be
transported very efficiently. Table 2 gives a comparison of the energy densities between hydrogen and
LNG. Therefore, when gas has to be transported over longer distances, LNG is a particularly good
alternative to gas transported by pipeline. [10] In addition, LNG has a high energy density and can be
burned cleanly on board. The first applications for using liquefied natural gas as a fuel are also on-board
of inland vessels. If the fuel is further established in inland navigation, conversion in a fuel cell is an even
more efficient alternative. In this case, fossil LNG can also be used initially, as long as E-LNG is not yet
available everywhere. LNG is produced by liquefying natural gas and is a fossil energy carrier or fuel.
The fossil feedstock consists of about 90 percent methane (CH4) and the higher-value hydrocarbons
(ethane, propane, butane). Other components include small amounts of nitrogen and traces of accompanying substances such as oxygen. Methane consists of one carbon and four hydrogen atoms and
thus has the lowest carbon content among the fossil fuels. The combustion of methane produces about
25% less CO2 than diesel fuel. Due to the low carbon content and clean combustion of gas, the use of
LNG as a fuel can reduce emissions of CO2 and air pollutants compared to conventional fuels. LNG
can also be produced synthetically from renewable energy, water and CO2 via power-to-gas (PtG) processes. Synthetic E-LNG is CO2-neutral because the production process adds the exact amount of CO2
from the air or other biogenic or industrial CO2 sources that is released when the fuel is used. Another
option for producing E-LNG is to convert biomass into biomethane and liquefy biomethane into BioLNG.
Table 2: Overview energy content LNG vs. LH2 [20]
Fuel

Volumetric Energy Density
[kWh/l]

Gravimetric Energy Density
[kWh/kg]

LNG

6,1

13,9

LH2

2,36

33,3

Since LNG is stored at -163 °C, higher investment costs and a larger space requirement for the tanks
must be taken into account for the tank system. Due to the evaporation of the LNG during heat input
into the tank system, a suitable load profile for the application must also be ensured here (cf. liquid
hydrogen).
According to a recent study by the International Council on Clean Transportation (ICCT), liquefied natural gas (LNG) as a marine fuel leads to 70 to 82% higher GHG emissions compared to marine diesel,
particularly due to methane slip throughout the system from source to propeller. Over a 100-year time
horizon, 1 kg of methane contributes 21 times more to the GHG effect than carbon dioxide over the
same time interval. This measure describes the CO2 equivalent of a chemical compound for its relative
contribution to the greenhouse effect and is called Global Warming Potential (GWP). These numbers
are alarming as more and more ship operators switch to LNG. There are currently 756 LNG ships in
service or on order. Various scenarios in the ICCT study show that emissions from international shipping
could increase from the current 3 percent to 17 percent of global greenhouse gas emissions by 2050. If
ships use LNG as marine fuel, the share could be even higher. Until the slip issue is resolved, LNG
should not be an alternative for zero-emission propulsion on the water. [11]
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Tank System
Currently, insulated cylindrical pressure tanks are used in inland waterway applications, which require
a correspondingly larger space compared with conventional diesel tanks; a factor of 2 to 3 can be expected here. In addition, the higher space requirement leads to significant additional costs for operators.
The technical regulations for LNG systems in inland vessels are regulated throughout Europe via the
ES-TRIN. [12]
Bunker System
Currently, in Europe, LNG can be purchased at some ports via a bunkering vessel or at a filling station,
and other options are being pursued. In addition, LNG bunkering policies have become established in
European ports. The expansion of LNG infrastructure is progressing (see Figure 9), and as an additional
incentive, some EU ports give a discount on the port fee to "clean" ships. [13]
EU member states have stipulated in EU Directive 2014/94/EU that member states ensure through their
national strategy frameworks that an adequate number of LNG refueling stations are installed in seaports by December 31, 2025, so that LNG inland vessels or LNG seagoing vessels can operate throughout the TEN-T core network. In addition, this directive results in the development of international standards for the bunkering of ships with LNG and CNG. In addition, the German government plans to identify
and designate combined transport (CT) terminals and inland ports as priority locations for hydrogen
refueling stations. This would allow trucks and locomotives to be supplied with hydrogen in addition to
inland vessels. [14]

Figure 9: European LNG infrastructure (under construction) [15]
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2.1.4 Liquid Organic Hydrogen Carriers (LOHC)
LOHC stands for "Liquid Organic Hydrogen Carriers". The hydrogen is chemically bonded to a carrier
liquid with the aid of a catalyst. The operating principle of a LOHC application is shown schematically in
Figure 10. This makes hydrogen much easier to handle, because LOHC can be transported and stored
at ambient temperature and pressure in the same way as diesel. Hydrogen is bound at an enormous
density, comparable to 2000 bar of compressed hydrogen. The technology currently has a low level of
technological maturity, and some development is still required with regard to the efficiency of the systems. The usability of LOHC on ships still needs to be tested. In principle, the energy content of LOHC
itself is interesting because it is similar to that of liquid hydrogen. In one liter of LOHC, 600 l of GH2 can
be stored. Another advantage of LOHC is that it is liquid at ambient temperature. 17] Table 3 compares
the energy contents of LOHC and LH2.
Table 3: Overview Energy Content LOHC vs. LH2 [17]
Fuel

Volumetric Energy Density
[kWh/l]

Gravimetric Energy Density
[kWh/kg]

LOHC

≈ 1,9

≈ 1,9

LH2

2,36

33,3

However, in addition to the tank system, there are additional costs and space requirements for a dehydration plant and its energy requirements for hydrogen release in the ship. This system uses precious
metals such as platinum, ruthenium, or palladium as catalysts. [17]

Figure 10: Operating principle of the LOHC application

Tank System
For the storage of LOHC, structural tanks are used, which were previously only used for land applications. The LOHC structural tanks can be integrated into the ship structure in a similar way to diesel
tanks. However, due to a lack of experience in marine applications, it is not yet clear how LOHC as an
energy carrier for hydrogen is classified in terms of safety. Additional requirements such as a gas-tight
tank shell and possibly a second tank shell are conceivable and would increase the technical effort
accordingly. Further practical testing in the maritime R&D sector is necessary to optimize the systems
and develop a uniform understanding of safety as a basis for future regulations and approval processes.
[3]
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Bunker System
Compared to compressed or cryogenic hydrogen, LOHC has significant advantages for bunkering. Here,
too, practical applications and analyses within the framework of R&D projects are still required to prove
whether additional safety requirements may have to be taken into account for the handling and storage
of the loaded and unloaded carrier liquid. In general, the handling of two liquids leads to changes in tank
operations, storage tanks, and logistics. [3]

2.1.5 Methanol (MeOH)
Methanol is a simple representative of the alcohol group of substances and has a gravimetric energy
density of 5.5 kWh/kg. In addition, methanol is liquid up to a temperature of 65 °C, similar to gasoline.
Currently, methanol is still primarily produced from natural gas or coal. One advantage of methanol is
that it can be used directly as a fuel in a direct methanol fuel cell (DMFC) or in a PEM fuel cell by adding
a reformer upstream. In Table 4 below, methanol and liquid hydrogen fuels were compared. [3] [16]
Table 4: Overview energy contents MeOH vs. LH2 [19]
Fuel

Volumetric Energy Density
[kWh/l]

Gravimetric Energy Density
[kWh/kg]

MeOH

4,33

5,5

LH2

2,36

33,3

As methanol is one of the fuels with a low flashpoint temperature, its use on ships is only possible under
special safety requirements - IGF Code (International Code of Safety for Ships using Gases or other
Low-Flashpoint Fuels). The flash point of a liquid describes the lowest temperature point at which a
liquid ignites, this can be due to prior release of gases, vapors or the addition of an ignition source. [18]
With regard to this safety hazard for the ship's crew, fuels with a lower flash point temperature have
more difficult conditions for approval. Therefore, the IGF Code provides specific requirements for ships
as well as guidance for the installation, control and monitoring of machinery, equipment and systems
using low flash point fuels. Currently, the IGF Code is being supplemented for ethyl or methyl alcohol
fuels. In addition, classification societies, such as DNV GL, provide assistance in implementing the
safety, reliability, and environmental regulations of a ship in international and national waters. Table 5
gives a brief overview of the flash point temperatures of methanol, diesel and hydrogen. [3] [16]
Table 5: Flash point overview of methanol, diesel and hydrogen [18]
Fuel

Flash Point Temperature
[°C]

Lower Explosion Limit [Vol.%]

Methanol

+9 … +11

5,5

Diesel

> +55

0,6

Wasserstoff

-

4

Until e-methanol is available, the finite fossil methanol can be used. Methanol is already used as a fuel
in some ship applications, such as on board the passenger ferry "Stena Germanica". The inland passenger ship "MS Innogy", which has been in operation on Lake Baldeney in Essen since 2017, represents a first inland ship application with fuel cells. (see Table 10) [3]
Tank System
Similar to LOHC, integrated structural tanks are currently used for methanol tank systems. Due to the
high contact toxicity of methanol, the safety requirements must be further developed. At present, it can
already be predicted that further measures will be added with regard to the technical requirements. New
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requirements for the system could be a second barrier or a cofferdam. This would result in additional
costs for the operators and the space advantage would be lost. [3]
Bunker System
First experiences are available through the MethaShip project in 2015 for truck-to-ship bunkering. Due
to the current lack of reference projects, interest in further supply points is not particularly high. Uniform
regulations for the approval, construction, and operation of bunkering facilities or for the implementation
of bunkering processes do not yet exist. Only the IGF Code serves as a guideline for the safe handling
of gaseous fuels with a low flash point. This guideline was developed primarily for LNG and is to be
supplemented for ethanol and methanol fuels. [3]

2.1.6 Diesel
Diesel has the highest volumetric energy density. The handling and bunkering of diesel are common
practice. Existing infrastructures, safety regulations and bunkering technologies can continue to be used
without difficulty when fossil diesel is replaced by RE diesel. However, the high primary energy consumption and the associated higher production costs reduce the economic viability of this RE fuel. Especially for this fuel, it is important to achieve the highest possible efficiency in on-board energy conversion and to benefit from the cost advantages of high energy density and the use of existing infrastructures. [3]

2.1.7 Conclusion RE Fuels
The clear advantage of hydrogen in LNG, methanol, or diesel over the use of pure hydrogen is the higher
energy density. More energy can be stored in the form of fuel in a smaller space, and less useful space
is lost. On the other hand, the higher primary energy consumption associated with their production is
also directly linked to higher production costs and more extensive expansion requirements for RE power
generation plants. Thus, RE-synfuels are in principle suitable especially for volume-critical applications
from an economic and strategic point of view. Where technically feasible - possibly with modified operating procedures (bunker frequencies) - to be integrated into barge operations, hydrogen for direct use
as fuel in fuel cells represents the interesting intersection of efficient fuel production, chemical energy
storage and efficient use in fuel cells among the RE fuel options considered in this study.
Safety considerations are not yet available. These are currently being carried out on the basis of specific
examples for the use of various fuels for inland vessels (e.g. hydrogen in the ELEKTRA project and
methanol in the RiverCell project) and for seagoing vessels (e.g. diesel with a low flash point in the
SchIBZ and SchlBZ II projects) or are available from studies already carried out, such as for LNG.

2.2 Fuel infrastructure and availability
Up to now, electricity-based fuels have not been available in large quantities. Due to the current discussions on climate protection, many initiatives have been launched and changes can therefore be expected in the near future. Since hydrogen forms the basis for all electricity-based fuels, an early establishment of hydrogen in the area of fuels is to be expected here, or this is to be advanced as a "no regret"
option. Current plans and developments in the expansion of the infrastructure for alternative fuels should
be followed here, and the role of electricity-based fuels in inland navigation should be emphasized. In
addition to the centralized production and distribution of electricity-based fuels to the different consumer
sectors, decentralized production at the point of RES-E generation or at the point of fuel demand plays
an important role. Production close to the RE power generation site relieves, avoids or delays further
power grid expansion needs. For the latter, ports lend themselves as a place of generation and captive
use. Here, moreover, RE self-use of electricity and integration into ports' own energy systems (electricity, heating, cooling, fuel) can become attractive. Furthermore, ports are predestined for the provision of
electricity-based fuels for ships and as a starting point for the further distribution of electricity-based
fuels.
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Due to their intrinsic linkage of different sectors, ports thus represent a very good starting point for the
market ramp-up of the strategy based on sector coupling. Ships, with their high purchase volume per
vehicle and their often regular and thus plannable demand, are a very good opportunity for the market
integration of electricity-based fuels. This is especially true for fleets, for which the installation of a dedicated refueling infrastructure is more profitable than for individual consumers. [3]
The economic efficiency of the bunker infrastructure is higher the larger the bunker facility and the better
its utilization. This can be achieved more easily, for example, by bundling several customers.
Within the scope of the study, possible initial use cases for the development of an infrastructure were
identified on the basis of potential key application areas (see Figure 12), where synergy effects with
other sectors must be exploited. Basically, the Oder and Havel waterways, the Müritz-Elde waterways
and the Peene river represent the most important waterways (fuel consumption, emissions) for inland
transport in northeastern Germany. Figure 11 shows an overview of the inland waterways with combined
freight transport. Due to some industrial locations, there are in principle connecting points for the further
use of renewable fuels, both for inland navigation and for the industrial use or production (e.g. refineries,
steel production, ammonia) of pure hydrogen or synthetic fuels. Through this interaction, a continuous
hydrogen supply can be ensured. In addition, many municipalities are exceeding the annual average
NO2 limit values and must develop and implement strategies to reduce air pollution - especially for
traffic. Here, too, synergies can be tapped, for example, in the development and logistics of an alternative fuel supply (e.g., with hydrogen filling stations for cars, trucks, buses and trains or also filling stations
for LNG commercial vehicles) for zero-emission drives with hydrogen. In addition, starting in 2021, especially in the northern part of Germany, many wind power plants will fall out of the 20-year EEG subsidy.
However, many of these plants are still technically fully operational. Repowering, replacing the old,
smaller wind turbines with more powerful, new wind turbines, is either not desired at all sites, not feasible
by operators, or not covered by revised permitting requirements. In principle, these existing capacities
could be used in the future at marginal cost (maintenance and repair) for the production of hydrogen.
[3]
Already today, there are first "power-to-gas" (PtG) plants that generate hydrogen or the synthetic fuels
from wind power. In addition to ships for freight transport, many day excursion and cabin ships also
represent interesting application cases in various regions (e.g. Berlin, in Saxony, in Mecklenburg-Western Pomerania, see Figure 12). In particular, ship owners who operate several ships locally and could
refit them can be specifically addressed here. For concrete business planning, the cost structures, including charges, for the technical implementation variants must be examined.

Figure 11: Excerpt from the federal waterway maps for combined freight traffic
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Figure 12: Selected examples of possible application focuses [3]

2.3 Fuel Cell Systems for Ships
In dynamic operation, fuel cells are more efficient than internal combustion engines (see Fig. 13). In
addition, the maximum efficiency of fuel cells is in the lower part-load range, while the maximum efficiency of internal combustion engines is at full load. This has a positive effect on fuel consumption in
real driving conditions. [3]
Basically, there are six different types of fuel cells, which differ in their functional mechanism and operating temperature due to their electrolytes. Based on many years of development and practical applications, three fuel cell types have stood out for further development due to their high efficiency and practical suitability for mobile applications. These are the fuel cell types PEMFC, DMFC, HT-PEMFC and
SOFC, which will be discussed in the following. In principle, the functional requirements of fuel cell
generator systems for maritime applications are the same as for diesel generators. Compared to diesel
systems, there are additional safety requirements due to the different properties of the fuels and battery
systems used. The prescriptive requirements are currently under development. [3]
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Figure 13: Efficiencies of fuel cell systems and diesel engines [3]

PEMFCs (low-temperature PEM fuel cells, typical operating temperature approx. 80 °C) have been developed for many applications (mobile and stationary) for years, are already commercially available and
are on the way to broad market introduction. Thus, potential synergies in cost reduction, e.g. by using
them in cars, buses, trucks and stationary fuel cell heating systems, can be exploited for rapid economic
viability. PEMFCs are operated with pure hydrogen and have high operating dynamics (i.e. suitable for
rapid load changes and start-stop operation). However, when operating with hydrocarbons (e.g., emethanol, e-LNG, e-diesel) or LOHC, the hydrogen must be released from the fuel beforehand by means
of reformation or in a treatment process, which decreases the overall efficiency. For this reason, a use
of PEMFC with direct hydrogen supply is the preferred option. [3]
DMFC (Direct Methanol Fuel Cell) is a low-temperature fuel cell that operates at a temperature of approx. 90 - 120 °C. This type of cell uses a polymer membrane (PEM) as the electrolyte. An alternative
approach uses a 3D architecture of porous silicon as the electrolyte instead of the two-dimensional
polymer membrane as the reaction surface, by means of which a larger reaction surface is achieved
while saving space. This technology, with operating temperatures of 25 - 50 °C, is also close to market
maturity and is initially intended for use as a military field battery and subsequently in consumer electronics, for example in laptops.
HT-PEMFC (high-temperature PEM fuel cells, typical operating temperature approx. 160 °C) have a
lower electrical efficiency than PEMFCs, as well as poorer operating dynamics (e.g. load changes, cold
start) due to the higher operating temperature. Due to the higher operating temperature, HT-PEM systems are also suitable for heat extraction (CHP) and cold generation. They were primarily developed for
the use of methanol as fuel (e.g. in the Pa-X-ell and RiverCell projects by Meyer Werft) and were selected here as reference fuel cells for further LCA analyses. The start of commercialization of this fuel
cell type in marine applications and the associated cost reduction due to ongoing developments can be
expected, for example, after the completion of Meyer Werft's RiverCell project. [3]
SOFC-fuel cells are suitable in principle for the use of LNG, diesel fuels, and E-MeOH or LOHC. These
approaches are currently not being actively pursued, nor is the development of the MCFC fuel cell. Only
further applications for LOHC are being pursued. Due to the high waste heat temperature, one can
imagine something similar to HT-PEMFC as a heating system - CHP. Also for this fuel cell type, the start
of commercialization in marine applications can be expected due to ongoing developments, for example
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after the MultiSchIBZ project of Thyssenkrupp Marine Systems. Based on the good development status
of the three fuel cell types and the developments to date, the fuel/fuel cell system combinations shown
in Table 6 below result. [3]
Table 6: Fuel paths and drive systems [3]
Fuel

Path

Power
Unit
ICE

Fossil

Diesel from
conv. crude oil

EU mix/ Fossil comparative fuel

Renewable

E-CGH₂

100% RE mix (wind, solar), electrolysis at H₂ filling station,
compression 35/50/70 Mpa.

PEMFC

E-LH₂

100 % RE mix (wind, solar), electrolysis, liquefaction, distribution;

PEMFC

E-LOHC

100 % RE mix (wind, solar), electrolysis, hydrogenation,
distribution

PEMFC

E Methane as
LNG

100% RE mix (wind, solar), electrolysis, CO2 from the air,
methanation, transport, liquefaction at the filling station.

SOFC

E Methanol

100% RE mix (wind, solar), electrolysis, CO2 from air,
methanol synthesis, processing, distribution.

HTPEMFC

E Diesel

100% RE mix (wind, solar), CO2 from air, Fischer-Tropsch
synthesis, refinery, distribution.

SOFC

Specific fuel - fuel cell combinations for the reference ships considered in this study result from the
factors influencing fuel storage quantities and bunker frequencies.
Table 7: Selected fuel cells for alternative RE fuels for the LCA analyses. [3]
Cargo Motor Ship

Shear Bandage

Day Excursion Boat

Cabin Ship

CGH2
(35 / 50 / 70 MPa)

PEMFC

PEMFC

PEMFC

PEMFC

LH2

PEMFC

PEMFC

PEMFC

PEMFC

LOHC

PEMFC

PEMFC

PEMFC

PEMFC

E-MeOH

HT-PEMFC

HT-PEMFC

HT-PEMFC

HT-PEMFC

E-LNG

SOFC

SOFC

SOFC

SOFC

E-Diesel

SOFC

SOFC

SOFC

SOFC

Note per ship category

High performance, large fuel tanks required due to long operating runs between bunkering operations.

Volume critical

Very volume critical,
additional hotel load
(especially heat)

Diesel fuels are nowadays bunkered at permanently installed service stations or ships with fixed berths.
Bunkers can also be used for refueling during the journey. Basically, a distinction is made between four
different refueling options:
-

Truck-To-Ship (TTS)
Ship-To-Ship (STS)
Pier-To-Ship (PTS)
Container-To-Ship (CTS)

In terms of energetic volume, some renewable fuels have disadvantages compared to diesel fuel, resulting in shorter ranges per refueling (for the same tank volume) as well as larger tank volumes (for the
same range) or more frequent refueling or a combination of both.
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Table 8: Advantages and disadvantages of the different bunkering methods
Truck-To-Ship
(TTS)
Advantages





Disadvantages



Ship-To-Ship
(STS)

Bunkering directly at the
berth (high flexibility)
Low investment
costs




Low bunker rates






Pier-To-Ship
(PTS)

High flexibility
High bunker rates
High bunker volume
Bunkering directly at the
berth



High investment
costs





Large tank capacity
Quick bunkering

Container-To-Ship
(CTS)







Fixed bunker location
High investment
costs



Bunkering directly at the
berth
Low investment
costs
(high flexibility)

Low bunker volume

3 Conclusion
In terms of energetic volume, some renewable fuels have disadvantages compared to diesel fuel, resulting in shorter ranges per refueling (for the same tank volume) as well as larger tank volumes (for the
same range) or more frequent refueling or a combination of both.
The already existing industrial use of hydrogen offers interesting approaches for the use of hydrogen or
alternative fuels or their introduction for inland navigation. From 2020 onwards, wind turbines that are
no longer eligible for 20-year EEG subsidies (so-called "post-EEG plants" from 2021) could offer interesting potential for the production of hydrogen or for the construction of new power-to-gas (PtG) plants.
In addition, municipalities are increasingly under pressure to act to reduce air pollutants. For this purpose, air pollution control plans are being developed by the municipalities. In this context, concrete
approaches and synergies for the introduction of infrastructures or alternative fuel supply for inland navigation could also be considered or developed at an early stage. Potentials here include the bundling of
similar ship types and shipping companies that operate several ships locally, as these can generate an
initial continuous demand.
Along federal waterways, ships for freight or passenger transport could be converted to fuel cell propulsion systems using alternative fuels. On lakes, passenger ships as well as recreational craft represent
an interesting area of application and potential in terms of unit numbers. The Federal Waterways and
Shipping Administration (WSV) is currently developing a concept for converting public authority ships to
alternative fuels. Here, interesting potentials for the infrastructure development of alternative fuels could
be developed.
All electricity-based fuels are based on hydrogen, which is why electrolysis is an important key technology for renewable fuel production. Further significant technical improvements (efficiency and cost reductions) are expected by 2030. The generated hydrogen is used for further processing and generation
of synthetic fuels (E-MeOH, E-LNG, E-Diesel). Renewable CO2 is required and supplied for this purpose. For the production of renewable CO2, the waste heat from electrolysis and synthesis will be used.
For the use of electricity-based fuels on board of volume-critical ships (e.g. passenger ships), it becomes
clear that a change of the utilization profile and the bunker frequency is necessary. These changes are
not possible if fuels with high volumetric energy densities are used.
In ships with sufficient space for fuel storage, fuels with low volumetric energy densities can also be
used. Due to the higher efficiency in nominal and partial load operation of the fuel cell, overall fuel consumption and thus operating costs are lower compared to internal combustion engines.
The shift to RE fuels with lower volumetric energy densities require:
-

Adjustment of usage profiles/refueling and/or.
Seite | 22

-

Adaptation of the ship design.

Fuel costs have a large contribution to the total costs. Here the electricity costs of renewables for fuel
costs, play a significant role. The costs for ship propulsion systems cannot yet be reliably estimated, as
these systems have not yet been sufficiently developed and tested for ships. However, exploiting synergies with other transport sectors and the energy sector offers the potential for significant cost reduction, e.g., for PEMFC in road transport and SOFC for stationary applications.
GHG & pollutant emissions of RE fuels with fuel cells are zero. The cost of alternative fuels and propulsion systems is higher than diesel based on conventional crude oil. Fuel costs are largely determined
by the cost of electricity used. Propulsion costs are dominated by the cost of CGH2 storage for CGH2,
and by the cost of the fuel cell system, including reforming or dehydration, for LOHC, methanol, LNG,
and diesel.
Pure hydrogen utilization pathways have significantly lower energy requirements than processed synthetic RE fuels (E-LNG, E-methanol, E-diesel) or LOHC. However, pure H2 FC systems require a larger
fuel storage installation space due to the lower volumetric energy density of CGH2 compared to diesel
fuel.
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Table 9: Examples of fuel cell propulsion systems for pleasure boats and small passenger ships [3]
Project/
Ship Name

Type

Country

Year

Fuel Cell

Power
[kW]

Project type

„Hydra“

sport boat

GER

2000

AFC

5

Prototype

PEMFC

4,8

Prototype

„No 1“

sailing yacht

GER

2002 –
2004

Duffy Electric Boot

water cab

USA

2003

PEMFC

41,5

Prototype

„Urashima“

deep sea auv

JPN

2003

PEMFC

4

Prototype

Duffy-Herreshoff DH30

water cab

USA

2003

PEMFC

6

Prototype

„Hydroxy 3000“

sport boat

CHE

2003

PEMFC

3

Prototype

Deep C

AUV

GER

2004

PEMFC

-

Prototype

„Mamelie“

sailing yacht

GER

2004

DMFC

0,05

Prototype

H2 Yacht

sport boat

GER

2005

PEMFC

1,2

Prototyp

„Have Blue XV/ 1”

sailing yacht

USA

2005

PEMFC

10

Prototype

boat

ITA

2005 –
2006

PEMFC

12

Prototype

sport boat

NLD

2006

PEMFC

1,2

Prototype

sailing yacht

GER

2006

MeOHFC

0,65

Test boat

Zebotec

sport boat

GER

2007

PEMFC

24

Prototype

„Solgenia“

research boat

GER

2007

PEMFC

3,6

Prototype

SY „Emerald“

sailing yacht

GBR

2007

PEMFC

1

Prototype

PEMFC

50

commercial

VEGA/Pilot Vaporetto
„Xperiance NX hydrogen“
ASV ROBOAT/ Uni Ulm
auton.

„Alsterwasser“

passenger
ship

GER

2000–
heute

Frauscher 600 Riviera HP

sport boat

AUT

2009

PEMFC

4

commercial

BELBIM

vessel

TUR

2009

PEMFC

48

Prototype

„Nemo H2“

canal boat

NLD

2009

PEMFC

60 – 70

Prototype

MF „Vagen“

HTPEMFC
PEMFC

Prototype

1

Prototype

Fodiator

electr. drive

GER

2009 –
2011
2010
2010 –
heute

12,5

Protium/ „Ross Barlow”

passenger
ferry
canal boat

PEMFC

2,5

commercial

„Hornblower Hybrid“

vessel

USA

2012

PEMFC

32

Prototype

„Hydrogenesis“

vessel

GBR

2012

PEMFC

12

Prototype

„Marti“

passenger
boat

TUR

2012

PEMFC

8

Prototype

„Futura“

sport boat

GER
CHE

2013
2016

PEMFC
PEMFC

2,4
2 x 30

commercial

„Jules Vernes 2“/ Navibus

passenger
ferry

FRA

2017

PEMFC

2x5

Prototype

NOR
GBR
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Table 10: Selected examples of fuel cell propulsion systems in various ships [3]
Year

Fuel Cell

Power
[kW]

Project Type

2002 –
2004
2002 –
2004

MCFC/
SOFC

2.000

study

PEMFC

400

study

2004

-

10.000

study

2005 –
2008
2005 –
2011
2006 –
2009
2007 –
2010
2007 –
2010
2009 –
heute
2009 –
heute

PEMFC/
SOFC

200

study

MCFC

150

study

SOFC

20

prototype

MCFC

320

prototype

PEMFC

10

prototype

HTPEMFC

120

prototype

SOFC

100

prototype

GER

2012

-

5.000

study

GER

2012

-

8.300

study

ITA

2013

PEMFC

260

supply contract

NOR

2016

PEMFC

200

demonstration

USA

2016

PEMFC

4.920

study

GER

2017

HTPEMFC

35

demonstration

Ship Name

Type

Country

FCShip case 1

RoRo

GER

FCShip case 2

Ferry

GER

Wallenius/ „Orcelle“

Car transporter

SWE

Felicitas

Luxury yacht

GER

MC WAP

RoRo

ITA

Methapu/ „Undine“

Car transporter

FIN

FellowShip/ „Viking
Lady“

Supply Ship

NOR

SMART H2/ „Elding“

Whale watching
ship

ISL

PaXell

Cruise ship

GER

SchIBZ

Yacht

GER

Germanischer Lloyd

Reeder Schiff

Scandlines „Zero Emission“
Fincantieri
CMR Prototech / MF„
Ole Bull“

Passenger / car
ferry
Range Extender

SF-BREEZE
MS „Innogy“

Autofähre
Passenger highspeed ferry
Day excursion
boat

Viking Cruises

Cruise ship

NOR

2017

-

-

study

Royal Caribbean

Cruise ship

NOR

2017

PEMFC

100

planning

RiverCell

River cruise ship

GER

HTPEMFC

-

planning

ELEKTRA

Push boat

GER

PEMFC

2 x 200

kommerziell

-

-

Project

-

8 x 200

planning

-

-

pilot Project

PEMFC

165

project

PEMFC

-

development

PEMFC

-

PEMFC

2 x 200

commercial

USA

2017/
2021
2017/
2021
2017/
2019
2017/
2021
2017/
2020
2017/
2021
2018/
2019
2018/
2021
2019/
2021
2019

PEMFC

demonstration

FRA

2020

PEMFC

2 x 300
2x
1.000

Urban Water Shuttle
Brodrene Aa

Passenger highspeed ferry
Passenger highspeed ferry

NOR
NOR

Fiskerstrand/ HYBRIDShips

Ferry

NOR

MARANDA/ „Aranda“

Research vessel

FIN

FELMAR

Inland vessels

NLD

HYSEAS III

High sea ferry

GB-SCT

„Water-go-round“

Passenger / car
ferry
Passenger ferry

Barillec Marine/ „Noe“

Ferry

Norled

NOR

pilot project
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