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1. Introduction
The purpose of this study is to present selected solutions for hybrid propulsion systems
used in vessels. There are presented issues related to the use of power electronic converters in
a modern hybrid drive in terms of efficiency and energy flows in the system.
Hybrid systems allow the use of various energy sources which reduce the consumption of
fuel derived from crude oil distillation, and have a direct impact on the amount of harmful
substances emitted into the atmosphere. The values of exhaust emissions from ships using
different types of liquid fuels are presented. The report provides an overview of the different
types of fuel cells and the advantages and disadvantages of these devices. Presents the
possibilities of their application in water electromobility.
The report ends with an estimation of the propulsion system parameters for a small tourist
ship. In addition, an overview of the energy sources available is provided starting with wood fuel of the past, to hydrogen - the fuel of the future.

2. Overview of selected energy carriers
Table 1 shows the values for selected energy carriers used today in transport, energy and
other branches of industry [1], [2] showing energy produced per carrier kilogram. The first
column, "Storage problems," illustrates the level of threat involved in the storage of popular
energy carriers.
Storage
problems

Low

Medium

High

Energy carrier

Description

Energy
[MJ/kg]

Wood pellets

dry wood

16

Brown coal

-

10

Methanol

CH3OH

19

Hard black coal

anthracite

30

Crude oil products

diesel fuel, gasoline

41

Lead-acid battery

Pb

0.036

Li-ion battery

Li-ion

0.288

Pure Methane

CH4

55

Liquefied Natural Gas

LNG

49

Liquefied Petroleum Gas

LPG (50% Propane + 50% Butane)

46

Compressed Natural Gas

CNG

48

Hydrogen

H2

143

Table 1. Values of selected energy carriers given in MJ/kg [10]
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Wood, lignite, hard coal, methanol, diesel, and gasoline have a low level of storage
problems. These energy carriers can be easily stored in natural atmospheric conditions in
terms of humidity, temperature and pressure. The storage conditions of these energy carriers
do not require the provision of additional energy to maintain them in a state of usability.
Energy carriers with an average level of storage problems are liquefied natural gas (LNG),
compressed natural gas (CNG), and liquefied petroleum gas (LPG). The highest level of
storage problems applies to hydrogen, which is marked in red. Issues related to the storage of
this energy carrier are included later in this study. Figs. 1 and 2 show the values for selected
energy carriers based on 1 kg of mass and 1 dm3 of volume.

Fig.1. Values for selected energy carriers given in MJ/kg [10]

Fig.2. Values for selected energy carriers given in MJ/dm3 [10]
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Table 2 shows the values for selected energy carriers calculated per 1 dm3 of volume. The
conditions necessary for their storage and the level of problems associated with this are also
shown.
Storage
problems

Energy

Fuel

Physical
state

MJ/dm

Dry wood pellets

solid

Brown coal

3

Storage conditions
Temperature

Pressure

10

atmospheric

atmospheric

solid

8

atmospheric

atmospheric

Hard black coal

solid

19

atmospheric

atmospheric

Methanol

liquid

16

atmospheric

atmospheric

Crude oil products

liquid

34

atmospheric

atmospheric

Lead-acid battery

Pb

0.14

atmospheric

atmospheric

Li-ion battery

Li-ion

0.72

0°C - 80ºC

atmospheric

Pure Methane

gas

0.0378

atmospheric

atmospheric

LNG

liquid

21

- 162 °C

3 bar

LPG

gas

25

+ 15 °C

15 bar

CNG

gas

8.4

+ 15 °C

250 bar

liquid

10

- 253 °C

< 10 bar

gas

10

+ 25 °C

800 bar

gas

2.5

+ 25 °C

200 bar

Low

Medium

High

Hydrogen

Table 2. Values for selected energy carriers given in MJ/dm3 [1], [2]

Table 3 shows the densities of other selected energy carriers used, for example, in the
power industry for the production and storage of electricity.

Fuel

Description

Energy [MJ/kg]

Water tank

100 m above the ground

0.001

Flywheel

Maximum possible speed and weight

0.5

Uranium

in Light Water Reactor

500 000

Uranium

in Fast Neutron Reactor

28 000 000

Table 3. Values of other interesting energy carriers.

2.1. LNG
LNG (Liquefied Natural Gas) is liquefied natural gas that consists almost exclusively of
methane and is not produced from crude oil. Storage and transportation of the gas takes place
at temperatures below –162 °C, under a maximum pressure of 2 bar. These conditions enable
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the gas to be changed into a liquid, and the liquid formed in this way undergoes a 630-fold
reduction in volume. Figures 1 and 2 show views of tanks for the storage of LNG.

Fig. 3. LNG tank in a bus

Fig. 4. Construction of an LNG tank

(https://cng.auto.pl)

(https://cng.auto.pl)

This gas is mainly used in long distance road transport, e.g. trucks, but also for bus
propulsion systems, including public transport. It is also used as fuel for barges and ships, in
inland and maritime transport.

The refuelling time required for gas is comparable to that needed for diesel or gasoline.
For LNG to be used, it needs to be heated in order to change state from liquid to gas, which is
called re-gasification. This process is the source of a large amount of cold energy, which can
be effectively used in, among other areas, the transport of food requiring low temperatures, or
air-conditioning systems on passenger transport. The possibility of obtaining a large amount
of cold energy is a useful by-product of using this energy source.

2.2. LPG
LPG (Liquefied Petroleum Gas) is a liquid mixture of propane and butane gases, obtained
as a by-product from the refining of crude oil and natural gas, with an octane number for the
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resultant LPG ranging from 90 to 120. Liquid fuel is needed to start an engine running on
LPG, which, after reaching the appropriate operating temperature, switches to gas supply.
It is forbidden to park vehicles with an LPG system in underground garages without a
special built-in system for detecting and removing these gases in the event of a fuel tank leak.
This is necessary because LPG tends to pool in low points, including underground garages, or
the lowest deck of ships. Therefore, the use of this type of installation necessitates additional
security systems to detect gas leakage and enable effective ventilation.

Fig. 5. No entry sign above a garage for vehicles with an LNG system

2.3. CNG
CNG (Compressed Natural Gas) is a natural gas consisting of 97 % methane (CH4),
compressed to a pressure of 200 - 250 bar. This gas is not produced from crude oil and is used
to drive motor vehicles which can enter underground parking lots and garages. Special gas
leakage detection systems are not required but are advisable.

Fig. 6. A tank for compressed CNG mounted in the trunk of a car (https://www.indiamart.com)
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2.4. Hydrogen
Hydrogen is the most common chemical element in nature and has several interesting
properties. During combustion in oxygen, it produces significant amounts of energy. It has a
significant energy value per unit mass, but its energy value per unit volume is small (under
normal conditions).

Fig. 7. Description of the hydrogen molecule (Encyclopedia Britannica)

Hydrogen is characterized by the significant difficulties involved in its storage, which limit
the possibility of its widespread use. Nevertheless, propulsion systems using hydrogen fuel
cells do exist in road and water transport. There are several methods for storing hydrogen, and
selected methods are described below.

2.4.1. Storage of hydrogen in a gaseous form
A large amount of energy is required to compress this gas. In stationary applications,
hydrogen is stored at room temperature at a pressure ranging from 150 to 800 bar, while in
mobile applications a range from 350 to 700 bar is used.
Fig. 8 shows the structure of a compressed hydrogen tank. Due to their small dimensions,
hydrogen molecules can penetrate the crystal lattice of the metal from which the tank’s shell
is made. Therefore, tanks for compressed hydrogen should have a special design that
minimizes the penetration of this gas through their walls.
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Fig. 8. Construction of a compressed hydrogen tank (www.energy.gov)

Figs. 9 and 10 show a view of the cut off upper part of a compressed hydrogen tank. It
consists of an internal metal tank with a wall thickness of approx. 10 mm and an additional
shock-absorbing coating probably made of rubber or a similar material with a thickness of
approx. 15 mm, as shown in Fig. 10.

Fig. 9. A cut off upper section of a tank for

Fig. 10. View of the steel part of the tank together

compressed hydrogen - view from the inside

with its protective coating
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Present research is focused on reducing the weight of hydrogen storage tanks by replacing
steel and aluminum with composite materials, which will allow a 50-75% reduction in their
mass. The construction of this type of tank is based on epoxy resins, reinforced with carbon
fiber to ensure the required mechanical strength of the tank.
In order to reduce hydrogen loss, an internal aluminum coating is used to ensure adequate
gas tightness of the tank. It is currently assumed that the loss of hydrogen resulting from the
penetration of its atoms through the walls of such a tank is about 1% per day.

2.4.2. Hydrogen storage in liquid form
In order to obtain liquid hydrogen, the temperature of this gas has to be lowered to -253° C,
or 20 K, at which temperature, its physical state changes from gas to liquid.
The most commonly used methods for achieving this involve installations containing
liquid nitrogen, or, in a different process, liquid helium. The liquefaction temperatures of
these gases are -210 ° C (liquid nitrogen) and -269 ° C (liquid helium). In its liquid state,
hydrogen occupies 846 times less volume than in its gaseous state at 0° C and 1 bar pressure.
Cars running on hydrogen should be used as soon as possible after refuelling, because it is
estimated that within 9-14 days this gas will have warmed up enough to escape from the tank.
Storing hydrogen in a liquid state is only possible at a constantly maintained extremely low
temperature, which requires the continuous supply of electricity for cryogenic refrigerators.
It also requires the use of proper thermal insulation to minimize heat loss from the tanks.
According to information on the NASA website [4], the liquid hydrogen storage tanks at
the space shuttle launch station at the Kennedy Space Center are covered with a three-footthick (about 1 metre thick) vacuum insulation layer of perlite.

Fig. 11. View of a liquid hydrogen tank for the space shuttle station No. 39B in NASA's Kennedy Space Center
(www.nasa.gov)

- 12 -

ELMAR
Supporting South Baltic SMEs to enter
international supply chains & sales
markets for boats & ships with electric propulsion

This gives an idea of the huge technical requirements that are necessary in order to store
energy in the form of liquid hydrogen.
Fig. 11 shows a view of a tank [4] for storing liquid hydrogen, with a volume of 850,000
gallons, which corresponds to 3,217.6 m3. The tank is 1500 feet (457 metres) away from the
launcher.

Fig. 12. Hydrogen storage (www.nasa.gov)

The advantage of liquid hydrogen storage is that this method experiences 5-25 times less
loss of gas in comparison to compressed hydrogen tanks [6], [7]. Additional energy losses
resulting from the evaporation of hydrogen and its local conversion from a liquid into a gas
are especially visible in small tanks with a large surface area to volume ratio.
Research is being conducted in this field on new technologies for thermal insulation and
for maintaining low temperatures, which will reduce the cost of liquid hydrogen storage. Fig.
13 shows an installation for the storage of liquefied hydrogen produced by the Swiss company
Linde Kryotechnik AG [5], [6].

Fig. 13. Hydrogen liquefier. (Linde Kryotechnik AG, Switzerland)
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At present, liquid hydrogen is mainly used in the production of semiconductor components
and space applications. In the automotive industry, the use of liquefied hydrogen is low, but
the future use of fuel cells on a large scale in vehicles should increase the demand for this
energy carrier. The cost of 1 kg of hydrogen at a refuelling station is currently around 9-10 €.
This price includes the price of manufacture and storage. Industrial hydrogen production is
currently based on electrolysis, the profitability of which depends on the amount of renewable
energy sources involved in this process. The costs associated with the storage of liquid
hydrogen depend on the weight and capacity of the tank, as well as the type of thermal
insulation used.
At present, due to a number of technical difficulties, it is advisable to store liquid hydrogen
in high capacity stationary tanks. These problems include, among other factors, the
requirement to maintain a low temperature for storing hydrogen in its liquid state, and to use
appropriate tank insulation.
Considering the above restrictions and limitations, hydrogen storage in small tanks is
currently unprofitable. The amount of energy needed to cool hydrogen from a gas to a liquid
requires ca. 30% of the energy that can be stored in a given hydrogen tank [7]. Amount of
energy required to cool 1kg of this gas from room temperature (T1 = 25 ° C = 298 K) to a
temperature (T2 = -253 ° C = 20 K) can be determined by the following formulae [7].

The efficiency of the cooling process according to the Carnot cycle can be calculated by
the following formula:

Considering the theoretical amount of energy required to liquefy 1 kg of hydrogen and the
efficiency

of

this

process,

the

real

value

of

the

energy

required

will

be:

E = 3.97 MJ / kg / 7.2% = 55.13 MJ / kg. Comparing this calculated value to hydrogen’s
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energy, i.e. 142 MJ / kg, the liquefaction of 1 kg of this gas requires the supply of 38.82% of
the energy stored in this gas.
The calculations shown do not take into account all the losses, mechanical, thermal and
other, occurring during this process. This value mainly applies to large installations with
hydrogen condensation above 10,000 kg/h. For installations condensing small amounts of
hydrogen (about 1-2 kg/h), the amount of energy consumed in this process per 1 kg of
hydrogen is as much as 150-180% of the stored energy. So, in this case, more energy needs to
be put into the liquefaction than has actually been accumulated.
Figs. 14 and 15 show the amount of energy required for the hydrogen liquefying process
depending on the demand for this energy carrier.

Fig. 14. Energy required for the hydrogen liquefying process [7]

Fig. 15. Energy required for the hydrogen liquefying process in relation to the amount of energy stored in the
hydrogen tank [7]
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Similar calculations related to liquefied natural gas (LNG) are shown below.
The amount of energy required to cool 1kg of this gas from room temperature (T =25°C =
298 K) to a temperature of (T2 = -162 °C = 111 K) can be determined by the following
formulae:

The efficiency of the cooling process according to the Carnot cycle can be calculated by
the following formula:

Considering the theoretical amount of energy required to make 1 kg of LNG, and the
efficiency of this process, the real value of the energy required in this process will be:
E = 0.44 MJ/kg/59.35% = 0.74 MJ/kg. Compared to the calculated value of LNG energy, i.e.
49 MJ/kg, the liquefaction of 1 kg of this gas requires the supply of 1.51% of the energy
stored in this gas and this value also applies to large volumes.
The amount of energy required to condense hydrogen can vary by a factor of three
depending on the capacity of the installation. So we can assume that for LNG it is similar and
at small condensing volumes (up to 5 kg/h), the amount of energy required in this process
may be approx. 5% of the total energy accumulated in the volume of liquefied gas. Therefore,
this process is more profitable, a fact which can be seen in the number of LNG installations
being built for both stationary and mobile solutions.

2.4.3. Storage of hydrogen in metal hydrides
Hydrides are compounds of hydrogen with other elements, most often metals and metal
alloys [8]. In this storage method, hydrogen can be adsorbed onto the surface of solids in an
atomic or molecular state, or absorbed inside the metal, where it is attached to the crystal
lattice.
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At low hydrogen pressure, there is no significant interaction between hydrogen and the
metal. After the pressure is increased, hydrogen can combine with atoms near the metal’s
surface, allowing it to be stored in the outer layers of the hydride. The next stage is diffusion
deep into the metal, enabling the accumulation of increasing amounts of hydrogen.
The metal's hydrogen capacity storage is determined by characteristics called pressurecomposition-temperature (PCT) curves.

Fig. 16. Hydrogen adsorption onto active carbon [8]

Fig. 17. Hydrogen absorption in metal [8]

Fig. 18 shows the process of hydrogen accumulation. As the pressure increases, the amount
of hydrogen absorbed increases rapidly. When high pressure is reached, rapid diffusion of
hydrogen into the material occurs, which on the PCT curve is represented as an increase in the
concentration of hydrogen in the sample with little further change in pressure. When the
sample is saturated with hydrogen, the pressure increases rapidly and the maximum storage
capacity for hydrogen accumulates is reached. In order to release hydrogen from hydride
storage it is necessary to heat up the whole structure and reduce the pressure.

Fig. 18. Hydrogen storage in metal hydrides [8].
2 - hydrogen saturation, 1 - hydrogen recovery
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Metal hydrides can be characterized by their operating temperature at low temperature and
high temperature. One of the materials absorbing hydrogen at low pressure and room
temperature is palladium. Other metals require high temperatures to store hydrogen, forming a
group termed high temperature hydrides.
During storage, hydrogen pressure is maintained at a higher overall level of between 0.25 10 MPa, when the energy density ranges from 0.21 - 0.39 kWh / kg or 1.0 - 1.5 kWh / dm3.
Storage costs in metal hydrides depend on the operating temperature and pressure, and the
amount of accumulated hydrogen. The characteristics that should be possessed by this type of
material are:


the ability to easily store and recover hydrogen,



high capacity,



low operating temperature and pressure,



the necessity of only a small amount of energy to release the hydrogen,



a large number of work cycles, safety, and low price.

The optimal pressure level for vehicles equipped with PEMFC fuel cells lies in a range
from 1 - 10 bar, while the temperatures range from 25-120°C. Maintaining the correct
temperature is essential for the proper storage of hydrogen in metal hydrides, and leads to
waste heat generated by the fuel cell, which can be used for other purposes.. In this case the
required temperature is around 80°C. The use of higher operating temperatures requires hightemperature membranes in the fuel cell.
At present, it is not possible to use only clean energy sources on a large scale as the only
source of propulsion. Their applicability is limited to the power and energy that can be
supplied from such sources, and the cost of such a system also plays a huge role.
Nevertheless, there are vessels in Europe and elsewhere around the world with hybrid
propulsion sources that are used to transport passengers, goods and services.

3. Description of selected types of fuel cells
Fuel cells are devices that allow electricity and heat to be obtained from the oxidation of
the fuel supplied, and do not have to be charged before use like batteries. Energy is produced
as the fuel is supplied [9].

- 18 -

ELMAR
Supporting South Baltic SMEs to enter
international supply chains & sales
markets for boats & ships with electric propulsion

The best-known fuel cells use hydrogen and oxygen to produce energy and are called
hydrogen cells. The advantage of using these energy sources is their positive impact on the
environment, because as a result of their operation, apart from electricity and heat, only
watervapour is produced, which does not cause atmospheric pollution. Fuel cells can be
divided into the groups described below:
● Low temperature fuel cells. These operate at temperatures between 75 - 80ºC. They are
used as portable low power energy sources. This class of fuel cells includes: the Proton
Exchange Membrane Fuel Cell (PEMFC), the Direct Methanol Fuel Cell (DMFC) and the
Alkaline Fuel Cell (AFC).

Fig. 19. Proton Exchange Membrane Fuel Cell (PEMFC) [9]

● First generation medium temperature cells. These operate at temperatures between 200
- 210 ºC and are used in applications up to several MW. This class of fuel cells includes:
Phosphoric Acid Fuel Cells (PAFC).

Fig. 20. Phosphoric acid fuel cell (PAFC) [9]
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● Second generation fuel cells. These operate at temperatures up to 650 ºC and can deliver
up to 100 kW. The representative of these cells is the Molten Carbonate Fuel Cell
(MCFC).

Fig. 21. Molten Carbonate Fuel Cell (MCFC) [ www.vectorstock.com ]

● Third generation fuel cells. Called Solid Oxide Fuel Cells (SOFC), these operate at
temperatures between 650–1000 ºC. The efficiency of one SFOC can be as high as 60%.
They can be powered by various fuels such as H2, CO, CH4, which makes them very
attractive in a variety of applications.

Fig. 22. Solid Oxide Fuel Cells (SOFC) [9]
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Fig. 23. Application of different types of Fuel Cells

PEMFC
Temperature [°C]
Pressure [atm]
Efficiency [%]
Power Density [kW/kg]
Electrodes

80
1-5
40-50
0.1-1.5
Carbon

PAFC
Parameters
60-220
150-220
1-8
40-50
40-50
0.1-1.5
0.12
Carbon
Graphite

Catalyst

Platinum

Platinum

Platinum

Nickel

H2

H2

external

-

H2
internal /
external

H2 / CO / CH4
internal /
external

Fuel
Reforming

AFC

MCFC

SOFC

650
1-3
50-60
Nickel, stainless steel

600-1000
1-15
45-55
1-8
Perovskites
Platinum
H2 / CO / CH4
internal /
external

Table 4. Parameters of different types of fuel cells

4. Overview of selected fuel cells available on the market
Below are selected types of fuel cells available on the market. These cells are powered by
hydrogen and methanol and they are mainly used at present for supplying power to vessels
and buses.

4.1. Hydrogen fuel cell
Fig. 18 shows a view of a Ballard hydrogen fuel cell type: FCgen-LCS [10], which is
produced in a 50 kW, 360 A, 190 V version. The device is used in applications that require
significant power.
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Fig. 24. View of a Ballard hydrogen fuel cell [10]

The advantage of using hydrogen fuel cells is the emission of pure H2O in the form of water
vapour, which is completely harmless to the environment.

Fig 25. Description of the Ballard FCgen-LCS fuel cell
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4.2. Methanol fuel cell
Methanol fuel cells are much safer to use than hydrogen. Unfortunately, during the
operation of this type of fuel cell, not only is H2O in the form of water vapour produced, but
also CO2, N2, and O2 are emitted, as shown in Fig. 26.

Fig. 26. Functional diagram of a methanol fuel cell [11]

Fig. 27 shows a view of the Serenergy Company fuel cell type: H3 2500/5000 powered by
methanol. The cell works with various types of external batteries that are used as an energy
buffer.

Fig. 27. View of the Serenergy H3 2500/5000 methanol fuel cell [19]

The device shown is characterised by minimal power consumption in stand-by mode and
during the start-up process. It is a PEM high temperature cell with an integrated reformer that
allows hydrogen to be produced directly in the cell. This solution is characterised by high
power and energy density. The cell is fuelled by a mixture of water and methanol (40% water
to 60% methanol).
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The fuel cell type: H3 2500/5000 is characterised by parameters which are described in the
catalogue note on the manufacturer's website. They are shown in Fig. 28.

Fig. 28. View of the datasheet for the H3 2500/5000 cell [19]

Ready-to-use fuel can already be bought from many suppliers on the world market.
Devices of this type find their place in three segments of the market: stationary, mobile and
marine.
● Stationary; backup and supplemental power for telecommunication and off-grid generator
replacement.
● Mobile: Range extender for hybrid electric vehicles in high utilisation scenarios.
● Marine: Auxiliary generators for larger vessels and propulsion for small ships.
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5. Requirements for the acceptance for use of hydrogen fuel cells for ferries, water
trams, hydrofoils and other watercraft.
In comparison with other fuels, hydrogen ensures a more efficient combustion process and
is ecologically the cleanest fuel [12]. One method of producing hydrogen is the electrolysis of
water. This method requires 5kWh electric energy to produce 1 m3 of hydrogen or 55kWh to
produce 1kg of hydrogen. Other hydrogen production methods are, for example, biomass
gasification, methane steam reforming, the partial oxidation of refinery residues, hydrogen
recovery from gaseous oil and coal processing products, and coal gasification.
Hydrogen is a very dangerous gas and its use is associated with the fulfillment of many
safety rules, which are specified by the ATEX directives.
The ATEX (Atmosphere Explosible) directives lay out the requirements for devices
intended for use in explosive zones. Such a zone is a space where substances that can form
explosive mixtures with air are produced, used or stored.
Directive 94/9/EU ATEX95 of the European Parliament and the Council of 23/03/1994
(introduced into Poland by the Regulation of the Minister of Economy on 22/12/2005) defines
the requirements for protective devices and systems intended for use in potentially explosive
atmospheres.
Directive 99/92 / EC ATEX137 of 16.12.1999 defines the requirements for the safety and
protection of personnel who have to work in situations where an explosive atmosphere may
occur.
These directives define explosive spaces, divide devices into groups and categories,
specify safety requirements for the design and construction of devices intended for use in
potentially explosive areas, stipulate minimum permissible housing temperatures and
determine how they will be ascertained.
In the years 2004-2005, the New-H-Ship project was implemented. The main task was to
determine the technical and operational problems related to the marine propulsion system,
also in terms of safe use of fuel cells and hydrogen. The main conclusions were:
● current technology allows tanks to store enough hydrogen only for small low power
units,
● there are currently no conceptual hydrogen-powered units,
● there are currently no provisions or standards specifically related to the use of hydrogen
at sea.
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Commission Regulation (EU - European Union) No. 406/2010 of 26.04.2010 on the
implementation of Regulation (EC - European Community) No 79/2009 of the European
Parliament and of the Council on the type approval of hydrogen powered motor vehicles sets out the rules for the approval of hydrogen-powered vehicles, templates for documents
related to this, and requirements for the assembly of parts and hydrogen installations.

Explosion Hazard Zones (Zone G) that may occur through the use of hydrogen are:
● zone 0, where the Explosive Atmosphere is constantly present, and persists for a long
time,
● zone 1, where the Explosive Atmosphere occurs sporadically,
● zone 2, where the Explosive Atmosphere does not occur during normal operation, and,
if it does occur, lasts only for a short time.

Equipment intended for operation in the explosion zone in connection with the use of
hydrogen includes:
● group II (devices intended for surface use in areas at risk of gas, vapour, mist or dust
explosions),
● subgroup C (hydrogen group).
The permitted device housing temperature when using hydrogen (hydrogen’s auto-ignition
temperature being 585 °C) is 450 °C (temperature class T1). The use of an open location is
recommended to enable the gas to disperse effectively in the event of a leak. Equipment in
which hydrogen may be present should be:
● above the electrical part of the system,
● ventilated in such a way as to minimize the number of places where gas could
accumulate,
●

in rooms with gas sensors on the ceiling (at the highest points of the room).

The manufacturer, or their representative, must submit an application to the type-approval
authority for EU type-approval of a vehicle using hydrogen propulsion.
The manufacturer must also provide:
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● recommendations for inspections or tests of the hydrogen system over the course of its
working life,
● information on the need for periodic inspections and their frequency in the vehicle's
user manual or on a label located near the device’s name plate in accordance with
Council Directive 76/114/EEC.

Manufacturers shall make the above information available to the approving authorities, and
competent authorities of the Member States responsible for the periodic technical inspection
of vehicles, in the form of instructions or on electronic media (CD-ROMs, online services).

Appendix 1 describes the requirements for components and systems (and their assembly):
● intended for use with hydrogen in a liquid form (pages 34-55),
● intended for use with hydrogen as a gas (pages 56-88),
● hydrogen components, excluding containers intended for use with compressed
hydrogen (pages 89-98),
● vehicle identification (pages 99-102).

6. Electric and hybrid propulsion systems
The reduction of emissions of harmful substances into the atmosphere by the propulsion
systems of vehicles, vessels or even aircraft is associated with a reduction in the power of the
internal combustion engines used for this purpose. However, it should be remembered that the
operating requirements and the demand for power and energy remain unchanged.
One solution is a hybrid system in which it is possible to reduce fuel consumption, the
main issue with this being choosing the type of new energy source that will complement the
missing power of the internal combustion engine.
In some applications, it is possible to exchange the internal combustion engine for an
electric drive. This solution requires frequent battery recharging, which necessitates the
construction of fast charging stations and the use of high-power grid connections to supply
such stations, which is not usually easy.
The next question is how to generate the electricity to supply power to such stations.
For a completely ecological solution, the energy should only come from renewable sources.
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The optimization of an electric or hybrid propulsion system involves tailoring the
propulsion system to the specific route it will use. This allows losses to be minimized and
range to be increased. Unfortunately, following this approach means that any change in the
way the boat is used, even on a different route, will increase energy consumption, which can
discharge the battery before the end of the cruise. Below can be seen diagrams of hybrid
propulsion systems in various configurations.

6.1. Propulsion system - serial hybrid
Fig. 29 shows a drive system in serial topology. It is characterized by two independent
mechanical systems integrated by electrical circuits. The first mechanical system is an internal
combustion engine connected to the electricity generator G, which supplies the
"+ -" DC LINK via the AC / DC converter. The electricity generated supplies the DC / AC
converter, which controls the electric engine and ship's propeller.
The power of the internal combustion engine is sufficient to provide the average power
required for the operation of the propulsion system, while the temporary (peak) power
demand is achieved by means of a battery / supercapacitor, or possibly by a fuel cell.

Fig. 29. Propulsion system - serial hybrid

During propulsion there are two operating states that are important when determining its
efficiency. These states are: static and dynamic working conditions.

In the static state of operation, energy is used to compensate for the resistance of motion
encountered at a constant speed, which are:
● resistance to water flow during watercraft movement,
● aerodynamic resistance caused by the cabin relative to the wind.
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In the dynamic working condition, energy is used to compensate for the resistance to
motion resulting from changes in vessel speed. These are:
● resistance of water flow during watercraft movement,
● aerodynamic losses caused by the cabin relative to the wind,
● the inertia of the watercraft.

In the serial hybrid propulsion system shown in Fig. 24 the energy is converted 5 (five)
times. The individual processing systems are:

- Static state (low power)
1). Generator G (η = 0.90),
2). Generator power converter AC/DC (η = 0.99),
3). Motor M (η = 0.90),
4). Motor power converter DC/AC (η = 0.99),
5). Battery power converter DC/DC (η =0.99),

- Dynamic state (high power)
1). Generator G (η = 0.85),
2). Generator power converter AC/DC (η = 0.95),
3). Motor M (η = 0.85),
4). Motor power converter DC/AC (η = 0.95),
5). Battery power converter DC/DC (η =0.95),
Efficiency for static state (η =1·2·3·4·5)

~ 0.79

Efficiency for dynamic state (η =1·2·3·4·5)

~ 0.62

This type of drive system is a very flexible solution because the components involved in
the generation and use of energy are completely separated. They can operate independently of
each other, which makes the solution very flexible. The disadvantage of this type of drive
system is low efficiency.
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6.2. Propulsion system - parallel hybrid
Fig. 30 shows a hybrid drive system in parallel topology. An electric machine that can
operate as a generator to charge the battery as well as an engine supplementing the required
drive torque is installed on the shaft which transmits mechanical energy to the gearbox and
propeller.
In a static state, energy is transferred directly to the gearbox and then to the propeller.
The generator charges the battery at low power.
In the dynamic state, the generator switches to the role of an engine producing the
additional propulsion torque required during temporary acceleration / deceleration of the ship.

Fig. 30. Propulsion system - parallel hybrid

The individual processing systems are:

- Static state (low power)
1). Generator G (η = 0.90),
2). Generator power converter DC/AC (η = 0.99),
3). Battery power converter DC/DC (η =0.99),
4). Gear Box (η =0.99),
- Dynamic state (high power)
1). Motor M (η = 0.85),
2). Motor power converter DC/AC (η = 0.95),
3). Battery power converter DC/DC (η =0.95),
4). Gear Box (η =0.95),
Efficiency for static state (η =1·2·3·4)

~ 0.87

Efficiency for dynamic state (η =1·2·3·4)

~ 0.73
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A drive train of this type is the first of the potential solutions that can be used as hybrid
drive systems. They are characterized by low number of components, acceptable energy
conversion efficiency and are quite easy to implement.

6.3. Propulsion system - series-parallel hybrid
Fig. 31 shows a propulsion drive system in series-parallel topology. An internal
combustion engine mechanical drive shaft is connected directly to the gearbox. An electric
motor is also connected to the gearbox, which is an integrating element.

Fig. 31. Propulsion system - series-parallel hybrid

In a static state, energy is transferred directly to the gearbox and then to the propeller. In
the dynamic state, the electric engine generates the additional propulsion torque required
during temporary acceleration of the ship. The individual processing systems are:

- Static state (low power)
1). Gear box (η =0.97),
- Dynamic state (high power)
1). Gear box (η =0.95),
2). Motor M (η = 0.85),
3). Power converter DC/AC (η = 0.95),
Efficiency for static state (η =1)

~ 0.97

Efficiency for dynamic state (η =1·2·3)

~ 0.76

The drive train in series-parallel hybrid topology is the system with the least amount of
energy conversion, which results in the highest efficiency. It is the second of the hybrid
solutions used in hybrid propulsion systems.
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6.4. Drive system - purely electric
Fig. 32 shows a propulsion system in fully electrical topology, where the electric engine is
connected to the propeller and battery.

Fig. 32. Electric drive system

In this type of propulsion system, its efficiency assumes the following values.

- Static state (low power)
1). Motor M (η = 0.90),
2). Power converter DC/AC (η = 0.99),
- Dynamic state (high power)
1). Motor M (η = 0.85),
2). Power converter DC/AC (η = 0.95),
Efficiency for static state (η =1·2)

~ 0.89

Efficiency for dynamic state (η =1·2)

~ 0.81

A purely electric system is a zero-emission solution. Therefore, it should be used in areas
with particular air pollution. This includes cities, highly urbanized areas, industrial regions
and protected areas such as national parks.

6.5. Selection of the appropriate drive system
The selection of the appropriate propulsion system depends primarily on the operational
requirements of the vessel. The following parameters have to be taken into account:
● maximum speed,
● range,
● energy (fuel) consumption and purchase costs,
● emission of harmful substances into the atmosphere,
● the possibility of supplementing energy (refuelling) on the route covered,
● costs of operating and servicing a given type of hybrid propulsion system.
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Drive selection is a process in which a lot of analysis, including scientific analysis, must be
done. In addition, the aspects mentioned above must be taken into account. It is a multicriteria selection with respect to the operational and environmental requirements.

7. Overview of selected hybrid vessels
7.1. Hydrogen powered vessel
The Norwegian company Norled [13], an operator of ferry and express connections, has
signed a contract for the implementation of a hybrid vessel, which will use hydrogen fuel
cells. Fig. 33 presents a computer visualization of the vessel.

Fig. 33. Norled hybrid ferry [13]

The fuel cells used will be 200 kW modules produced by Ballard and will consume about
150 kg of hydrogen per day. The ship will be able to accommodate 299 passengers and 80
cars, and will be the first hydrogen fuel cell ferry in the world.

7.2. Methanol powered vessel
The city of Essen’s MS Innogy is the first ship in Germany to be powered by methanol fuel
cells [14], which were developed and manufactured by the Danish company SerEnergy. The
total power of the fuel cells is 35 kW and consists of seven modules of 5 kW each.
The ship's hybrid propulsion system additionally contains batteries, which allow an
increase in its range, so that all-day transportation is possible. The use of waste heat from the
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fuel cell generated in the reforming process enables the overall efficiency of the system to be
increased by up to 40-50%. Figures 34 and 35 show views of the fuel cells used and the ship.

Fig. 34. View of the methanol fuel cells [14]

Operator: Weisse Flotte Baldeney-GmbH
Shipyard: Lux Werft
Route: Lake Baldeneysee
Technology: HT PEM (High Temperature Polymer Electrolyte Membrane)
Fuel cell capacity: 35 kW
Fuel tank capacity: 330 L
Battery capacity: 100 kWh
Type: Propulsion (hybrid)
Emission: CO2 neutral & zero particles

Fig. 35. View of the ship with methanol fuel cells
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7.3. Fully electrically powered vessel
The Tokyo University of Marine Science and Technology has developed a new type of
electric boat called "RAICHO-S" [15]. The boat has unique features that distinguish it from
other electric boats powered by batteries.

Li-ion batteries are used to power the boat and a so-called "plug-in" system has been
designed for their quick replacement. A quick battery charging system has also been
developed that allows them to be charged in 30 minutes to 80%, which is much faster than the
charging systems currently in use. The ship can operate for up to 45 minutes at a maximum
speed of 10 knots at full load, while with half the load at a speed of 8.5 knots its operating
time is 2.5 hours.

Fig. 36. View of the "RAICHO-S” [15]

A water jet drive was used, which is safe for people and plants in the water, causing no
damage because, unlike the propeller, it has no external moving parts. The disadvantage of
such a drive is its low efficiency, especially at low speeds, which can be solved by using an
electric motor.
"RAICHO-S" has a waterproof remote control system that allows the boat to be controlled
in any direction. Its special features, such as low noise, low vibration, and other advantages
such as being very environmentally friendly, and its very safe and functional operation, will
be useful in many areas of the economy where boats are used.
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Fig. 37. Arrangement of the components in the “RAICHO-S” [15]

Length

8.04 m

Speed / Operational time

Beam

2.24 m

(Half load)

10 knots / 45 min.

Depth

0.85 m

(Full load)

8.5 knots / 2.5 h

Weight

1.3 ton

Battery capacity

23 kWh

Crew

8

Motor output power 40 kW

Fig. 38. Diagram of the propulsion system [15]
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Fig. 39. Water jet propulsion system
(motor and intake) [15]

Fig. 40. Water jet propulsion system (reverser and deflector) [15]

Fig. 41. Rapid battery charging [15]
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8. Fuel consumption of selected watercraft
The fuel consumption of selected watercraft is shown below. There are three hydrofoils, a
cruise ship and a patrol boat. The "Rocket" hydrofoil (Fig. 42) was the first watercraft of this
type to be produced commercially in the USSR, vessels of this type being constructed from
1957-1975 at the Krasnoe Sormovo shipyard (Nizhny Novgorod). Length: 17 m, Width: 5 m,
Speed: 60-65 km/h, Number of seats: 64, Engine power: 740 kW [16].

Fig. 42. Hydrofoil "Rocket" 115 litres/ h

Fig. 43. Hydrofoil "Jadwiga" - 100 litres/h

( Table 5 - no.1)

( Table 5 - no.2)

The "Jadwiga" hydrofoil (Fig. 43), type Polesie-11, was built in 1991 in the Gomel
Production and Repair Shipyard in Belarus. Length: 21 m, Width: 5 m, Speed: 80 km/h,
Number of seats: 53, Engine power: 840 kW.

Fig. 44. Hydrofoil "Comet" 320 litres/h (Table 5 - no.3)

The "Comet" hydrofoils (Fig. 44) were produced for the City of Poti by the Black Sea
in Georgia by the More shipbuilding plant in Feodosia in 1964-1981. Length: 35.2 m, Width:
10.3 m, Speed: 60 km/h, Number of seats: 120. Engine power: 2 x 820 kW [16].
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Fig. 45 shows the water tram "Oliwka," adapted for commercial passenger transport.
It was built in Germany in 1975. Length: 16.5 m, Width: 4 m, Speed: 10 km/h, Number of
seats: 64. Engine power: 95 kW.

Fig. 45. Water tram "Oliwka" 10 litre /h. (Table 5 - no.4)

Fig. 46 shows a small tourist ship used for holiday trips in leisure resorts.

Fig. 46. Small tourist ship - 8 litres/ h. (Table 5 - No. 5)

It is a low weight boat used by tourists interested in e.g. diving or spending time on the
water. Has installed a internal combustion engine, allowing water transport at a low speed.
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Parameters of the ship
No.

No. of
passengers

Type of ship

Speed

Engine
power

Fuel
consumptio
n

[persons]

[mph]

[km/h]

[kW]

[l/h]

1

Hydrofoil "Rocket"

64

30

55.5

740

115

2

Hydrofoil "Jadwiga"

53

40

74.1

840

102

3

Hydrofoil "Comet"

120

33

61.1

1480

500

4

Water tram "Oliwka"

64

4

7.4

95

10

5

Small tourist ship

32

10

18.5

33

8

Table 5. Selected vessels’ parameters [12]

Table 5 shows the parameters of selected vessels such as the number of passengers, engine
power and fuel consumption.

9. Impact on the environment of internal combustion engines currently in use fuelled
with LNG, CNG and LPG.
Internal combustion engines can be powered by different types of fuels in liquid or gaseous
forms that cause different emissions of harmful substances into the atmosphere. The emission
parameters of selected fuels are shown in Tab. 6 below. [12].

Fuel type

CO2

VOC

CO

NOx

PM10

PM2.5

SOx

CH4

N2O

BC

POC

[g/MJ] [mg/MJ] [mg/MJ] [mg/MJ] [mg/MJ] [mg/MJ] [mg/MJ] [mg/MJ] [mg/MJ] [mg/MJ] [mg/MJ]
Heavy fuel oil (0.1%S)

11.62

6.21

11.51

27.30

1.86

1.60

10.90

101.40

0.17

0.26

0.50

Heavy fuel oil (0.5%S)

11.34

6.17

11.45

27.21

1.85

1.59

10.84

100.70

0.17

0.26

0.49

Heavy fuel oil (2.7%S)

10.17

6.02

11.20

26.83

1.81

1.55

10.62

97.64

0.16

0.26

0.48

Marine diesel oil (0.1%S)

11.22

6.15

11.42

27.17

1.85

1.58

10.82

100.30

0.17

0.26

0.49

Marine diesel oil (0.5%S)

10.93

6.12

11.36

27.08

1.84

1.57

10.77

99.61

0.17

0.26

0.49

Marine diesel oil (1.92%S)

10.17

6.02

11.20

26.83

1.81

1.55

10.62

97.64

0.16

0.26

0.48

Marine gas oil (0.1%S)

10.78

6.10

11.33

27.03

1.83

1.57

10.74

99.20

0.17

0.26

0.49

Marine gas oil (0.5%S)

10.49

6.06

11.27

26.94

1.82

1.56

10.68

98.47

0.17

0.26

0.49

Marine gas oil (1.0%S)

10.17

6.02

11.20

26.83

1.81

1.55

10.62

97.64

0.16

0.26

0.48

Bio diesel

9.16

3.89

9.85

21.70

1.73

1.22

12.98

15.81

2.24

0.51

0.27

CNG

8.72

10.48

33.28

42.19

0.80

0.55

15.76

0.25

1.52

0.14

0.17

LNG

11.02

7.44

19.09

27.39

0.93

0.86

12.62

0.29

0.16

0.15

0.44

LPG

13.70

8.31

14.03

35.86

3.12

2.71

18.55

0.10

0.21

0.39

0.74

Table 6. Exhaust emission parameters of selected fuels used in different internal combustion engines [12]
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Description:
Short
CO2
VOC
CO
NOx
PM10
PM2.5
SOx
CH4
N20
BC
POC

Name
carbon dioxide
volatile organic compounds
carbon oxides
nitrogen oxides
particle concentration, diameter 10 µm
particle concentration, diameter 2.5 µm
sulfur oxides
methane
dinitrogen monoxide
black carbon
particulate organic carbon

Special attention should be paid to the increasing popularity of liquefied natural gas
(LNG). Compared to conventional fuels, it produces much lower amounts of nitrogen oxides
(NOx) and sulfur oxides (SOx), as well as producing fewer solid particles (PM2.5, PM10). In
addition, it contains less hydrogen and black carbon (BC) than diesel [12].
The amount of methane (CH4) emitted is greater for this fuel, which effectively reduces
the comparative negative impact of using current fuels by up to 15%. The low price of LNG
encourages shipowners to use this fuel. The biggest technical challenge is LNG storage
(bunkering), so it is currently only a viable alternative for ships operating over short distances
[12]. The effects of using natural gas: [Beer et, al, 2001]:
● noise reduction,
● less pollution than diesel engines,
● no possibility of water or soil contamination.

10.

Review of the methods used for exhaust gas purification in internal combustion

engines for the propulsion of vessels.
Exhaust gas purification is mainly intended to reduce the amount of [12]:
● particulate matter (PM2.5, PM10),
● nitrogen oxides (NOx),
● sulfur oxides (SOx).
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The elimination of solid particles is carried out by: [Guo et al., 2005]:
●

DPF - Diesel Particulate Filter,

●

DOC - Diesel Oxidation Catalyst,

●

CRT - Continuous Regeneration Trap.

Diesel Particulate Filters (DPFs) eliminate soot particles through: diffusional deposition,
inertial deposition, or flow-line interception. The efficiency levels of standard elimination
solutions are in the order of 90 %, but there are solutions based on a honeycomb structure, the
efficiency of which reaches up to 99.8 %.

Diesel Oxidation Catalysts (DOCs) oxidize hazardous pollutants through a catalyst, in
which hydrocarbons and carbon oxides react with oxygen to form water and carbon dioxide.
This technology is only effective for fuels with reduced sulfur content, because the water
produced in combination with sulfur dioxide can be transformed into sulfates.
Continuous Regeneration Trap (CRT) systems combine both of the above solutions. The
elimination of nitrogen oxides is carried out through one of these technologies:
● SCR - Selective Catalytic Reduction,
● EGR - Exhaust Gas Recirculation,
● NTP - Non-Thermal Plasma,
● LNT - Lean NOx Traps
The most commonly used of the above methods is Selective Catalytic Reduction (SCR) in
which V2O5-WO3-TiO2 is used as the catalyst. SCR technology involves the conversion of
nitrogen oxides into non-toxic nitrogen and steam in a catalyst, using ammonia as a reducing
agent.
Because ammonia is a dangerous substance, it is replaced by a non-toxic, odourless.
32.5 % aqueous urea solution. Guided by the engine control system, the urea solution, stored
in a separate tank, is injected in the desired amounts into the stream of hot exhaust gases.
Under the influence of the high temperature of these exhaust gases, the urea solution
decomposes into ammonia and carbon dioxide. The ammonia then reacts with nitrogen oxides
to form free nitrogen and water vapour [Wikipedia, 2019b]. NOX reduction at 300 °C is 90%.
Exhaust Gas Recirculation (EGR) consists of re-routing about 20% of the exhaust gases
back into the engine combustion chamber which decreases the temperature of the cylinders
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and reduces nitrogen oxides by 50%. The application of this technology increases the amount
of carbon monoxide (CO) and particulate emissions (PM2.5, PM10).
Non-thermal plasma (NTP) can be used to accelerate the chemical reactions used to
eliminate gases. When using NTP, the removal efficiency of nitrogen oxides (NOx) is over
70%, and of sulfur oxides (SOx) about 90%.
Lean NOx Traps (LNT) are based on cyclical engine operation alternating between the
combustion of rich and poor fuel-air mixtures. Nitrogen oxides (NOx) are adsorbed by
alkaline metal oxides during lean combustion, and during the second phase the oxide is
reduced by a catalyst [Lijuan et al, 2019].
Flue gas flushing systems that reduce sulfur dioxide (SOx) levels are divided into those
using either open or closed-circuit scrubbers. Both systems are based on mixing flue gas with
water. Open-circuit scrubbers use sea water, and the closed-circuit variety uses water with
special chemical additives. Both technologies can also reduce the amount of particulate matter
(PM2.5, PM10) and nitrogen oxides (NOx).

11.

Impact on the environment of engines currently in use powered by diesel oil and

its variants containing bio-components.
Exhaust emissions from ships’ engines are a growing problem that has a direct impact on
the environment, human health, soil acidification, eutrophication of waters, and also affects
radiative forcing (RF) [IMO, 2009] [12].
Radiative forcing (RF) is often referred to numerically as:
● positive (RF+) - increasing the Earth's temperature (greenhouse effect, global
warming),
● negative (RF-) - decreasing the Earth's temperature.

The engines produce a very wide range of compounds, including:
●

carbon dioxide (CO2),

●

nitrogen oxides (NOX),

●

volatile organic compounds (VOC),

●

sulfur dioxide (SO2),

●

black coal (BC),

●

other.
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The emission of nitrogen oxides (NOX) on the one hand leads to the formation of ozone
(O3) in the troposphere which affects global warming (RF+), but on the other hand they
disturb the concentration of hydroxide (OH) groups which reduces the amount of methane
(CH4) and this causes the cooling of the climate (RF-). The sulfur content of the fuel affects
the amount of sulfur dioxide (SO2), that oxidizes in the atmosphere to sulfate (SO4) causing
(RF-). Carbon dioxide is responsible for the greenhouse effect (RF+). Soot emissions affect
global warning directly, and also indirectly through their interaction with snow. Gas
emissions also create clouds at low altitude (RF-). The effect of the emission of these
compounds is a change in the concentration of the gas mixture in the atmosphere, which
affects:
● global and local temperature,
● sea level,
● rainfall,
● snow and ice cover.
This has an impact on agriculture, forestry, energy, human health, etc. In comparison with
other modes of transport, the amount of carbon dioxide (CO2)

calculated per tonne-

kilometres (number of tonnes of goods multiplied by the number of kilometres traveled) for
ships is comparable only to railways and definitely lower than road and air transport, and the
results are shown in Table 7.

Type of transport

Transport efficiency [g CO2 / (tonne * km)]

Water

2.9 – 60.3

Rail

20 – 119

Road

80 – 156

Air

435 – 1800

Table 7. Carbon dioxide emissions for various types of transport [12]

An interesting type of fuel is biofuels, which can be made from sugar, starch, vegetable oil
or animal fats. Such fuels can replace, in many cases, distillation and residual fuels, although
they can cause some problems, such as storage stability, acidity, clogging of fuel filters, wax
formation, etc. The use of such fuels reduces the production of carbon dioxide, but such fuels
are significantly more expensive than conventional ones [IMO, 2009].
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Maritime transport, or more specifically the exhaust emissions of the conventional engines
used for this, has a significant impact on the composition of the atmosphere, human health
and climate. Some of these impacts depend on latitude and whether emissions are in coastal
areas or in the open sea. Many information sources says that the overall effect of emissions on
the earth’s temperature may be neutral, because the warming due to carbon dioxide and
cooling due to sulfates and nitric oxide cancel each other out over a 50-year perspective
[Eyring et al., 2010; IMO, 2009]. However, over a period of 100 years the warming
component of the emissions predominates.

12. Development of a theoretical model calculating the resistance of ferries, water
trams, hydrofoils and other vessels depending on speed and load
A comprehensive description of resistance calculating models can be found in [Molland et
al, 2011]. For a comprehensive model, more of the vessel's parameters are needed than are
available. However, despite simplifying many of the issues, the proposed model has been
verified and does not differ significantly from more accurate models and requires only five
parameters [12]:
● Wetted surface area – this is the surface of the hull remaining under normal conditions
(not loaded) immersed in water, approximate formulae [www.boatdesign.net, 2002;
Wikipedia 2017]:
a. Denny:
b. Taylor:

,
;

where:
L

– length of vessel [m],

CB – block coefficient [-],
C

– Baier-Bragg coefficient [-]

B

– width of vessel [m],

T

– draft [m],

Δ

– displacement [t].

● Coefficient of frictional resistance – when moving on water, the vessel is braked (force is
exerted on the vessel (along the same line as its movement, but in the opposite direction)
by friction which depends on the area of the wetted surface of the hull, its roughness and
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the water viscosity; this factor may be determined on the basis of shunting tests or in a
simulation environment for ship design.
● Interference factor – this factor depends on the interference between the hull and the
water. Its value is 1 for monohull vessels and for multi-hull vessels it is determined on the
basis of maneuvering tests or in a simulation environment for ship design.
● Coefficient of residuary resistance – the second component of resistance, independent of
the hull’s wetted surface area, this factor can be determined on the basis of maneuvering
tests or in a simulation environment for ship design.
● The density of the medium – in this case water, determined for a specific temperature and
salinity.

This model determines the coefficient of total resistance with an estimated error of the
order of several percent, which, after taking into account the speed, calculates the ship's hull
resistance (total hull resistance). Fuel or passenger load is not included in this, because it has
little impact, especially when compared to the impact of speed [12].

Description:
vms

– speed [m/s],

v

– speed [kn],

CT

– coefficient of total resistance [-],

CF

– coefficient of frictional resistance [-],

CR

– coefficient of residuary resistance [-],

τr

– interference factor [-],

ρ

– density of the medium [t/m3],

S

– wetted surface area [m3],

RT

– resistance of the hull [N],

kRT

– resistance of the hull [kN].
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Parameter
name
ship speed
number of passengers
number of cars
length overall
length
width
draft
ship speed
water density
wetted surface area
coefficient of frictional resistance
interference error
coefficient of residuary resistance
coefficient of total resistance
Total hull resistance

symbol
vms
LOA
L
B
T
v
ρ
S
CF
τr
CR
CT
kRT

unit
m/s
m
m
m
m
knot
kg/m3
m2
kN

small pax
ship
5.14
150
0
30.5
29
6
0.75
10
1025
126
0.0017
1
0.0026
0.0043
7.3

small river
ferry
3.08
60
16
40
39.46
8.3
2.17
6
1025
320
0.0015
1
0.0021
0.0036
5.6

Ship
pax
ropax
ferry
ferry
19.03
19.54
400
650
0
150
45.5
98
40
86.5
7.2
14.5
1.6
2.35
37
38
1025
1025
257.6
1022
0.00162
0.00147
1
1
0.002256
0.001748
0.003876
0.003218
185.4
644.0

ropax ferry
(catamaran)
18.51
650
150
82
72
21.5
2.8
36
1025
1079.23
0.00151
1.328
0.002288
0.004548
862.7

patrol
boat
12.86
no data
0
41
35
7
2.4
25
1025
253.5
0.00173
1
0.007454
0.009184
197.3

Table 8. Simulation results for selected watercraft [12]

In the attachment can be found the model.exe application, written in C#, which, after
providing unit parameters, calculates resistance. Fig 47 shows the interface of this application.

Fig 47. Interface of the application for calculating the resistance to motion [12]
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13.

Estimation of hybrid drive system parameters

In this chapter a rough estimate will be made of the parameters of the hybrid propulsion
system of a small passenger ship, type SP-150, developed in Poland by the Bureau of Designs
and Studies of River Ships in Wrocław. Fig. 48 shows a view of such a ship operated by the
Gdańsk Shipping Company, called "Elżbieta", which for many years has been used to
transport tourists during the holiday season in that region.

Fig. 48. Ship type: SP-150, named "Elżbieta" (Elizabeth) [17]

The vessel was built in the Gdańsk River Shipyard in 1967. It is powered by a 140 kW
Skoda internal combustion engine and can carry 270 passengers with crew at one time. The
ship is registered as an inland vessel, and its use is limited to inland and port waters and the
Vistula Lagoon. "Elżbieta" is over 50 years old and there are several reasons for the continued
operation of such ships by Polish and European shipowners. New ships must comply with
stringent international classification regulations that do not apply to older ships.
Ship type: Ships of the SP-150 class have in fact had multiple plating sheets and structural
elements of their hulls replaced, and only the external appearance remains from the original
construction.
So, despite the fact that they are up to 50 years old, renovation over that time means their
technical condition is effectively much younger. For the safety of passengers, ships undergo
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continuous technical supervision, which has necessitated their modernization in terms of:
reducing fuel consumption and exhaust emissions. The tourist season in Poland lasts a
maximum of 5 months, so after the season there is plenty of time for maintenance work.

Technical data of the SP-150 ship [18]:
● total length: 33.60 m
● length between perpendiculars: 31.50 m
● total width: 6.06 m
● width on the waterline: 5.48 m
● side height: 1.55 m
● non-demountable height: 4.05 m
● draft: 0.96 m
● max. speed: 20 km/h
● leisure (tourist) speed: 10-12 km/h
● number of passengers: 270

13.1. Estimated weight of the ship
The only parameter that the author could not find is the mass of the ship. This parameter is
necessary for calculating the required power of the propulsion system. Therefore, it was
decided to estimate the mass of the ship based on Archimedes' Law. Three of the above
parameters will be used for this purpose:
● total length: 33.60 m
● width on the waterline: 5.48 m
● draft: 0.96 m

The volume of water displaced by the ship is 176.8 m3, so it was assumed that the weight of
the ship is 177 tonnes. Additionally, the estimated passenger mass was 270 people, * 80 kg
per person = 21.6 tonnes. After adding the results, the weight of the ship was estimated to be
approximately 200 tonnes.
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13.2. Estimation of hull resistance
Figure 49 below shows the theoretically calculated dependence of a ship's hull resistance
as a function of ship speed. The values were calculated on the basis of the method given in
chapter 12.

Fig. 49. Ship's hull resistance force depending on its speed

Figs. 50 and 51 below show the test results obtained from the simulation model. Two
scenarios were analysed – the first for a ship accelerating from zero to a tourist speed of
12 km/h, and the second for acceleration from zero to a maximum speed of 20 km/h. The
acceleration and deceleration time of the ship was assumed to be 180 seconds in both cases.

To calculate the required power values for the hybrid propulsion system, a simulation model
in Matlab-Simulink was used. This model was not developed for the ELMAR project. The
model was created by the author for a different project a few years ago and was primarily
intended to calculate the power requirements of propulsion systems in cars and buses,
especially for the selection of components for electric and hybrid drive systems. In the
simulation model, only the table of losses has changed. The ship hull resistance was
calculated on the basis of the method given in Chapter 12 and shown in Fig. 43.
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For the first scenario, the maximum engine power of 54 kW was obtained during the final
acceleration phase of the ship, and 29 kW was needed for a constant speed of 12 km/h.

Fig. 50. The ship's power demand for speed changes 0-12-0 km/h in 180 seconds

Parameter

Value

Weight of the ship

200 000 kg (200 ton)

Maximum speed

12 km/h

Acceleration time to maximum speed

180 s

Temporary power

54 kW

Continuous power at a constant speed of 12 km / h

29 kW

Table 9. power values obtained for the tourist speed of 12 km/h
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For the second scenario, the maximum engine power of 184 kW was obtained during the
final acceleration phase of the ship, and 115 kW was needed for a constant speed of 20 km/h.

Fig. 51. The ship's power demand for speed changes 0-20-0 km/h in 180 seconds

Parameter

Value

Weight of the ship

200 000 kg (200 tonnes)

Maximum speed

20 km/h

Acceleration time to maximum speed

180 s

Temporary power

184 kW

Continuous power at a constant speed of 20 km / h

115 kW

Table 10. Obtained power values for the maximum speed of 20 km / h
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13.3. Estimation of hybrid propulsion system parameters
For hybrid propulsion of the SP-150 type vessel, the use of a parallel hybrid topology was
proposed (Fig. 52) due to its ease of mechanical assembly. An additional electric machine
(engine / generator) should be placed on the mechanical shaft driving the gearbox.

Fig. 52. Propulsion system - parallel hybrid

As an additional energy source, a set of batteries pre-installed in a BMW i3 car with 335
V, 60 Ah, 21 kWh parameters was proposed. The battery is shown in fig. 53.

Fig. 53. View of the battery for an electric car (BMW i3) with a capacity of 21 kWh

The ship spends most of its time moving at a speed of approx. 12 km/h, therefore the
hybrid drive will be set up to work in these conditions.

● Constant speed: 12 km / h

● Required energy: 348 kWh

● Continuous power at 12 km/h: 29 kW

● Number of batteries: 17 pieces

● Operational time: 12 h

● Electric motor continuous power: 30 kW
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13.4. Estimate savings in fuel consumption and harmful emissions
The estimated amount of electric energy supplied from the electric motor to the hybrid
propulsion system is shown in Table 11 below. Fuel consumption was estimated to be
236 g/kWh, and diesel fuel density to be 820 kg/m3.
Energy [kWh]

Energy [MJ]

Fuel savings [dm3]

348 kWh

1252.8 MJ

100.2 dm3

1 month (31 days)

10788 kWh

38836.8 MJ

3104 dm3

Season (5 months)

53940 kWh

194184,0
194184.0 MJ

15524 dm3

Time
1 day (12 h)

Table 11. Estimated values of electricity supplied from the batteries and the amount of fuel saved

Table 6 on page 43 shows the emission parameters of selected fuels used to supply power
to internal combustion engines. Analysis of the results shows that Bio diesel has the best
ecological impact. It is characterised by the lowest emission of harmful substances of all the
fuels analysed in the table.
Only parameters such as: N20 (dinitrogen monoxide) and BC (black carbon) have
excessive values. Usage of this fuel will additionally involve the exhaust purification systems
mentioned in Chapter 10.
Seasonal energy
consumption
[5 months]

Short

Unit value

CO2

9.16 [g/MJ]

1779 kg = 1.77 tonnes

VOC

3.98 [mg/MJ]

773 g

CO

9.85 [mg/MJ]

1913 g

NOx

21.7 [mg/MJ]

PM10

1.73 [mg/MJ]

PM2.5

1.22 [mg/MJ]

SOx

12.98 [mg/MJ]

CH4

15.81 [mg/MJ]

N20

2.24 [mg/MJ]

435 g

BC

0.51 [mg/MJ]

99 g

POC

0.27 [mg/MJ]

52 g

53940 kWh

Final values

4214 g
336 g

194184.0 MJ
5710 dm3 fuel

237 g
2521 g
3070 g

Table 12. Amounts of harmful substances saved from being emitted into the atmosphere. Calculations for
Biodiesel.
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Table 12 shows the amounts of harmful substances that were saved from being emitted into
the atmosphere as a result of the usage of a hybrid propulsion system. The values shown are
for the entire 5-month tourist season for one ship.

14. Summary of the report
The main aim of this study has been to present a selected hybrid propulsion system that can
be used in vessels. The review covers: available energy carriers, hydrogen storage methods,
methanol and hydrogen fuel cells, various types of hybrid propulsion systems and their
applications in selected vessels. The fuel consumption of some ships, such as hydrofoils and
small tourist ships has been analysed. The emission values of harmful substances and exhaust
gas purification methods used in exhaust propulsion systems are discussed.
The last part of the report concerns the estimation of the hybrid propulsion system
parameters for a popular Polish tourist ship of the type: SP-150. The ship's power demand was
established based on the calculated resistance of the ship's hull, inertia and other factors
generating losses. Then it was proposed to use an electric motor that will be able to drive the
ship over the assumed time period. The amount of energy supplied from the electrical system
and the quantity of harmful substances saved from being emitted into the atmosphere were
determined.

15. Conclusion
Hybrid drive systems due to their nature of work allows to reduction of harmful emissions
to the atmosphere. Growing number of newly produced cars and public transport like: trams,
buses and trolleybuses are equipped in that kind of drive systems. Research and development
are being carried out on the use of hybrid systems for water transport propulsion, in particular
use of hydrogen as an energy source in deep-sea going vessels and ferries.
Growing standards forcing the reduction of exhaust emissions means that the use of hybrid
systems and internal combustion engines powered by ecological fuels along with exhaust gas
cleaning systems will be an integral part of every vehicle in the future.
The main aim of all activities is reduction of the emissions of pollutants into the
atmosphere, which will result the reduction of the greenhouse effect and has influence to
climate stability.
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