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SUMMARY
Since about a century diesel the diesel engine is by far the dominant power source in Inland Navigation.
Diesel propulsion is reliable, cost effective and enables a large cruising range. On the other hand, emissions
of diesel engines, especially particulate matter (PM) and NOx, are serious threats for human health and the
environment. Given the increasing public and political awareness for these toxic effects, diesel exhaust
emissions are increasingy reduced by technical measures. Especially the application of various aftertreatment
technologies enables a substantial emission reduction of all major pollutants. These techniques are more and
more applied in the road transport sector, and will be implemented in Inland Navigation as well, with a time
lag of about 5 to 10 years, depending on future emission regulations. Nevertheless, the effect of emission
reduction technologies will be limited to a certain level. For this reason there is a demand for alternatives to
diesel engines. One of the most promising alternatives is the fuel cell technology. Fuel cells produce electric
energy and heat by converting hydrogen and oxygen into water, without emitting other components.
The goal of this technical report is to provide a vision of how fuel cell technology could be implemented in
inland shipping, what hurdles have to be taken, how the technology will perform compared to diesel engines,
and a future vision along which stepping stones fuel cells could be introduced in inland navigation.
The introduction (chaper 1):
An introduction on the basic principles of how such fuel cell propulsion systems work and how the hydrogen
can be produced is given in this report.
In detail are described fuel types that can be bunkered on-board as energy source for fuel cell propulsion and
different fuel cell systems.
Possible fuel types are:
• Liquid hydrocarbons, which need to be reformed on-board to hydrogen,
• Gaseous hydrocarbons, which also need to be reformed on-board to hydrogen,
• Pure hydrogen, which can be directly used in the fuel cells.
Liquid hydrocarbons (chapter 2):
For the application of liquid hydrocarbons there are some major advantages. The high energy density and the
physical phase make these types of fuels attractive to use in mobile applications. The high energy density
ensures a large action radius before refueling is required. The physical phase is attractive because expensive
compression or cooling equipment is not required. Another advantage is the presence of an infrastructure (at
least for marine diesel).
However, there are also some drawbacks. The high sulphur content in diesel and the type of engine used
cause the formation of greenhouse gas and air polluting emissions. These emissions have their effect on the
environment and the human health.
Reforming these fuels for application in fuel cell systems, also requires additional measures concerning for
example the catalysts. The aspects of the liquid hydrocarbons concerning safety, storage on board, reforming
emissions, infrastructural requirements, advantages and disadvantages, potential risks and cost benefits are
discussed.
Gaseous hydrocarbons (chapter 3):
For the gaseous hydrocarbons also the different aspects on reforming have been discussed on the similar
items as liquid hydrocarbons. The use of gaseous hydrocarbons is relatively new for inland shipping with
respect to the use of it as a fuel. One of the major advantages is the low emissions of particulate matter and
NOx, and zero sulphur and SO2 emissions compared to diesel fuel. A "liquid" alternative is the use of LPG.
CREATING//TR/WP06/M06.02/ECN/17-06-05/version 0.2/
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This liquefied gas has lower particulate emissions and lower noise levels relative to diesel. Relative to other
fuel types, any increase in future demand for LPG can be easily satisfied from both natural gas fields and oil
refinery sources.
Pure hydrogen (chapter 4):
Hydrogen is seen as a fuel with one of the highest future potential of all kinds of fuel as can be seen in the
example of the numerous efforts that are made by several car manufacturers that shall lead to a mass
production of hydrogen powered fuel cell cars.
Therefore this report shall define the potentials for the application of hydrogen in inland navigation as well
as the obstacles that have to be overcome in this implementation.
Two major points have to be discussed for this implementation:
1. How does the fuel supply work for hydrogen
2. How can fuel be stored on board of the vessel.
Regarding the first point the chapter regarding pure hydrogen describes how the fuel can be produced on
shore. It contains an explanation of reforming of natural gas or methanol, a gasification or partial oxidation
of any kinds of hydrocarbons and the electrolytic production out of water. Possibilities for production in a
central plant or directly at the refuelling station are described as well.
Production methods are analysed regarding their costs and the expected resulting fuel costs.
The second point contains the possibilities for storing compressed or liquefied hydrogen or storing hydrogen
in metal hydrides. All those methods are described regarding the necessary storage space and the weight of
the storage systems.
Additionally the safety advantages and the safety risks compared to other energy sources as well as other
advantages and disadvantages compared to those are shown in this document.
Fuel cell systems (chapter 5):
At this moment fuel cells are not yet existing and proven technology, in the respect that they are not widely
(commercially) applied, especially not on board of ships. The main reason for that is that the costs for the
technology are still too high, because no series or mass production has been started. The technology is in the
research and development phase. In this report, various fuel cell types will be discussed: PEMFC, DMFC,
PAFC, MCFC and SOFC.
The PEMFC, PAFC and the DMFC are the so-called low temperature fuel cells and operate at temperatures
below 200 degrees Celsius. The other types operate at higher temperatures up to 900°C.
For a strict dynamic operation in ships, PEM fuel cell seems to be the most promising technologies because
of their development stage and the interest for this type from the automotive industry. The high temperature
fuel cells normally are suitable for stationary applications and can be used on ships for long operating time
and situations where no large dynamic behaviour is expected. From the latter one, the MCFC and the SOFC
seem to be the most promising ones.
The efficiencies of the SOFC in combination with a gas turbine is expected to be 70%. For the PEM fuel
cells this efficiency will be between 30 and 60% depending on the fuel source. The 60% efficiency is with
hydrogen as a fuel, 30% with gasoline or diesel as the main fuel.
Electric propulsion (chapter 6):
A fuel cell propulsion system does not only consist of the fuel cell which produces electric power but also
requires electro motors and their necessary control units for transforming electric energy into mechanical energy.
For this reason chapter 6 gives an overview on electric propulsion systems, especially direct current motors and
alternating current asynchronous motors. The focus is laid on the effort to control each type of those motors.
CREATING//TR/WP06/M06.02/ECN/17-06-05/version 0.2/
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The efficiencies of the motors are shown to visualize together with the control efforts the advantages and
disadvantages of the different systems compared to each other.
A closer look at the dimensions of these motors shall clarify why the position of those motors can be chosen
more flexibly than it would be the case with diesel engines.
Future vision
We expect that external factors will influence the introduction rate. Large scale introduction will most likely
start in other transport sectors. Reasons for that are the limited economic margins in the very competitive
shipping business and the relatively small market as compared to the automotive sector. This latter sector
will most likely initialise the fuel cells as the alternative way of propulsion. Inland navigation can profit from
these developments. Below, an indicative timeline is given. Here, it is assumed that niche applications in the
shipping market, such as hotel load, will give a start for the introduction of fuel cells. To improve the public
perception of clean water transport, it is wise to invest in demonstration projects. These relative small
projects will have the benefits of high public exposure. Nevertheless, a large market penetration of cars is
supposed to be necessary in order to achieve a significant cost reduction, that will allow competitive
application of fuel cells as main propulsion in land shipping.
Competitive with ICE
Inland vessel market start

Cars: 50% market penetration

Cars: market start

Marine niche applications1
2010? 2015?
Time
1 = for example hotel load, auxiliaries etc.
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1. INTRODUCTION
With the increasing demands on environmental pollution reduction of ships in Europe and elsewhere in the
world, other efficient ways of propulsion in ships will be required. Reduction in greenhouse gas and air
polluting emissions can be increased by tuning and adjusting the present technology; the internal combustion
engine. But this tuning and adjusting will be limited to a certain level, above which other types of energy
carriers and –converters will have to be necessary. One of the most promising options is a fuel cell. These
units convert hydrogen in combination with air into electricity and heat. The main advantages are the
potential zero emission of harmful substances and the absence of noise. In this chapter, the background of
fuel cells and their impact on infrastructure and the ship will be explained.
The present infrastructure for the ship fuel supply is based on (marine) gas oil (figure 1- 1), where the fuel is
produced on a large scale in refineries from crude oil. After this, the gas oil is distributed to the bunker
stations. In the ship, the fuel is converted into mechanical and/or electrical energy via an internal combustion
engine (ICE).
When fuel cells are used on board of ships, hydrogen is required for most fuel cell types. Presently, the
supply of hydrogen via a central pipeline to the bunker stations is not possible. According to the
expectations, this will not be the case (on a large scale) before the year 2050. In order to make it possible to
equip ships with fuel cells, other routes for the supply of hydrogen are therefore required. In principle two
routes can be discerned:
1. The production of hydrogen from a fossil energy carrier on the shore at the bunker station and
storage of hydrogen on-board.
2. The production of hydrogen from a fossil energy carrier stored on-board.
A drawing with these (and the conventional) options is given in figure 1- 1.

figure 1- 1: Fuel routes (FC=fuel cell; ICE= internal combustion engine)
An important remark is that not all fuel cell types require an external reformer. The molten carbonate fuel
cell (MCFC), the direct methanol fuel cell (DMFC) and the solid oxide fuel cell (SOFC) could in principle
also reform the fuel internally. Although with internal reforming a synergetic advantage can be obtained by

CREATING//TR/WP06/M06.02/ECN/17-06-05/version 0.2/

page 12 of 107

Fuel cell technology in inland navigation; technical report in the framework of EU project CREATING (M06.02)

integrating the reformer with the fuel cell (increased conversion efficiency and cooling function), the
reactions are more complex. The latter is mainly the case for the larger hydrocarbons (like petrol and diesel).
Because of these two reasons and the increased chance of carbon formation, it is likely that the fuel will be
pretreated first via a pre-reformer or a reforming process. In the first process, a methane rich gas is formed,
in the second a hydrogen rich reformate gas.
The production of hydrogen can be carried out via various routes. With respect to the already existing
infrastructure for the present marine fuels, it is preferred to use the fuels that are already present on-board of
the ship. However, also other fuels should be taken into consideration such as:
Liquid hydrocarbons

Diesel,
Low sulphur diesel
Methanol/ethanol
Petrol

Gaseous hydrocarbons

CH4, (LNG, natural gas, substitute natural gas)
H2
LPG

In this chapter, the attention is focused on the production of hydrogen on-board of ships using a separate
reformer. An overview is given for the three most important hydrogen production techniques.
1.1. General description
The device on-board that produces hydrogen from (in general) fossil fuels is called a fuel processor. Because
of the boundary conditions that are enforced by the fuel cell, the fuel processor normally consists of a
number of characteristic steps. These are schematically shown in figure 1- 2.
Desulphur
isation

Reformer

CO-clean
up section

Partial
oxidation
CO

H2

figure 1- 2: Schematic representation of the fuel processing steps, for the low temperature PEM fuel cell; the
last two section are not required for the high temperature fuel cells (including high temperature
PEMFC)
First, the fuel (for example diesel) is desulphurised (desulphurisation). This process step is required because
the used catalysts in both the reformer and the fuel cell can be poisoned by sulphur (blockage of the active
sites) by the absorption on the present precious metals. Desulphurisation can for some reforming processes
also take place after the reformer.
The fuel is consequently converted in the reformer to a hydrogen rich synthesis gas. With this gas, the high
temperature fuel cells can be fed directly. Especially because of the sensitivity of the low temperature PEM
fuel cell for carbon monoxide (CO), this component is removed in two to three purification steps (CO-clean
up section and partial oxidation CO). The product gas of the fuel processor is the feed of the fuel cell.
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1.2. Reforming options
Although there are many ways of converting the fuels to hydrogen, three main ways can be discerned: Steam
reforming (SR), (Catalytic) Partial oxidation (CPO) and autothermal reforming (ATR).
Steam reforming
Steam reforming is the main route for the industrial hydrogen production where the fuel is converted with
steam. The steam and feedgas stream are lead over a fixed catalyst bed. Because this process is endothermic,
extra energy/heat is required to keep the reaction running. For that reason, a part (approximately 25%) of the
incoming fuel is burned. Generally, this causes an increase in complexity and volume. The primary reaction
products are H2, CO and CO2. An example of the steam reforming reaction of diesel (C14H30) is given in
equation 1.
Steam reforming:

C14 H 30+14 H 2 O → 14CO + 29 H 2

(1)

The production efficiency of large-scale hydrogen production is between 62 and 80% (LHV) [1], [2], [3],
[4]. This method is relatively cheap to produce hydrogen, the variation in conversion efficiency is dependent
on the way the heat (in the form of steam) is or can be used. For transportation purposes, high efficiencies
will be aimed for since the steam in the process normally cannot be used elsewhere.
Because of the process properties, steam reforming is suitable for on -board reforming [5].
Partial oxidation
The production of hydrogen from liquid and gaseous hydrocarbons is also possible via partial oxidation. The
hydrocarbons are hereby oxidised with a sub-stochiometric amount of oxygen to hydrogen and CO (see
equation 2).
Partial oxidation:

CH 4 + 0.5O2 ↔ CO + 2 H 2

(2)

The exothermal process takes place at high temperature without a catalyst (a controlled combustion). The
reaction products are H2, CO en CO2. Apart from these components also nitrogen is present in the reformate
gas as a result of the use of air as the oxidising medium. Because the reaction is exothermic, no external heat
source is required to keep the process running. Nevertheless, due the presence of air and the absence of
steam in the process the molar fraction of hydrogen in the reformate gas will be lower than steam reforming
(approximately 35%).
The exothermic process properties allow a simple reactor design [6] and an appropriate method for onboard
reforming. This method is mainly suitable for the conversion of the lighter hydrocarbons.
Autothermal reforming
Autothermal reforming combines steam reforming (endothermic) and partial oxidation (exothermic) in such
a way that no heat has to be supplied or removed from the system. Both the oxidation and the reforming
reaction takes place on a catalytic bed. The great advantage of the ATR is the process flexibility (good
dynamic behaviour) and the large tolerance to possible fuels. The hydrogen concentration in the reformate
gas is approximately 55%.
The following reactions take place in the ATR. A part of the feed is oxidized partially via:
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C14 H 30 + 7 O2 → 14 CO + 15 H 2
Partial oxidation reactions:

H 2 + 0.5 O2 → H 2 O

(3-5)

CO + 0.5 O 2 → CO2
The remaining feed is catalytically reformed with the produced CO2 and H2O:
Steam reforming:

C14 H 30+14 H 2 O → 14CO + 29 H 2

(1)

Water gas shift:

CO + H 2 O ↔ CO2 + H 2

(6)

Additional side reactions, like carbon formation and complete oxidation reactions should be prevented from
occurring by carefully selecting the operating conditions and properly mixing the process inlet streams.
1.3. CO-clean up section and preferential CO oxidation
After the reforming process, the hydrogen content from the reformer product gas can be increased through
the water gas shift reaction by converting carbon monoxide with steam to carbon dioxide and hydrogen
(reaction 5).
Water gas shift:

CO + H 2 O ↔ CO2 + H 2

(6)

The shift reaction itself is exothermic and relatively low temperatures therefore favour the equilibrium yield
of hydrogen. To maintain a sufficient rate of reaction, the catalytic water gas shift reactor is maintained at
temperatures above 200°C, which limits the exit concentration of CO that can be reached to 2000 - 5000
ppm. Normally, a series of adiabatic reactors with intercooling is applied; the high thermal shift reactor
(HTS) is operating at 300 – 530°C followed by a low temperature shift reactor operating at 190 – 260°C. It is
also possible to use a single step conversion, using a medium temperature shift (MTS) reactor. This reactor is
operating at 250 – 350°C. Since the operating temperature influences the reaction equilibrium, the outlet COconcentration is higher in the latter case.
The product stream from the shift conversion reactors still contains, because of equilibrium limitations, a
certain percentage of carbon monoxide. Because of the sensitivity of the PEM fuel cell to this component,
the maximum allowable carbon monoxide concentration in the feed gas should be less than 10 ppm. Since
the concentration in the shift product stream is higher, an addition reactor is required to remove the CO. A
process is the oxidation of carbon monoxide to carbon dioxide on a special noble metal catalyst. However,
due to the presence of oxygen, hydrogen is oxidised as well as a side reaction.
CO oxidation
Hydrogen oxidation

CO + 0.5 O2 → CO2
H 2 + 0 .5 O 2 → H 2 O

(7)
(8)

Air is normally used as the oxidising agent. In this concept study it is assumed that the reaction is taking
place in an isothermal bed reactor at 150°C after the last shift reactor.
Because the oxidation reaction is exothermic, higher CO-concentrations are associated with higher
temperatures. To control temperature, which is critical to maintain selectivity and limit side reactions such as
reverse water gas shift and, potentially, methanation, the PrOx process can be carried out in more than one
bed, with active cooling between stages. In multi-stage designs, the injection of air can be distributed among
the stages to optimise conditions for each stage.
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1.4. Elaboration of the milestone report
The partners have elaborated the chapters of this report as is described in the following table:
1

Chapter
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8 4.9 4.10 5.1 5.2 6

7

8

Annex A Annex B

ECN
IPA
VNSI
via donau
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2. LIQUID HYDROCARBONS
Liquid hydrocarbons form the present fuels of inland shipping in the form of diesel. Using this fuel as the
starting of this document is therefore a logical reason. In the following sections, the characteristics of liquid
hydrocarbons will be discussed according to the following topics:
Safety aspects
Storage on board
Reforming emissions
Infrastructure
Advantages and disadvantages
Potential risks
Cost benefits
It is tried to keep the discussion as general as possible and not focus on diesel as the only fuel.
2.1. Safety aspects of liquid hydrocarbons
a. Diesel oil
These oils, particularly when catalytically and thermally cracked hydrocarbons are present, may contain
polycyclic aromatic hydrocarbons (PCAs); some PCAs have been shown to have a potential to cause skin
cancer (category 3 carcinogen).
There are small concentrations of cetane number improvers, flow improvers, anti-foam and detergent
additives and marker/ dye that are not considered to represent a health risk.
Injection of fuel under the skin may have serious medical effects.
b. Low sulphur diesel oil
Comparable to diesel oil.
c. Methanol/ethanol
General
The final report of the FCSHIP project draws attention to the fact that international regulations (SOLAS) set
by IMO do not allow flammable gases as fuel. In fact the internationally accepted practice is to avoid fuels
with a flash point below 60°C. The ADNR rules (transport of dangerous goods on the river Rhine) only
allow combustion engines using a fuel with a flash point above 550C. For this reason all gases and a number
of liquids like methanol (flash point 110C) and ethanol (flash point of 100% ethanol is 140C) are not allowed
as fuel on board ships.
For further conclusions and recommendations from this report see paragraph 3.1 Safety aspects of gaseous
hydrocarbons.
Methanol
Methanol is a colourless liquid with a faintly sweet alcohol odour. The chemical is fully soluble in water, and
is readily biodegradable in both water and soil. Vapours of methanol are slightly heavier than air, and may
travel some distance to a source of ignition and flash back. Accumulations of vapours in confined spaces
may explode if ignited, and containers filled with methanol may rupture violently if exposed to fire or
excessive heat for a prolonged duration.
Methanol is a fire hazard, exploding or flaming when exposed to heat, flame, or oxidizers. It produces
poisonous gases, including formaldehyde, in fire. It is incompatible with beryllium dihydride, chloroform,
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cyanuric chloride, metals, oxidants, and potassium tert-butoxide. It has a slight alcoholic odour when pure;
crude material may have a repulsive pungent odour.
Solutions of methanol containing up to 74% water are classified as flammable. Compared with gasoline,
methanol spills are harder to ignite, burn at a slower rate, and with less heat intensity. Methanol vapours
must be four times more concentrated in air than petrol vapour for ignition to occur. In fact, methanol burns
just 25% as fast as petrol.
Ethanol
Ethanol is an alcohol-based alternative fuel produced by fermenting and distilling starch crops that have been
converted into simple sugars. Feedstock for this fuel includes corn, barley, and wheat. Ethanol can also be
produced from "celluloid biomass" such as trees and grasses and is then called bio ethanol. Ethanol is most
commonly used to increase octane and improve the emissions quality of gasoline.
Ethanol (ethyl alcohol, grain alcohol, EtOH) is a clear, colourless liquid. In dilute aqueous solution, it has a
somewhat sweet flavour, but in more concentrated solutions it has a burning taste. Ethanol (CH3CH2OH) is
made up of a group of chemical compounds whose molecules contain a hydroxyl group, -OH, bonded to a
carbon atom. Ethanol made from celluloid biomass materials instead of traditional feedstock (starch crops) is
called bio ethanol.
Ethanol does not pose any more risk than gasoline or diesel fuel. However, small engines such as chainsaws
and outboard motors are more susceptible to water contamination, and in order to prevent corrosion and
performance problems, they should be checked for water and drained if necessary before fuelling with
ethanol-blended gasoline.
d. Petrol
Petrol is a highly flammable liquid and gives off flammable vapour even at very low temperatures. When
this vapour is mixed with air in proportions between 1% and 8% a risk of fire or explosion exists. Petrol
vapour is heavier than air and does not disperse easily in still conditions. It tends to sink to the lowest
possible level of its surroundings and may accumulate in tanks, cavities, drains, pits or other depressions.
Flammable atmospheres may also exist where clothing or other absorbent material or substances are
contaminated with petrol. Petrol vapour can have acute or chronic effects if inhaled and therefore should be
considered in the assessment required under the Control of Substances Hazardous to Health Regulations
1999 (COSHH).
Safety aspects of petroleum delivery, storage and dispensing are the responsibility of the licensing authority.
Council Officers work to, and are able to give advice on, nationally produced guidance such as: HS(G) 146 Dispensing petrol. Assessing and controlling the risk of fire and explosion at sites where petrol is stored and
dispensed as a fuel.
2.2. Storage on board
To estimate total weights of energy carriers, it is also necessary to consider the weight of the corresponding
storage device in each case. This weight is material and manufacturer specific and naturally depends on the
size of the device. For a 100 l storage device table 2- 1 gives rough estimates of weights: in the case of
pressurized gas bottles (designed for natural gas or hydrogen), a 100 l steel bottle weighs about 100kg, an
aluminium/composite bottle weighs about 65 kg and a modern full composite bottle around 30 kg. A 100 l
liquid hydrogen tank weighs about 90kg. In the case of metal hydride storage, the device weight is already
taken into account in the given energy density by weight figure, that is to say, the extra required cover weight
is negligible. This is also true for a lead-acid battery. For gas and liquid storage devices, the weight rises in
proportion to the volume to the power 2/3 (±V2/3), reflecting that the storage volume increases with the third
power, the storage device surface area however only with the second power. To be precise, this scaling factor
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is only valid in the case when the thickness of the storage device walls does not increase with the overall
size. This is however only the case for a small range [7].
Energy carrier

Form of Storage

gas (20 MPa)
gas (24,8 MPa)
gas (30 MPa)
liquid (-253°C)
metal hydride
gas (20 MPa)
Natural gas
gas (24,8 MPa)
gas (30 MPa)
liquid (-162°C)
LPG (Propane) liquid
Hydrogen

Methanol
Gasoline
(petrol)
Diesel
Electricity

liquid
liquid

Energy density Energy density
by weight
by volume
[kWh/kg]
[kWh/l]
33.3
0.53
33.3
0.64
33.3
0.75
33.3
2.36
0.58
3.18
13.9
2.58
13.9
3.01
13.9
3.38
13.9
5.8
12.9
7.5
5.6
12.7

4.42
8.76

liquid
11.6
Pb battery (chemical) 0.03

9.7
0.09

table 2- 1: Weight and volume related energy densities of several energy carriers
Storage of the selected liquid hydrocarbons:
a. Diesel oil
Storage of diesel oil is most likely the simplest fuel to store on board: in uncoated steel tanks of any size,
under atmospheric conditions. Apart from connections for the fuel supply to the diesel engines, in principle
the only extra requirements are a ventilation device and a drain device.
b. Low sulphur diesel oil
The requirements for storage of low sulphur diesel oil are fully identical to diesel oil.
c. Methanol/ethanol
Methanol is not used as fuel in inland navigation, but many thousands of tons methanol are transported
yearly on the river Rhine and other inland waterways. Storage and handling of methanol require special
precautions and skills from the crew. Comprehensive product handling procedures and systems must be in
place at all storage and transfer points.
When transferring or storing methanol, dedicated systems are preferable. Non-dedicated systems should be
cleaned, flushed and sampled before being used, in order to ensure product integrity. Equipment should be
clearly labelled to indicate that it is for methanol service only.
Materials and methods of construction must be compatible with methanol service.
Other than e.g. for diesel oil, the equipment must be protected from contamination when not in use.
Methanol is non-corrosive to most metals at ambient temperatures. Exceptions include lead, magnesium and
platinum. Mild steel is usually selected as the construction material.
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Tanks built with copper alloys, zinc (including galvanized steel), aluminium or plastics are not suitable for
methanol-water solutions. While plastics can be used for short-term storage, they are generally not
recommended for long-term storage due to deterioration effects and the subsequent risk of contamination.
Furthermore, coatings of copper (or copper alloys), zinc (including galvanized steel) or aluminium are
attacked slowly. Many resins, nylons and rubbers, particularly nitrile (Buna-N), ethylene propylene rubber
(EPDM), Teflon and neoprene are used satisfactorily as components of equipment in methanol service.
Despite the fact that methanol can be a risk for health, the fuel is still interesting for fuel cell applications.
This is mainly caused by the high energy density of the fuel compared to hydrogen.
Note: When using a methanol reformer for on-board hydrogen production, also special storage tanks are
required for the distilled deionised water used in the reforming process.
d. Petrol
The requirements for storage of petrol are basically identical to those for diesel oil. Petrol, however, is a very
highly flammable product (flash point about minus 21°C) and is not allowed nor desirable as fuel for energy
requirements on a ship.

2.3. Reforming emissions
At every energy conversion step, emissions are formed. In general, the emissions can be subdivided into two
separate categories: Greenhouse gas emissions and air polluting emissions.
Greenhouse gas emissions are formed by CO2, CH4 and N2O. Air polluting emissions are VOC, CO, SOx,
NOx and particulate matter.
For diesel internal combustion engines, the CO2 emission that is released during the ship operation can be
determined quite easily, since they are directly related to the ship fuel consumption. A similar reasoning is
valid for the emission of SOx, when it is assumed that all the sulphur present in the fuel is converted to SO2.
All other emissions (apart from CO2 and SOx) are not directly proportional to the ships fuel consumption, but
vary strongly depending on the parameters as load pattern and ambient temperature.
The following analysis is focussed on on-board production of hydrogen from fossil fuels (diesel). Generally,
the emissions formed at the reforming step are dependent on the applied reforming technique. However,
because the fuel cell is very sensitive to CO, sulphur and particulate matter, the formation of these
components will be minimised already at the design stage of the fuel processor. Next to that, the dynamic
behaviour of the fuel processor will be limited as well, hereby allowing the fuel processor to operate at its
optimum design point. The on-board reforming process is therefore taking place at lower temperatures using
specially developed catalysts.

2.4. Infrastructure
a. Diesel oil
The diesel oil used for inland navigation is widely available all over European inland waterways. The quality
may vary slightly, but this causes no serious engine problems.
b. Low sulphur diesel oil
Low sulphur diesel oil complying with the new EU regulations is not available yet, but will be widely
distributed to the inland navigation fuelling stations when the regulations become in force.
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c. Methanol/ethanol
Methanol
Worldwide the methanol production capacity is some 40 million tons per year. Chemical tankers from Chile
to Rotterdam transport some 2 million tons of methanol annually.
Methanol is transported daily on inland waterways, but is not available for fuel bunkering purposes. The
realisation of a methanol (or ethanol) fuelling network would not be very complicated; existing or new
inland navigation fuelling stations could be easily supplied by inland tankers.
Ethanol
Ethanol is a hydrogen-rich liquid, which overcomes both the storage and infrastructure challenges of
hydrogen for fuel cell applications. Because ethanol is far easier to transport and store than hydrogen, fuel
reforming – which uses a chemical process to extract hydrogen from fuel – offers a practical solution to the
challenge of providing hydrogen to fuel cells onboard vehicles or for remote or stationary applications. In
addition, ethanol is easier to reform than gasoline and most alternative fuels because of its relatively simple
molecular structure.

2.5. Advantages and disadvantages
For the application of liquid hydrocarbons there are some major advantages. The high energy density and the
physical phase make these types of fuels attractive to use in mobile applications. The high energy density
ensures a large action radius before refuelling is required. The physical phase is attractive because expensive
compression or cooling equipment is not required. Another advantage is the presence of an infrastructure (at
least for marine diesel).
However, there are also some drawbacks. The high sulphur content in diesel (see also next section) and the
type of engine used cause the formation of greenhouse gas and air polluting emissions. These emissions have
their effect on the environment and the human health.
Reforming these fuels for application in fuel cell systems, also require additional measures concerning for
example the catalysts. In table 2- 2 the advantages and disadvantages of some on board reforming techniques
are given.
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Method
Steam
reforming

Principal
Conversion of hydrocarbons with steam.

CH 4 + H 2 O ⇒ CO + 3H 2

Advantages and disadvantages
Advantage: High product purity to ±75%
H2 (no depletion of N2), high efficiency.

Disadvantage: steam required at start-up
phase, which makes the system more
comples. System scales with volume
instead of area, therefore it is more
voluminous than POX and ATR.
Partial
oxidation

Conversion of hydrocarbons with a
substoichiometric amount of air.

CH 4 +

1

2

O 2 ⇒ CO + 2 H 2

Advantage: Fast start-up, no steam
required for reaction. Appropriate for
heavier hydrocarbons.
Disadvantage: Low product purity (to ±
35%) makes purification of H2 therefore
difficult. Low efficiency.

Autothermal
reforming

Combination of partial oxidation and steam Advantage: Faster start-up than SR.
reforming.
Exothermic heat of oxidation is used for
endothermic reforming reaction.
CH 4 + 1 2 O 2 ⇒ CO + 2 H 2
Hydrogen concentration will be
CH 4 + H 2 O ⇒ CO + 3 H 2
approximately ±55% and is at shift
equilibrium at reformer outlet. No
external heater required.

table 2- 2: Overview of fuel processing methods
2.6. Potential risks
Marine diesel fuels and sulphur
For the application of fuel cells with a fuel processor it is favourable to use a very light oil fraction. The
reason for that is that it is generally easier to convert these components to a hydrogen rich product gas. This
will not always be the most attractive option, definitely not when a fuel cell system is used to cover a part of
the total power demand (while the other part is covered with the internal combustion engine). In that case
another fuel will be present on the ship, which generally comes down to a diesel variant (a marine distillate
or a marine refinery fuel). However, diesel is a mixture of quite long and heavy molecules that are relatively
difficult to refine or reform. Apart from that, the marine diesels often consist of a quite high concentration of
sulphur (up to 3 % weight). The latter influences the reforming process, the system efficiency and the system
volume and weight negatively because of the sensitivity of most catalysts to sulphur. The removal of sulphur
from diesel is therefore required. For the processes ATR and CPO, the catalysts are generally reasonably
stable for sulphur (up to 2000 ppm) and the desulphurisation process (removal of H2S) can therefore take
place after the reformer at relatively favourable conditions (low temperature and pressure). For steam
reforming however, this is different. Sulphur occupies easily the active places of the used nickel catalysts at
already low concentrations (of sulphur). Desulphurisation of the fuel must in that case take place in the liquid
phase, where the component should be removed to less than 1 ppm. Because sulphur in that case is strongly
bonded to the long hydrocarbon molecules, this concentration cannot be reached with the conventional low
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pressure techniques (ZnO). High pressure techniques are required, hereby increasing the parasitic power
demand and decreasing the system efficiency.
A recent Dutch press release [1] announces that a 5 kW fuel cell system has been developed that operates on
diesel. Also in the Netherlands a process is developed that converts sulphur containing marine diesel (F76) to
a reformate that is suitable for PEM fuel cell application. This project is called the DESIRE project. In the
United States projects are carried out for the conversion of (navy-) diesel to synthesis gas.
Concerning inland shipping, European environmental ministers have recently decided (June 2004) that only
fuel is allowed in inland shipping that contains less than 0.2% sulphur. In 2010 this amount is further
decreased to 0.1%. The reasoning behind this is that a high sulphur content is bad for the human health
(increases the formation of particulate matter as well) and leads also acidification of the ecosystem.
At this moment the Dutch inland shipping already use fuels with less than 2% sulphur. In France and Austria
no fuel is sold anymore with more than 0.15% sulphur. The reduction of sulphur in marine fuels (also sea
going vessels) is part of the strategy of the EU and the European Inland Shipping Union (EBU) for the
preservation of the environmental friendly image of this sector [2].
Methanol [4], [5]
Methanol is predominantly produced by steam reforming of natural gas to create a synthesis gas, which is
then fed into a reactor vessel in the presence of a catalyst to produce methanol and water vapour. Although a
variety of feedstock other than natural gas can and have been used, today's economics favour natural gas.

Methanol's physical and chemical characteristics result in several inherent advantages as an automotive fuel.
Some methanol benefits include lower emissions, higher performance, and lower risk of flammability than
gasoline. In addition, methanol can be manufactured from a variety of carbon-based feedstock such as
natural gas, coal, and biomass (e.g., wood). On the down side, methanol produces a high amount of
formaldehyde in emissions.
In addition, hydrogen can be easily reformed from methanol. Some researchers are currently working to
overcome the barriers to using methanol as a hydrogen fuel source. So methanol may potentially be used to
create hydrogen for hydrogen fuel cell vehicles in the future although with respect to the health aspects of
methanol most companies are very careful in the use of methanol as an automotive fuel.
Methanol (CH3OH) is already an important chemical commodity. Car manufacturers are engaged in the
development of zero emission vehicles with the so-called indirect methanol membrane fuel cells consisting
of a methanol reformer plus a proton exchange membrane fuel cell; PEMFC. The 'chemical factory'
(methanol reformer) inside the car however causes a lot of technical problems for the fuel cell vehicle.
Therefore, more and more car manufacturers are concentrating on the development of direct type fuel cells
that use fuels such as CH3OH or its derivatives, since a liquid fuel is best transported and converted into
energy from the liquid state. Also, the distribution infrastructure for liquid fuels presents a much lower
barrier to market entry for this type of fuel cell than the distribution of a liquefied gas.
Ethanol [6]

Ethanol is a renewable fuel because it is produced from plants. Ethanol also burns more cleanly and
completely than gasoline or diesel fuel. Some studies show that on a full life cycle, it can produce lower
levels of carbondioxide emissions.
Ethanol reduces greenhouse gas (GHG) emissions because the grain or other biomass used to make the
ethanol absorbs carbon dioxide as it grows. Although the conversion of the biomass to ethanol and the
burning of the ethanol produce emissions, the net effect is a reduction in GHG emissions compared with
fossil fuels such as gasoline. The reduction depends on the feedstock and the fuel used to make ethanol. In
Canada, the manufacturing plants that produce ethanol from corn and wheat are fuelled by natural gas. GHG
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emissions associated with the natural gas used in the process decrease the net (full fuel-cycle) environmental
advantage of using ethanol as a fuel. These emissions are offset by the carbon absorbed during plant growth.
In the United States, many ethanol plants burn coal or other fossil fuels. This reduces the overall benefit of
using ethanol compared with gasoline.
2.7. Cost benefits

a. Diesel oil
This is the base fuel. Using this will not influence the fuel cost itself. However, due to the increased emission
laws, other cost will increase due to the additional equipment that is required to decrease the emissions (after
treatment systems).
b. Low sulphur diesel oil
Due to the removal of sulphur from the conventional diesel, the price of the fuel will increase. There will be
no cost benefits in terms of economy.
c. Methanol/ethanol
The crucial point is that cost/benefit aspects should be related to the type(s) of fuel cells suitable for a certain
fuel. However, up till now, there are no fuel cell (systems) commercially available in the market yet.
Consequently, at this moment it is virtually impossible to give any reliable predictions about the costs and
(financial) benefits of fuel cells suitable for methanol/ethanol, natural gas or LPG for a commercial system.
As a matter of fact, this goes for any fuel other than hydrogen.
The expectation is that in the near future (five to ten years) only direct hydrogen fuelled fuel cells will
gradually become available and even then these still will not be fuel cells / fuel cell systems from mass
productions which is absolutely necessary to get the present sky-high prices down.
d. Petrol
The costs of petrol will be similar or higher than the cost of diesel. The differences mainly occur due to tax
differences on the two fuel types.
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3. GASEOUS HYDROCARBONS
Gaseous hydrocarbon fuel forms a group of alternative fuel that has natural gas as main starting material. By
processing natural gas more or less results in fuels that could be used with success in combustion process of
vehicles’ engines. The significant energetic amount of natural gas and the advantage of pollution reduction,
leads to increased using of natural gas in transportation domain as energy supplier.
This study wants to reveal that the usage of natural gas based fuels could reduce the energy consumption and
emissions comparatively with diesel fuel.
European air quality policies suggest that significant reductions of emissions can be expected from improved
fuels quality and from new fuels types as alternative fuels.
Despite efforts at EU level to promote alternative (electricity, natural gas, hydrogen) and renewable energy
sources (biofuels) for transport, these had a low penetration until the year 2000 (figure 3- 1).

figure 3- 1: Consumption of liquefied petroleum gas (LPG) and natural gas (NG) by road transport and
their share in total fuel consumption in the EU [6]

At the end of 1999 the total amount of LPG and NG in total road energy consumption was only 2.5 % (LPG
= 1.34%; NG = 1.17%) that means a low utilization related to the great potential of alternative fuels in
reducing emissions from engines.
Alternative fuels based on gaseous hydrocarbons and their possible storage phases with potential in inland
navigation applications are presented in table 3- 1.
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Nr.
crt.

Fuel name

Fuel
abbreviation

1.
2.
3.
4.
5.

Natural gas
Compressed NG
Liquefied NG
Liquefied petroleum gas
Compressed hydrogen

NG
CNG
LNG
LPG
CH2

6.

Liquefied hydrogen

LH2

table 3- 1: Gaseous fuels
Natural gas (NG) is a major source for hydrogen production but hydrogen fuel will not be discussed here. A
distinct chapter is reserved to hydrogen fuel. In the appendices A.1 and A.2, two short presentations are
given of respectively gaseous hydrocarbon fuel types and Gaseous fuels comparison.
3.1. Safety aspects of gaseous hydrocarbons
The final report of the FCSHIP project draws attention to a number of important aspects:
The fuel used for fuel cells is hydrogen or a hydrogen rich flammable gas. Even if conventional ship fuels
are used the gas handling will be necessary after the required reformer unit that converts the liquid fuel into
gas. International regulations (SOLAS) set by the International Maritime Organisation (IMO) do not allow
flammable gases as fuel. Only some exceptions are made for tankers. In fact the internationally accepted
practice is to avoid fuels with flammability limits below 60°C. For this reason all gases and a number of
liquids like methanol are not allowed as fuel on board ships. A precondition for the application of fuel cell
technology is a change of this international accepted consensus. This only will be possible if the level of
safety for this new application is the same or better compared to current technology and if this level of safety
is validated and accepted by the international shipping community.
Gaseous fuels (hydrogen, LNG/CNG, LPG) storage and handling require significant space onboard, which
may reduce the ship operating time and operational range. Moreover they require further analyses regarding
safety aspects [15].
Note: The ADNR rules (transport of dangerous goods on the river Rhine) only allow combustion engines
using a fuel with a flash point above 550C. The general conclusions however, fully correspond with those
from FCSHIP.
The likelihood of a flammable mixture occurring is less for NG than for LPG, since NG is lighter than air
and rises. LPG vapour is heavier than air and tends to form ‘pools’ near the ground.
The various (automotive) fuels range in safety from diesel (safest) to LPG as the most hazardous, with
alcohol fuels, methane and petrol in the middle of the range.
An incident involving LNG or LPG is normally followed by the natural production of a visible vapour cloud
provided ignition does not occur immediately. The downwind travel of the vapour cloud and its crosswind
dimensions may cover an area measured in hectares. Atmospheric structures, prevailing wind velocity,
quantity, rate and duration of the LNG or LPG release, water surface area surrounding the source of released
LNG or LPG, are effective factors in predicting the dimensions (length, width, height) of LNG or LPG
vapour clouds.
The major threat to a LNG or LPG generated vapour cloud is ignition when the gas-air ratios are within the
respective upper and lower flammable limits (5% to 15% volume in air for methane, 2.4% to 9.5% volume in
air for propane, and about 1.8% to 8.4% volume in air for butane).
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a. Safety aspects of gaseous hydrocarbons CH4 (LNG, natural gas, substitute natural gas)
LNG
LNG (liquefied natural gas) is a clear, non-corrosive, cryogenic liquid at normal atmospheric pressure. It is
odourless; in fact, odorants must be added to methane before it is distributed by local gas utilities for end
users to enable detection of natural gas leaks. Natural gas (methane) is not toxic.
The density of LNG is about 0.41 kg/litre. LNG, if spilled on water, floats on top and vaporizes rapidly
because it is lighter than water.
Vapours released from LNG as it returns to a gas phase, if not properly and safely managed, can become
flammable but explosive only under certain well-known conditions.
The upper flammability limit and lower flammability limit of methane, the dominant component of LNG
vapour, are 5 percent and 15 percent by volume, respectively. When fuel concentration exceeds its upper
flammability limit, it cannot burn because too little oxygen is present. This situation exists, for example, in a
closed, secure storage tank where the vapour concentration is approximately 100 percent methane. When
fuel concentration is below the lower flammability limit, it cannot burn because too little methane is present.
An example is leakage of small quantities of LNG in a well-ventilated area. In this situation, the LNG vapour
will rapidly mix with air and dissipate to less than 5 percent concentration.
b. Safety aspects of gaseous hydrocarbons LPG [16]
LPG is not toxic. Nevertheless, precautions should be taken in order to avoid the exposure of workers during
8 hours per day and 40 hours per week at a concentration of butane in air higher than 1200mg/m3. Since
LPG are colourless and odourless, a stenching agent (Ethyl Mercaptan is currently used) is added to LPG in
order to identify them in case of a leak. In order to prevent the formation of hydrates with water, in many
countries in Europe, methanol is also added to LPG.
LPG are extremely flammable substances and the flammability in air at 20°C under 1 atm ranges between
2% and 10%. As LPG are heavier than air, they remain in low areas and tend to spread into other areas very
slowly and need specific safety measures.
LPG (Liquefied Petroleum Gases) are hydrocarbon products in the C3-C4 range, propane (C3H8) and butane
(C4H10) constituting the main components of them. The density of LPG (liquid) is about 0,51 kg/litre at
15ºC.
3.2. Storage on board
Natural gas and fuels based on natural gas are used from 19th century and we can say without doubt that
existent technologies for this fuel on the whole pathway from feedstock to end users are mature technologies.
One segment in gaseous hydrocarbons fuels technology is represented by storage of these fuels.
The storage systems are already known and applied from many years, one of the most usual transport
modality of these fuels being by ship tankers (In table 3-1, hydrogen is included as a NG derivative
(chemically speaking). Safety conditions for LNG carriers are regulated by International Code for the
construction of Equipment of Ships Carrying Liquefied Gases in Bulk (IGC – Code).
The same code is applied for the storage, when these fuels are used as propulsion fuels even this code is not
in totality proper to this kind of application. New regulations are necessary for these “products” when they
are used as propulsion fuels and this regulation are in work.
At present many carriers transport fuels on the sea and on the rivers. Various methods can be used to store
natural gas, including compression, liquefaction, dissolution, clathration1 and adsorption.
1

It’s a method (process) of “trapping” gas molecules in the cavities between other molecules. Methane hydrate is a
clathrate.
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Our intention is to make a short presentation of the most usual methods to store natural gas based fuels on board of the ship when they are used as energy provider for ship propulsion.
These kinds of fuels can be used almost directly in internal combustion engines as is diesel fuel used or they
can be the source for the future systems based on fuel cells.
LNG
The LNG is stored in double-walled tanks at atmospheric pressure and -124.4ºC. The storage tank is really a
tank within a tank. The annular space between the two tank walls is filled with insulation. The inner tank, in
contact with the LNG, is made of materials suitable for cryogenic service and structural loading of LNG.
These materials include 9% nickel steel, aluminium and pre-stressed concrete. The outer tank is generally
made of carbon steel or pre-stressed concrete. LNG tankers are double-hulled ships specially designed and
insulated to prevent leakage or rupture in an accident. The typical LNG carrier can transport about 125,000 138,000 cubic meters of LNG, which will provide about 73.62 – 79.29 million m3 of natural gas. [7].
Schematic presentations of a LNG tank and of a LNG carrier are presented in
figure 3- 2 and figure 3- 3.
Ceiling insulation

Suspended deck

Steel lining

Pre-stressed concrete wall
Reinforced
concrete roof

Insulation

Pump shaft

Resilient blanket
Nickel

steel
Raft foundation

Seismic sensors
Foamglass insulation
figure 3- 2: LNG tank [13]
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Emergency
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figure 3- 3: LNG carrier vessel [13]

On land, LNG is stored at atmospheric pressure in specially engineered and constructed double-walled
storage tanks. Most of these tanks have 91–92 cm concrete exterior walls and an inner tank that is
constructed from a steel-nickel metal alloy specifically designed to accommodate the cold LNG. Should a
leak develop in the inner wall, all of the LNG would be contained in the space between the inner and outer
walls. Sophisticated monitoring systems provide constant surveillance for any internal leaks.
LNG is delivered by truck trailer and transferred to inventory like with conventional vehicle fuels. LNG has
routinely been transported by trailer truck since the early 1960's. There is a substantial and growing wide
fleet of cryogenic trailers suitable for the transport of LNG at national level of EU countries. LNG can also
be transported by railcar and barge. Thus, fleet and fuelling station locations lacking a natural gas pipeline
infrastructure can still be served with LNG.
LPG
In some European countries, LPG has been used as fuel in freight duty vehicles for many years. Many petrol
stations have LPG pumps as well as pumps to distribute petrol.
LPG is highly flammable and must therefore be stored away from sources of ignition and in a well-ventilated
area, so that any leak can disperse safely (this is also the case with NG, petrol, diesel etc.). A special
chemical, mercaptan, is added to give LPG its distinctive smell so that a leak can be detected. The
concentration of the chemical is such that an LPG leak can be smelled when the concentration is well below
the lower limit of flammability. Worldwide, LPG is used predominantly for domestic purposes such as
cooking and heating water [7].
CNG
CNG is natural gas that is pressurized and stored in welding bottle-like tanks at pressures up to 248 bar.
Typically, CNG is the same composition as pipeline quality natural gas, i.e., the gas has been dehydrated
(water removed) and all other elements reduced to traces so that corrosion is prevented CNG is (only in
Argentina, Italy and a very little bit in Holland) used as a vehicle transportation fuel and is delivered to an
engine as low-pressure vapour (low pressure compared to storage pressure but still up to 21 bar). CNG is
often misrepresented as the only form of natural gas that can be used as vehicle fuel. However, LPG and
LNG are also common transportation fuels.

3.2.1.

Prototypes or demonstrator ships powered by natural gas
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“Viking Energy” is the world's first LNG-fuelled supply/cargo vessel, designed by Vik-Sandvik as a
response to industry demands for minimising greenhouse gas emissions. It was built at the Kleven Maritime
shipyard in Norway [14].
The Viking Energy has dual fuel engines, and by consequence it can run on both LNG and ordinary marine
diesel oil in any proportion. Using LNG results a 90% reduction in NOx emissions and a reduction in CO2 of
30%.
The storage of the LNG is in a vacuum insulated tank with a gross volume of 234m³. This is built as a
pressure vessel and a vaporiser with a built-in coil pressurising the tank.
Until today, few vessels are using natural gas as fuel, and the list of these vessels is presented in table 3- 5. In
addition there has been some preliminary studies and pre-engineering of natural gas powered passenger
ships. Among them is BC ferries study of a large and a medium sized car/passenger ferry using CNG
storage, a passenger ship in Germany and a catamaran fast ferry in England using LNG [10].
Type of vessel
“Accolade II” Bulk carrier
“Klatawa” Car/passenger ferry, 26
cars, 146 passengers
“Kulleet” Car/passenger ferry, 26
cars, 146 passengers
Canal boat
Canal boat
Tourist boat

Location
Adelaide, Australia

Year
1982

Engine
Dual Fuel 2 engines

Storage
CNG

Vancouver, Canada

1985

Dual Fuel 2 engines

CNG

Vancouver, Canada
Amsterdam, Netherlands
Amsterdam, Netherlands

1988
1992
1994

Dual Fuel 2 engines
Dual Fuel 1 engine

St. Petersburg, Russia
Moscow

1994
1999

Dual Fuel 1 engine
Dual Fuel 2 engines
Dual Fuel 2 engines

CNG
CNG
CNG

1995

2 gas engines

2000

Gas engine, 4 gen. sets LNG

“Elisabeth River I”, Passenger
ferry, 149 passengers
Norfolk, Virginia, USA
“Glutra” Car/passenger, 100 cars,
300 passengers
Molde, Norway

CNG
CNG
CNG

table 3- 5: Some ships and boats that are in operation powered by natural gas
“Klatawa” - Putting the gas storage, piping and the engines on the main deck, assure no gas below main
deck, which is the main safety feature of this ferry.
The ship is refuelled twice a day using about 3-4 minutes each time. The on-shore compressor station store
the gas at 250 bar, filling the on board storage to about 160 bar.
After 4 years of operation, calculations showed net savings per year giving payback of investments of about
8 years. Further, the engine maintenance cost is reduced due to increased lifetime of the engines [10].
“Glutra” – Is the first natural gas engine powered ferry in the world with “gas-electric” propulsion system
with a fuel cell. Natural gas is chosen as the H2 carrier and the natural gas system on board will be used as
fuel for the fuel cell system. The on-board system of “Glutra” is presented in figure 3- 4.
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figure 3- 4: PEM fuel cell system on “Glutra” board [3]
The LNG fuel system was sealed off under main deck in two separate compartments containing one LNG
tank and one evaporator each.
The size of the LNG tanks is 32 m2 each having enough capacity to take a full truck load, refuelling every 4th
or 5th day. The refuelling takes place when the ferry is docked for the night and no passengers are onboard.
Refuelling time is about one hour for a truckload of 40 m3 of LNG. The truck connects directly to the ferry
filling station [10].
3.3. Reforming emissions
Natural gas allows for drastic reductions in pollutant emissions and for significant reductions in greenhouse
gas emissions. At the same time, the total content of sulphurs in natural gas is assumed to be around 10 ppm,
less than diesel fuel and in accordance with new EU regulation on the sulphur content of ship fuels.
In the future, pure hydrogen and natural gas will be applicable as fuel in limited areas and for certain ship
types only, but they will provide the opportunity of realising early demonstrators and market entry. Due to
power density and lower costs, in the future the most ships propulsion systems will run on liquid fuels
(hydrocarbons and may be some with methanol, ethanol), either as direct fuel in internal combustion engine
or as hydrogen carrier for fuel cells.
Because it is relatively rare for gaseous hydrocarbon fuels to be used in ships propulsion systems, there is a
lack of information as concerning emissions data. Many studies focus on the application of these fuels on
urban vehicles and on trucks. We will present such data as a starting point and a comparison base for diesel
fuel used in inland navigation.
Natural gas as fuel injected directly is a technology used principally with the aim of improving engine
efficiency. The pilot-ignited direct injection of natural gas in a modern four-stroke heavy-duty diesel engine
provides NOx and PM emissions reduction of nearly 50% compared to diesel operation while maintaining
performance and fuel efficiency [4]. Cummins as engines manufacturer was interested in testing its engines
with natural gas as fuel and to estimate emissions under laboratory conditions. Results of this test in two
different laboratories, table 3- 6, showed a combined NOx+NMVOC emissions of 3.2 g/kWh during official
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certification-grade tests while PM emissions were 0.04 g/kWh, allowing the engine to receive optional lowNOx certification.

Composite
Emissions
(g/bhp-hr) /
(g/kWh)
CO
NOx
NMVOC
CH4
CO2
PM

Laboratory 1

Laboratory 2

1998 EPA Heavy-duty
Diesel Truck Engine
Standards

1.3 / 1.74
2.25 / 3.02
0.32 / 0.43
0.97 / 1.30
420 / 563
-

1.94 / 2.60
2.19 / 2.94
0.19 / 0.25
0.95 / 1.27
449 / 602
0.029 / 0.039

15.5 / 20.79
4.0 / 5.36
1.3 / 1.74
0.1 / 0.13

[1 g/bhp-hr = 1.341 g/kWh]
table 3- 6: Results of emissions for steady-state testing conditions [4]
The NOx and PM are reduced respectively to 45% and 70% of the standards. The methane and CO emissions
are quite low for a natural gas engine operating with excess air. The CO2 emissions are approximately 20%
lower than that with diesel operation.
A detailed analysis of environmental aspects is presented related to application of gaseous hydrocarbon fuels
to busses and trucks [5]. Emissions are expressed as emissions on an energy basis: emissions on a per tonnekm basis for trucks, and on a per passenger-km basis for busses. The mean energy intensity was considered
1.2 MJ/ tonne-km for trucks and 1.06 MJ/ passenger-km for busses. Emissions results are presented in figure
3- 5, figure 3- 6, figure 3- 7 and figure 3- 8.

figure 3- 5: CO2 emissions for gaseous fuels [5]
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figure 3- 6: Emissions of particulate mater (PM) for gaseous fuels [5]

figure 3- 7: Emissions of NOx [5]
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figure 3- 8: Emissions of hydrocarbons [5]
Natural gas steam reforming process is used on a large scale in hydrogen production for industrial
applications and for hydrogen-fuel production too, in the last years. Reforming process deploys theoretically
in the next stages, figure 3- 9:

figure 3- 9: Schematic SMR process
To judge reforming process from emissions point of view we relate only to theoretical process that involve
the reactions:
1. Natural gas pre-treated
R – SH + H2 = R – H + H2S
H2S is removed by absorption in ZnO bed
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2. Steam methane reforming
CH4 + H2O = CO + 3 H2
CO + H2O = CO2 + H2
CH4 + 2 H2O = CO2 + 4 H2
If the conversion process is complete (theoretically speaking) than for 1 kg of H2 are needed 2 kg of CH4 (1
kmol of CH4 forms 4 kmols of H2; 1kmol CH4 = 16 kg; 1kmol of H2 = 2 kg; for 4x2 kg H2 are needed 16 kg
CH4). Under real conditions more CH4 is needed, function of operation rate that can be 50 – 60 %.
NREL (National Renewable Energy Laboratory – USA), analysed the reforming emissions from the natural
gas process in a central plant for hydrogen production. Data presented by NREL in its study [1] are related to
1 kg of hydrogen produced by steam methane reforming and refers to every stage of this process: natural gas
production & transport, energy generation, H2 plant operation, avoided operations, table 3- 7.

table 3- 7: Emissions at steam methane reforming [1]
Note: Construction and decommissioning include plant construction and decommissioning as well as
construction of the natural gas pipeline.
CO2 is emitted in the greatest quantity, accounting for 99 wt% of the total air emissions during reforming.
The vast majority of the CO2 (84%) is released at the hydrogen plant. After CO2, methane is emitted in the
next greatest quantity followed by non-methane hydrocarbons (NMHCs), NOx, SOx, CO, particulates,
benzene, and N2O. Most of the air emissions are a result of natural gas production and distribution and fewer
emissions come from the hydrogen plant operation.
3.4. Infrastructure
The infrastructure for distribution of CNG (compressed natural gas) and/or LPG to (potential) mobile
consumers like automotive or ships is very limited. In fact, there is only a limited number of distribution
points for use by buses, trucks or cars, shown in the table below.
Number of filling stations (automotive)
A

Country
Austria

LPG
10
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Belgium
Bulgaria
Czech Republic
Germany
France
Croatia
Hungary
Netherlands
Poland
Romania
Slowakia
Serbia-Montenegro

B
Bg
Cz
D
F
HR
Hu
Nl
Pl
Ro
Sk
Yu

366
?
63
950
1035
29
71
859
70
34
1
14

5
?
12
581
12
1
2
3
8
?
4
?

The second table shows the LPG consumption in some of these countries, both for heating and automotive.
Thousand tonnes [16]
(31/12/2002)

Heating

Automotive LPG

Total

Austria

125

1

126

Belgium

274

94

368

Czech Republic

74

68

142

Germany

1 552

15

1 567

France

2 773

188

2 961

Hungary

204

41

245

The Netherlands

114

494

608

Poland

590

960

1 550

Romania

252

32

284

Switzerland

92

0

92

These tables represent the actual situation in the inland waterways countries, relevant for the CREATING
project. In fact, however, this is just an indication (or better: guess) of the expansion possibilities to inland
waterways users.

3.5. Advantages and disadvantages
Advantages
•
•
•
•
•
•

NG and natural gas based fuels have very low particulate emission and NOx, compared to diesel fuel
and zero sulphate and SO2 emissions in the case that sulphur is removed in the reforming process.
Its low emissions have low greenhouse gas effects and low NOx precursors.
It has low cold-start emissions due to its gaseous state.
LPG fuel systems are sealed and evaporative losses are negligible.
It is easily transportable and offers storage capability and dispensing facilities with minimum
infrastructures costs.
It contains negligible toxic components.
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•
•

LPG has lower particulate emissions and lower noise levels relative to diesel
Relative to other fuels, any increases in future demand for LPG can be easily satisfied from both
natural gas fields and oil refinery sources.

Disadvantages
•
•
•
•
•
•
•

NG requires more complex refuelling systems than other fuels and larger tanks for storage
Energy efficiency of the engine with NG is lower that of the engine fuelled with diesel oil
Although LPG has a relatively high energy content per unit mass, its energy content per unit volume
is low which explains why LPG tanks take larger than diesel fuel tanks.
The LPG tanks are pressure vessels and therefore weigh more than diesel tanks
Its vapour flammability limits in air are wider than those of petrol, which makes LPG ignite more
easily.
It has a high expansion coefficient so that tanks must be filled to 80% of capacity.
LPG in liquid form can cause cold burns to the skin in case of inappropriate use
3.6. Potential risks

MARINTEK has more than 20 years of experience of developing gas engines for major European engine
manufacturers. Typical applications have included combined heat and power production and the
transportation sector, covering a power range from 50 to 15000 kW. These gas engines are characterised by
high efficiency, within the range of diesel engines, and very low levels of NOx emissions.
MARINTEK is also involved in the development of fuel and propulsion systems for ships using LNG,
including LNG storage, refuelling, control and safety systems and gas engines.
The LNG industry employs robust containment systems, proven operational procedures and many other
safeguards. During the last several decades, technologies have advanced rapidly to ensure safer containment
of LNG both during shipping and at onshore facilities.
The industry is not without incidents but it has maintained an enviable safety record, especially over the last
40 years. Worldwide, there are 17 LNG export (liquefaction) terminals, 40 import (regasification) terminals,
and 136 LNG ships altogether handling approximately 120 million metric tons of LNG every year. There are
currently about 200 peak shaving and LNG storage facilities worldwide, some operating since the mid-60s
[7].
The LNG industry has had to meet stringent standards set by countries such as the U.S., Japan, Australia, and
European nations.
The experience of the LNG industry demonstrates that normal operating hazards are manageable.
While, as with other fuels, there are risks associated with mishandling LNG, the physical properties of LNG
tend to mitigate some of those risks as compared with other fuels. For example, LNG's high lower
flammability limit, high auto ignition temperature, and weight make it less likely than other fuels to ignite in
a well-ventilated area. LNG has a flammability range of 5% and 15%, which means that LNG vapours will
burn only when its fuel-to-air concentrations are within this range. The lower LNG flammability limit is
higher than that of most petroleum and alcohol-based fuels currently in use and, consequently, less air is
required to dilute LNG vapours below flammability.
Another measure of LNG's flammability is its "auto ignition temperature," which is closely related to the
lowest temperature that a fuel's vapours will ignite. A 10% LNG mixture has an auto ignition temperature of
538 oC, which is higher than most other fuels. For example, the auto ignition temperature of petrol is 257 oC.
Moreover, LNG, in its cryogenic form, is heavier than air and is approximately one-half the weight of water
on a volumetric basis. Therefore, if LNG is spilled on land or water, its temperature rises and it will vaporize
into the atmosphere forming a cloud. As the cloud drifts downwind, additional air mixes and dilutes the
vapours. If no ignition sources are encountered, the cloud will eventually dissipate.
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An accidental release of LNG associated with its transport or use at a stationary facility in the presence of an
ignition source raises two potential hazards to public safety: direct exposure to a fire and thermal radiation
generated from a fire.
Government and industry recognize these potential risks and have adopted regulatory requirements and
operating practices to ensure that LNG facilities are located on sites with suitable topography, size, and
configuration to minimize any hazard to individuals or property. LNG tanks are required to be surrounded by
an impoundment area or dike large enough to contain the entire contents of the tank. Additionally a LNG site
must have a thermal exclusion zone, which is an area sufficient in size to prevent the heat from a fire within
the LNG facility from causing harm beyond the plant's property line.
Another potential risk is a vapour cloud. However, LNG's slow flame speed (i.e., the time it takes for the
flame to move through a LNG/air mixture) prevents a significant pressure build-up in an unconfined area,
which diminishes the potential for an explosion associated with an LNG accident.
3.7. Cost benefits
LNG price is in range of about $2.50 - $3.50 per million Btu (MMBtu) depending largely on shipping cost.
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4. PURE HYDROGEN
4.1. General overview
Hydrogen is the most wide-spread chemical element in the universe but the terrestrial atmosphere contains
only traces of molecular hydrogen in its high layers.
The largest part of H2 on the earth is bound in water. Organic combinations (living matter and fossil matter)
where hydrogen is combined principally with carbon are another major source for hydrogen.
In its pure form, under normal conditions, hydrogen is a colourless, odourless, and tasteless gas.
Hydrogen gas does not exist in nature in a form that would allow us to directly capture and use it, but by
using special technologies it can be produced from substances containing hydrogen.
Current uses of hydrogen are in industrial processes to obtain numerous chemical compounds (ammonia
synthesis, metallurgy, ceramics, hydrogenation of fats) and in propulsion systems as fuel (cryogenic fuel in
rockets, fuel in fuel cells).
As a fuel it can be used directly in specially designed internal combustion engines or in fuel cells to produce
mechanical or electric energy and heat. At present hydrogen manufacturing, storage, distribution and
application in vehicle propulsion is widely studied because hydrogen-fuel is seen as the solution to solve the
severe environmental problems.

4.2. Physical properties of hydrogen

In table 4- 1 a collection of some physical and chemical data for hydrogen and other most usual types of fuel
is presented.
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Fuel

Density

Formula (state)

kg/m3
1,1

Theoretical
air/fuel ratio

Higher
Heating
Value
MJ/kg

Flash point
&Auto ignition
temp.
K

Ignition
limits

48

<180 & 600

2,5 ….100
1,5...7,5

Acetylene

C2H2(gaseous)

Benzene

C6H6(liquid)

880

11,9 m3/m3
13,3 kg/kg

42,3

262 & 840

Bio-diesel

C17H32O2(liquid) esters

880

12,4 kg/kg

40

420 & -

750

12,2 kg/kg

36

-

2.4

31 m3/m3

49.5

210 & 670

1.5….9.3

49.5
33
10

190 & 710
- &670
- & 900

1.6….8.4

28
46.1

- &600
310 & 480

0.6…..8

30

232 &600

3.4….20

Bio-petrol
n-Butane

C6H14O(liquid) Ethyl Tert. Butyl
Ether
C4H10(gaseous)

C4H10(gaseous)
iso-Butane
Carbon (graphite) C(solid)
Carbon monoxide CO(gaseous)

2.4
2250
1.2
c

1400
820..860

3

3

31 m /m
11.5 kg/kg
3
3
2.4 m /m
10 kg/kg
15 kg/kg

12…..75

Coal (dry, mean)
Diesel or Gas-oil

85%C5%H5%O5%M(solid)
87%C13%H(liquid)

DME

C2H6O(gaseous) (dimethyl ether)

1.8

14.3 m /m

Ethane

C2H6(gaseous)

1.2

51.9

140 & 800

3.0…..15

Ethanol

C2H6O(liquid)

790

16,7 m3/m3
9.0 kg/kg

29.7

285 & 450

3.3…..19

Ether

715

11.2 kg/kg

37.2

230 & 450

1.8…..37

850..990

15 kg/kg

44

320 & 480

Gasoline
n-Heptane

C4H10O(liquid) (diethyl ether)
84%C10%H3%S1%N2%H2O
(liquid)
85%C15%H(liquid)
C7H16(liquid)

730..760
685

14.7 kg/kg
15.2 kg/kg

48
48.1

230 & 650
- & 490

1…..8

Hydrogen
Kerosine Jet A-1
Methane

H2(gaseous)
86%C14%H(liquid)
CH4(gaseous)

0.08
780..840
0.67

142
46
55.5

- & 850
330 & 500
85 & 850

4.0…..75
0.7…..6
4.5…..16

Methanol

CH4O(liquid)

2.4 m3/m3
15 kg/kg
9.5 m3/m3
6.5 kg/kg

22.7

285 & 680

6.0…..37

Fuel-oil

790

3

3

3

Natural gas

CH4(gaseous)

0.68..0.7

n-Octane

C8H18(liquid)

700

9.5 m /m
15 kg/kg

Isooctane

C8H18(liquid)

690

15 kg/kg

Propane

C3H8(gaseous)

1.8

Propylene

C3H6(gaseous)

1.8

3

54

- & 850

5.3…..15

47.9

286 & 500

1………6

47.9

261 & 690

1………6

3

3

50

170 & 750

2.0…..9.5

3

3

48.9

23.8 m /m
21.4 m /m

2.4…...11

table 4- 1: Fuels physical and chemical data [6]
All data for combustion with air, at 298 K (24.85 0C) and 1 bar
Flash point: minimum temperature for spark ignition near the condensed phase.
Autoignition: minimum temperature for self ignition, without spark.
Ignition limits: % by volume of gaseous fuel in the mixture with air

As can be seen in table 4- 1, hydrogen has the highest energy content per unit of weight (142 mega joules
per kilogram) of any known fuel and hydrogen has the smallest density from all gases (0.0899 g/litre at 0
0
C and 760 torr [5]). In liquid state, hydrogen density is 70.8 g/litre.
Additionally is shown in table 4- 2 the maximum content of impurities that is allowed for a proper function
of the fuel cells is presented.
A comparison of energy densities of the most common fuel types in MJ/kg and MJ/m³ (based on the values
from table 4- 1) at ambient conditions is shown in figure 4- 1. It can be seen that the highest advantage of
liquid fuels lies in their high energy densities in MJ/m³ what leads to compact tank volumes.
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figure 4- 1: Comparison of energy densities in MJ/kg and MJ/m³ (at ambient conditions)

Component
Tolerance
Inert gases (He+Ar+N2,…) <1%
Liquid water (H2O(l))
<0.5%
Oxygen (O2)

<500 ppm

Carbon oxides (CO+CO2)

<2 ppm

Hydrocarbons (total,
including lubricants)
Sulfur
Ammonia
Inorganics

<1 ppm
<1 ppm
<0.01 ppm
<0.01%

table 4- 2: Admissible impurities in hydrogen supply for fuel cell vehicles [7]

1.1.1

Hydrogen liquefaction

In the case that hydrogen is liquefied for storage, some major problems occur.
Hydrogen like helium, oxygen and nitrogen cannot be liquefied at ambient temperature. These gasses are the
so-called "permanent" gasses and they must be cooled to be liquefied. The phase diagram of hydrogen
presented in figure 4- 2 shows the reason why liquefaction at ambient temperature (room temperature) is not
possible. Increasing pressure would lead to a direct phase change from gaseous to solid.
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RT- room temperature
figure 4- 2: Phase diagram of H2 [28]
For each gas exists a maximum temperature where the gas can be liquefied, the critical temperature Tc. The
pressure necessary to liquefy the hydrogen at critical temperature is critical pressure pc .
Tc and pc are physical constants for each gas. For critical temperature and pressure exists a critical volume Vc
defined as volume occupied by a mol of gas at Tc and pc. In table 4- 3 these specific parameters are presented
for some gases to have a comparative image for hydrogen.
H2 goes out of ideal gas law at high pressure and low temperatures but, at 12.55 bar (12.8 atm) the
compressibility factor pV/RT (for 1 mol) is somewhere between 1 and 1.033, so we can say that H2 respects
ideal gas law. The affirmation is true for 0 oC and higher, and for pressures up to 50 – 100 atm.
For low temperatures the pV/RT factor decreases, H2 moves away from ideal gas low and its state is
described by Van der Waals equation:

⎛
n2
⎜⎜ P + a ⋅ 2
V
⎝

⎞
⎟⎟(V − n ⋅ b ) = nRT
⎠

where,

a = 0.2444 [L2 atm / mol2]
b = 0.0266 [L2 / mol]

The evaluation of P, V, T for critical point, given by Linus Pauling is:
Tc = 8a / 27bR
Pc = a / 27b2
Vc = 3b
In H2 case, the Vc evaluation is not quite 3b, but is 2.444 (Pauling) – 2.556 (Nenitescu).
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Molecular
weight
(grame)

K

He
H2
N2

4.003
2.016
28.014

5.3
33.3
126

C
T(°C) = -273 + T(K)
-267.8
-239.8
-147

O2

31.99

155

CO2

44.01

304

Gas

Critical
pressure
pc (bar)

Critical molar
volume
Vc (cm3)

2.21
12.55
32.85

60
68
90

-118

48.74

74

31

71.6

95

Critical temperature Tc
o

table 4- 3: Critical parameters for hydrogen [5]
After helium hydrogen is the hardest liquefiable gas (requires the second lowest liquefaction temperature)
what is one of the problems in storage, transport and distribution of hydrogen as fuel.
4.3. Hydrogen application in shipping
Hydrogen-fuel is maybe one of the most studied fuels today and its possibilities to be used in vehicles
propulsion implies various scenarios as concerning production, transport, storage and on-board using.
Although the potential benefits of hydrogen-fuel are significant, many technical and financial obstacles must
be overcome before hydrogen-fuel systems become a solution for consumers in general and for shipping
specifically.
Application of hydrogen-fuel in shipping energetic systems implies many alternative ways as presented in
figure 4- 3.
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figure 4- 3: Schematic application of hydrogen-fuel in shipping systems
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4.4. Safety aspects / potential risks in the use of pure hydrogen as fuel [1], [37]
As already mentioned in chapter 4.1 Hydrogen is a colour- and odourless gas in standard conditions. As the
H atom is the smallest element and also the H2 molecule is a small and airy substance it disperses quickly via
buoyancy, convection and diffusion and consequently disappears quickly from areas.
H2 is flammable and forms together with air a mixture that can explode. This is a characteristic it shares with
other energy sources like natural gas or petrol and diesel. Its flammability is comparable to that of natural gas
and its handling does not cause higher risks than conventional energy sources as can be seen in the chemical
industry that worked with hydrogen for more than a century until now without any major problems regarding
safety.
As for all other energy sources rules in handling hydrogen exist, which has to be complied with in order to
minimise the risks.
Specific properties of hydrogen are:
• Hydrogen flames are hardly visible because of missing particles and carbon that would be glowing.
• The heat radiation of hydrogen flames is lower than that of substances containing carbon. Therefore, a
high risk of touching the invisible, hardly noticeable flame exists.
• The lowest ignition temperature of hydrogen is low compared to other energy sources.
• The minimum ignition energy is relatively low.
Moreover a hydrogen fire should not be extinguished. Stopping the fuel supply and cooling the surrounding
objects is a better solution. Else effusing hydrogen could reignite the fire after it has been extinguished.
It is a common mistake that H2 forms highly explosive detonation gas in combination with air. Detonation
gas is in fact a mixture of hydrogen and pure oxygen in a ratio of H:O = 2:1, a composition that cannot occur
under natural circumstances.
It is also a fact that the most often mentioned example for the danger of hydrogen, the “Hindenburg”
accident from 1937 did not happen because of the hydrogen that was used as the carrying substance of the air
ship, but through its highly flammable hull. The real reason for the “Hindenburg” crash is described in
Annex C.
In contrary to the apprehensions regarding hydrogen, it has significant safety advantages compared to other
energy sources when it comes to an accident:
Hydrogen is stored in pressure vessels which are by far more resistant against mechanical impacts as
diesel or petrol tanks would be. In the case of liquid hydrogen storage the vessels even have a double
hull for thermal isolation.
When hydrogen escapes through leaks in tanks, valves or pipes, it disperses very quickly because of its
low density. This means that it moves away from possible ignition points. Natural gas disperses slower,
propane and liquid fuels stay on the ground. Liquid fuels can also pollute the soil or the ground water
and in the case of inland navigation the river.
If hydrogen ignites it burns fast, whereas fuel varnishes from liquid fuels burn for a long time.
Hydrogen burns without leaving any harmful substances
figure 4- 4 shows a comparison of burning cars 1.5 min. after ignition. It can be seen that the petrol fire
(large picture) is by far more dangerous than the hydrogen fire (small picture) for the occupants of the car.
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figure 4- 4: Car burning from petrol (right) and from hydrogen (left) 1,5 minutes after ignition [2]

4.5. Hydrogen-fuel production
Hydrogen could be produced in industrial plants and then distributed to end users by tanker or pipeline, or it
can be produced on-site at the point of use. In the case of vehicles it is also possible to produce hydrogen onboard of vehicle from other fuel.
The production of hydrogen out of other fuels is described in detail in chapter 1.2 and will not be discussed
in this chapter.
Another option for the production of hydrogen that is not described in chapter 1.2 is the electrolysis of
water.
Electrolysis separates the elements of water—H and oxygen (O)—by charging water with an electrical
current. Adding an electrolyte such as salt improves the conductivity of the water and increases the
efficiency of the process. Electrolysis releases hydrogen from water by the following reaction:
H2O + electricity => H2 + ½ O
Alkaline water electrolysis is the most common technology used in larger production capacity units. In an
alkaline electrolyzes, the electrolyte is a concentrated solution of KOH in water. Electricity breaks the
electrolyte in ions. Hydrogen is collected at the cathode and the anode attracts oxygen. A voltage of 1.24
Volts is necessary to separate hydrogen from oxygen in pure water at 25°C and 1 bar. This voltage
requirement increases or decreases with changes in temperature and pressure.
The amount of electricity necessary to electrolyze one mole of water is 65.3 Watt-hours at 25°C.
Hydrogen is produced at the cathode with almost 100% purity at low pressures. Oxygen and water products
are removed before dispensing. Electrolysis is an energy intensive process. The power consumption at 100%
efficiency is about 40 kWh/kg hydrogen; however in practice at least 50 kWh/kg are necessary.

CREATING//TR/WP06/M06.02/ECN/17-06-05/version 0.2/

page 45 of 107

Fuel cell technology in inland navigation; technical report in the framework of EU project CREATING (M06.02)

In [38] the energy requirements for the production of hydrogen via electrolysis are compared to those of
other production methods as shown in figure 4- 5.
(Energy requirements are described in % of the requirements for steam methane reforming)
350
300
250
200
150
100
50

steam reforming
gasification
partial oxidation (lowest)
partial oxidation
(highest)
electrolysis

0

figure 4- 5: Energy requirements for the production of hydrogen
It can be seen that by far the largest amount of energy is required when hydrogen is produced via electrolysis
of water. This can only be an alternative if electric energy form renewable sources is available to a large
extend and no other high-value (electricity) end-use exists at that moment.

4.6. Hydrogen storage
Storing hydrogen is a very complex matter for different reasons.
Hydrogen is the lightest existing element and has a very small density (as described in table 4- 1) what also
leads to an energy density (kWh/l) that is significantly lower than that of diesel. For this reason it is
necessary to store hydrogen in conditions that allow a higher density than would be available if it was stored
under ambient conditions where 1 kg of hydrogen has a volume of 11.2 m³. In principle it is possible to store
hydrogen in two forms: gaseous and liquid.
Gaseous hydrogen needs to be stored in a pressure vessel similar to those for propane but at significantly
higher pressures due to its comparably lower density (Described in chapter 4.6.1). Hydrogen can also be
stored as a gas in a tank containing metal hydride (Described in chapter 4.6.3).
Liquid hydrogen needs to be stored in super-insulated tanks at very low temperatures. Liquid hydrogen has a
considerably higher density than hydrogen gas. However, the process of liquefying hydrogen requires
significant amounts of energy (Described in chapter 4.6.2).
Each of these storage methods has its advantages and disadvantages. What they have in common are the
constraints of current storage technology that remain as limitation for all of those techniques.
These constraints lead to requirements for storage space for any hydrogen-fuel storage that exceed by far
those for the storage of diesel-fuel.
Further constraints result in the fact that hydrogen is known to cause embrittlement in metals. For this reason
the requirements for the quality of the internal surface of hydrogen tanks are very high and lead additionally
to the special requirements regarding pressure resistance or insulation to relatively high costs for such
systems.
The hydrogen density presented in table 4- 4 represents a starting point in the judgement of any hydrogen
application.
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Hydrogen state Temperature
K
solid

11.15 (10

1.04

20.15 (10 )

gas

10

2.4

Density
3
kg/m

0

)

1.3

liquid

Pressure
bar
10 (1)

70.6

1.5

70.8

0

10 – 10

(273.1)

(1 – 32)

0

10 (1)

0.089886

table 4- 4: hydrogen density of its state
Starting from these parameters and conditions the necessary technologies for hydrogen storage are defined.
Many hydrogen storage systems have already been studied but primarily the reduction of the volume and
weight of the whole storage system is still matter of for many companies. This inhibits the appliance of these
systems on a large scale at the moment. From analyzed materials and research works five main techniques to
store hydrogen are presented in table 4- 5:
1. Compressed hydrogen (CH2)
2. Liquefied hydrogen (LH2)
3. Adsorbed hydrogen
4. Metal hydrides – absorbed as gas in metal structure
5. Chemical hydrides – chemical combination with hydrogen that release hydrogen by an exothermic
reaction.
Gravimetric
density
ρm
(mass %)

Volumetric
density
ρv
(kg / m3)

Temperature
(oC)

Pressure
(bar)

13

< 40

RT

800

dependent on
size

70.8

-252

1

Adsorbed hydrogen

-2

20

-80

100

Absorbed on
interstitial sites in a
host metal

± -2

150

RT

1

Complex compounds

< 18

150

> 100

1

Storage method

High pressure gas
cylinders
Liquid hydrogen in
cryogenic tanks

Remarks
Cylinders
from
light
materials
Liquid hydrogen continuous
loss of a few % per day at
RT.
Physisorption on materials
with a very large specific
surface area (like carbon),
fully reversible
Atomic
hydrogen
intercalation in host metals,
metallic hydrides working at
RT, fully reversible
Complex compounds as
[AlH4]-, [B H4]-, adsorption
at high pressure and
desorption
at
elevated
temperature

table 4- 5: Storage methods [28]
The most important techniques at the moment are described in chapters 4.6.1-4.6.3.

4.6.1. Compressed hydrogen [4]
It is possible to store hydrogen at a pressure of up to 700 bar in high strength steel, fibre-wrapped aluminium,
or carbon/graphite pressure vessels. More usual is the storage at 200-300 bar.
The following properties are necessary for pressure vessel materials for the storage of compressed hydrogen:
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• to have high tensile strength
• to be lightweight ( low density)
• not to react with hydrogen under storage conditions (pressure and temperature)
• not to allow hydrogen diffusion
An example of such pressure vessel is shown in figure 4- 6.

Compared to diesel the volumetric energy density of compressed hydrogen at a pressure of 300 bar is still
very low. Its 0,819 kWh/l (Calculated out of the law for ideal gases) are less then 10% of the 9.7 kWh/l from
diesel. Even when compressed to 700 bar its energy density is still only 1.9 kWh/l.
The densities for compressed hydrogen at ambient temperature are as follows:
• 1 bar : 0.089 kg/m³
• 202 bar : 17.86 kg/m³
• 456 bar : 39.84 kg/m³
(For comparison: Diesel has a density of 840 kg/m³)

figure 4- 6: Example of a pressure vessel [2]

4.6.2.

Liquefied hydrogen [4], [5], [28]

Hydrogen becomes liquid at ambient pressure at a temperature of 20 K (-253 °C). Alternatively it can be
liquefied at -239.8 °C at a pressure of 12.5 bar. The energy density of 2.3 kWh/l exceeds in a high amount
that of compressed hydrogen.
The problem with the production of liquid hydrogen is that the process of liquefaction is very energy
intensive. Cooling 1 kg of hydrogen requires 35 - 40 MJ that means about 10 -11 kWh for 1 kg which is
approx. 30% of the energy content of the hydrogen. The handling and the materials used in the cooling
process are complex.
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Storage vessels are normally built up as double wall vessels, which are evacuated in the area between the two
walls. With vacuum as isolation practically no heat transfer is possible. Heat energy is only transported
through the connection points between the inner hull and the outer hull. Nevertheless liquid hydrogen is
difficult to store and the storage systems are large and expensive.
This quantity of hydrogen evaporates in a short time (about 2 weeks) but the evaporation rate decreases with
increasing tank size. The typically losses are 0.4 % per day for a storage volume of 50 m³, 0.2 % per day for
a storage volume of 100 m3 and 0.06 % per day for storage volume of 20000 m3.
Practically the boil-off can be used on-board of vessels for covering the auxiliary energy demand. There will
only be losses when there is no energy demand at all on board of the ship and this situation will probably not
exist.
An alternative are pressure vessels with cryogenic capability. Only a fifth of the thickness of the insulation is
required to achieve a comparable or better capacity and storage time than liquid hydrogen systems. Those
pressure vessels are filled with liquid hydrogen but contrary to other storage vessels for liquid hydrogen
allow an amount of fuel to evaporate and for this reason are designed for a pressure of up to 200 bar which
result of the rising pressure during the evaporation process. The high pressure capacity of those vessels
ensures that even after a long period where no hydrogen has been consumed about a third of their full charge
would be retained and not lost by evaporation of the fuel.
An example of an insulated storage vessel is shown in figure 4- 7.

figure 4- 7: Insulated liquefied hydrogen storage vessel from a fuel cell powered car by Opel [3]

4.6.3.

Metal Hydrides [4], [5], [16], [36]

Hydrides are chemical compounds of hydrogen and other materials. In metal hydrides hydrogen is stored in
the interatomic spaces of the metal. The storage vessel contains powdered metals (often alloys) that absorb
hydrogen and at the same time release heat when the tank is filled with hydrogen under pressure. By
reducing the pressure and supplying heat the hydrogen is released. In general the alloys are combinations of
A metals which can absorb H2 independently (rare earth elements such as La, Ti, Zr, Mg and Ca) with B
metals which cannot adsorb H2 (Fe, Ni, Mn, Co). Most common examples are La-Ni hydrides, Mg-hydrides
and Ti-Zr-V series of hydrides.
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Because hydrides require heat to release hydrogen, the chance of accidental releases is low. Thus, they are
considered as a safe hydrogen storage technology.
Metal hydride tank systems consist of a pressure container, a particle filter and a tightly packed hydride alloy
and for the cooling and heating that is necessary for charging and discharging double walled tanks with
cooling fins.
Hydrogen can achieve a reasonable density adsorbed in metal hydrides.
However, these systems are heavy, have low gravimetric hydrogen densities (1%-7%), and are generally
expensive. Current research aims to produce a compound that will carry a significant amount of hydrogen
with a high energy density, release the hydrogen as a fuel quickly, and be cost-effective.
Stationary and onboard systems have been examined and are discussed here.
The temperature and pressure of the hydridisation reactions depend on the specific composition of the
hydride. In general, metal hydride systems for hydrogen storage can be classified as either high (~300°C) or
low (<150°C) temperature, depending on their operating temperatures at modest pressures (1-10 bar). In [36]
metal hydrides are described as follows:
Hydrogen may be stored physically, e.g. by adsorption in spongy matrices of special alloys as physical metal
hydrides. The hydrogen forms a very close, but not perfect, bond with alloys like LaNi5 or ZrCr2. Rather than
considering specific hydrides, the energy balance will be described in general terms. Again, energy is
needed to produce and compress hydrogen. Some of this energy input is lost in form of waste heat. When a
metal hydride storage container is filled with hydrogen, heat is released and usually lost. Conversely, when
the process is reversed to liberate the stored hydrogen, heat must be added. The release of hydrogen at
pressures below the filling pressure requires a heat inflow proportional to the hydrogen release rate. For
small release rates and for containers designed for efficient heat exchange with the environment, no
additional heat may be required. Also the hydrogen storage container may be heated with waste heat from
the fuel cell. Thus the energy needed to pack hydrogen in physical metal hydrides may be more or less
limited to the energy needed to produce and compress hydrogen to a pressure of 30 bar. This is significantly
less than for hydrogen stored as compressed gas at 200 bar, and far less than for hydrogen stored at 700 bar
or even liquid.
However, metal hydrides store only around 55-60 kg of hydrogen per m³, whereas, ignoring the container,
liquid hydrogen has a volumetric density of 70 kg/m³. Moreover, metal hydride cartridges are very heavy. A
small metal hydride container holding less than 2 g of hydrogen weighs 230 g. Hence it might require a
hydride storage weighing up to 200 kg to contain 2 kg of hydrogen. Since this is equivalent to only about 8
litres petrol, this type of hydrogen packaging is quite impractical for automotive applications.
Other possibilities for storage of hydrogen in metal hydrides are:
• Chemical absorption in metal hydrides (up to 2%; e.g. 3 kg, 0.05 m3 of LaNi5H6), stored by moderate
overpressure and/or cooling, and released by depression and/or heating.
•

Chemical combination with alkaline metals. A non-flammable non-volatile alkaline aqueous solution of
sodium borohydride (NaBH4) at 20%wt, releases pure H2(gaseous) by contact with a catalyst (ruthenium,
cobalt) at room temperature by exothermic hydrolysis:
NaBH4(aqueous)+2H2O=4H2+NaBO2(aqueous). Power is controlled by insertion/removal of the catalyst.

Chemical hydrides constitute another method for storing hydrogen primarily for seasonal storage (i.e., > 100
days). Seasonal storage would be an option for countries such as Canada that have a surplus of hydropower
during the summer, but an energy deficit during the winter (Newson et al. 1998). Numerous chemical
hydrogen carriers, including methanol, ammonia, and methyl-cyclohexane, have been proposed. Use of a
chemical system is advantageous because the transport and storage infrastructure is already in place, the
technology is commercial, and liquid storage and handling are easier.
Hydrogen may also be stored chemically in alkali metal hydrides. There are many options in the alkali group
like LiH, NaH, KH, CaH2, but complex binary hydride compounds like LiBH4, NaBH4, KBH4, LiAlH4 or
NaAlH4 have also been proposed for hydrogen storage. None of these compounds can be found in nature. All
have to be synthesized from pure metals and hydrogen.
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Additional information from HERA hydrogen storage systems about the hydrogen storage is shown in
Annex D.

4.6.4.

Comparison of storage systems [4]

table 4- 6 shows examples of volume and weight of different hydrogen storage systems that are designed for
the storage of 5 kg of fuel. Other than explained in chapters 4.6.1-4.6.2 the energy density described here
does not explain the energy that can be stored in a certain volume of fuel but the energy that can be stored in
a certain volume/weight of the whole storage system.
H2 storage

H2 mass
(kg)

System
volume (l)

System
weight (kg)

compressed (300 bar)
liquid (-253 °C)
TiCrMnMg

5
5
5

200
135
135

31
31
365

Energy
density
(MJ/kg)
19
19
1.933

Energy
density
(MJ/l)
3
4.4
5.227

table 4- 6: Comparison of volume and weight of different hydrogen storage systems [4]
It can be seen that storage of compressed hydrogen requires only a limited system weight but the highest
system volume. The example TiCrMnMg for metal hydrides shows a very compact size for the storage
system but by far the highest system weight. Metal hydrides seem to be the solution for systems with a
limited cruising range, since the handling of the hydrogen is by far the easiest with tanking systems that work
with low pressures and at ambient temperature.
Liquefied hydrogen is the best compromise regarding weight and volume but has the disadvantage of the
high energy demand for liquefaction as described in chapter 4.6.2.

4.6.5.

Reachable cruising ranges with the use of pure hydrogen

Since liquefied hydrogen storage was identified in chapter 4.6.4 as storage system with the highest potential
for being applied to inland vessels it has to be classified what cruising range can be reached when this fuel is
used on an inland vessel.
For the calculation of this cruising range the following assumptions have been made:
• The fuel cell stacks can be placed in nearly every free space on-board of the vessel. Therefore the space
that is normally occupied by the engine can be used as fuel storage space
• The insulation thickness of the cryogenic fuel tanks is independent of the size of the fuel tank and
accounts for approx. 3 cm (following information from MAGNA Steyr).
• The energy demand of an inland vessel is 0.04 kWh/tkm, its capacity is 1100 t.
• The energy density of liquefied hydrogen is 2.3 kWh/l
• The efficiency of a hydrogen powered fuel cell system is 60%.
The space that can possibly be covered by fuel tanks is shown in figure 4- 8.
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figure 4- 8: Possible storage space on-board of an inland vessel (Source: Drawing of a motor cargo vessel,
type “DDSG-Steinklasse” out of “Handbuch der Donauschifffahrt”)
As cylindrical tanks are necessary to provide a smallest possible surface that allows heat exchange. It is also
practical that each fuel tank is as large as possible to allow an optimal volume to surface ratio.
For these reasons five cylindrical tanks have been chosen for this calculation, each with a diameter of 2.25 m
and a length of 11.25 m. When considering such large fuel tanks the insulation thickness of 3 cm can be
neglected, what leads to a total volume of all tanks of approx. 45 m³. This volume has an energy content of
103500 kWh (45 m³ * 2300 kWh/m³). With an efficiency of the fuel cell of 60% and negligible energy losses
in the electric motor (efficiency approx. 97% as is shown in chapter 6.2) this leads to an output of
mechanical energy of 62100 kWh.
The energy requirement per km of an inland vessel is 44 kWh/km (0.04 kWh / tkm*1100t).
These data finally lead to an optimistic cruising range of approx. 1400 km (62,100 kWh / 44 kWh/km).
This cruising range is not too bad, but still is at least 7 times smaller than the cruising range of a comparable
diesel vessel with a tanked diesel volume of 110 m³.
4.7. Infrastructure
Applying hydrogen as fuel by converting its energy into propulsion energy is seen today as a main element
for future sustainable transportation. Hydrogen technology has already been developed and demonstrated in
the automotive industry, whereas only limited activities have been taken to demonstrate the feasibility of the
fuel cell technology in the maritime sector. The major problem for a marine hydrogen application is the
demand for storage space as is described in chapter 4.6.
Hydrogen as fuel, like any other product, proceeds through some stages between production and users. If the
pathway for hydrogen as chemical is well known, handling hydrogen as fuel between production and users
requires a new infrastructure.
We identified three major modules of infrastructure in accordance with the producing method as shown in
figure 4- 9 (I, II, III).
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figure 4- 9: Hydrogen infrastructure modules
I. Distribution infrastructure (DI)
This module has two components: transportation infrastructure and fuelling station infrastructure. DI are
proper to hydrogen production in central plant and consist in hydrogen distribution by liquid tanker, gas
trailer or pipeline. This hydrogen is the input material in fuelling station from where it is dispensed to the
users (cars, ships).
Each of the three main distribution ways of hydrogen cover a specific range of quantities as shown in figure
4- 10.
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Ton per day
figure 4- 10: Quantitative Transportation Potential [8]
1 SCF = 1.18 mole, that means 2.36 g of H2
From the same source calculation elements assumed for hydrogen delivering by cryogenic trucks and tube
trailers are presented in table 4- 7.

Load
kg
Net delivery
kg
Load/unload
hr/trip
Boil-off rate
%/day
Truck
utilization %
Truck/tube
$/module

Cryogenic Truck
4,000
4,000
4,000
0.3
80
450,000

Tube
300
250
2
na
80
100,000

table 4- 7: Road hydrogen delivery [8]
Hydrogen is transported to fuelling stations and dispensed from here to users.
Delivery in compressed state in tube trailers can be used to supply small station for a reduced number of
users, each supplying of the station being limited to 300 kg H2. This solution is not proper to ships that need
much more fuel for their operation.
Liquid hydrogen can be transported in relatively larger quantities, 4000 kg/transport, is easy to load and
unload by gravity and it takes about 4 hours to load and unload the contents.
Delivery by cryogenic liquid hydrogen tankers seems to be the most economical solution for medium
fuelling demands and could be a good solution for small ships (recreational crafts, coastal ships) within the
next years.
Pipeline delivery is most effective for handling large flows of hydrogen. They are best suited for short
distance delivery because pipelines are capital intensive ($0.5 to $1.5 million/mile) [8].
Currently, there are 16,000 km of hydrogen pipelines in the world. The longest hydrogen pipeline - 400 km,
connects Antwerp and Normandy [8].
Fuelling stations - receive hydrogen as liquid or as compressed gas.
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Liquid hydrogen is pressurized to 414 bar (6000 psi or about 400 atm) in the station and than is refuelling
vehicles tanks [8].
Compressed gas is received in fuelling stations by road (tubes) at 210 bar or by pipelines at 30 bar. Both
gasses are compressed in fuelling station to 414 bar and stored in temporary tanks [8]. Even if the supplying
station can supply an inland vessel, gaseous hydrogen is not a good solution for navigation if taken in to
account that a tank of 0.18 m3 (180 litres) can store at 290 bar only 3 kg hydrogen and weights 25 kg.

II. On-site infrastructure (OSI)
An on-site station is a “mini-plant” for hydrogen production and a fuelling station at the same time. This
infrastructure module uses existing transportation infrastructures for feedstock (natural gas, gasoline,
methanol, petrol, water) and eliminates the investments in hydrogen transportation but needs investments
in adaptation to the existing fuelling station with equipment for hydrogen production and temporary
storage or building of new on-site stations.

Some examples of new hydrogen infrastructures built in the world for cars:
The California Fuel Cell Partnership (CaFCP) is building a hydrogen infrastructure in Richmond California
and a primary refuelling facility in West Sacramento. The on-site station generates hydrogen by water
electrolysis and includes a storage unit capable of holding a small amount of hydrogen, only 47 kg. It is
capable of fuelling a small fleet of vehicles and requires only one or two minutes per refuelling.
Las Vegas Nevada hydrogen station combines an on-site hydrogen generator, compressor, liquid and gaseous
hydrogen storage tanks, dispensing systems, and a stationary fuel cell. It is capable of dispensing hydrogen,
hydrogen-enriched natural gas, and compressed natural gas.
[http://www.cogeneration.net/HydrogenFuelCells.htm]
III. On-board production of hydrogen does not need a new infrastructure as long as diesel fuel is used but this
application implies major changes in ships construction and their propulsion system.

4.8. Advantages and disadvantages compared to other types of fuel [4]
The energy density as described in chapter 4.6.4 (Energy content of stored fuel divided by system weight /
volume) is compared in table 4- 8 for different types of fuel used for fuel cell systems. In this case the
storage space and weight for an amount of fuel that is necessary for the same cruising range (640 km) of a
passenger car have been used for the calculation of the energy density.
Fuel
liquid H2
Methanol
Petrol
CNG

Energy
density
(MJ/kg)
19
15
23
6-10

Energy
density
(MJ/l)
4.4
11
17
13-20

table 4- 8: Comparison of the energy density of storage systems for different types of fuel for the same
cruising range [4]
It can be seen that the volumetric energy density of liquid hydrogen is very low compared to hydrocarbon
fuels what makes large storage systems necessary2 especially when those systems shall be applied in inland

2

Partly off-set by an increased fuel efficiency using fuel cells
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navigation where a high travelling range is necessary. As described in chapter 4.6 the fuel storage is not only
more space intensive but requires also by far more complex storage systems, especially when stored liquid.
Since an infrastructure has to be built up that is more complex than that for other fuels it is very difficult to
apply pure hydrogen as fuel for inland navigation.
Compared to those disadvantages hydrogen also has major advantages compared to hydrocarbons:
• It is not necessary to introduce complex on-board reforming units that require higher efforts for
maintenance.
• No harmful substances that are a result of the hydrogen reforming are emitted on board. This is
especially an argument for ecologically sensitive areas.
• During breaking manoeuvres the electro motors can switch into generator mode and produce electric
energy that can be used for the electrolysis of water to hydrogen or refilling of batteries. This effect can
increase the efficiency of the system

4.8.1. Emissions
The European Union strategy to reduce atmospheric emissions from shipping, as stated in COM (2002) 595,
has presented a clear demand for reduction in exhaust emissions from ships. The strategic document
addresses an urgent need of research and technology development (RTD) on low-emission ships.
Ultimately, the use of hydrogen fuel produced from renewable energy sources could solve the air pollution,
global warming, and energy security problems associated with today’s fossil fuel-powered passenger
vehicles. Although commercial application of hydrogen fuel cell technology for passenger vehicles is still
over a decade away, optimisation of today’s hybrid internal combustion engines (ICE) to run on hydrogen
may provide a vital intermediary step. Hydrogen fuel could substantially reduce air pollution and greenhouse
gas emissions.
Hydrogen produced from natural gas and used in a hybrid ICE could reduce greenhouse gas emissions 20-30
percent, relative to existing conventional petrol vehicles [14] and hybrid ICE (partially fuelled with hydrogen
to increase energetic value) produces near-zero air pollution emissions.
Other significant air quality advantages of a hydrogen-fuelled hybrid ICE include the fact that emissions
performance will not degrade over time (since no catalytic converter is necessary – for cars). Furthermore,
reducing hydrocarbons, carbon monoxide, and NOx reduces the formation of tropospheric ozone—which has
recently been identified as a significant localized global warming pollutant [14].
Fuel cells that use a reformer to convert fuels such as natural gas, methanol, or gasoline to hydrogen do emit
small amounts of air pollutants such as carbon monoxide (CO), although it is much less than the amount
produced by the combustion of fossil fuels but fuel cells powered by pure hydrogen emit no harmful
pollutants. table 4- 9 provides some data about emission of CO2 and water vapours from fuel cells systems
compared with ICE running with petrol, for cars [14].

Engine Type

Internal Combustion Engine
Fuel Cell
Fuel Cell
Fuel Cell

Fuel

Gasoline
Hydrogen from Gasoline
Hydrogen from Methane
Renewable Hydrogen

Water
Vapor
g/mile
176.9
145.1
113.4
113.4

Carbon
Dioxide
g/mile
385.6
317.5
68.04
0

table 4- 9: Pollution level of ICE and fuel cells [15]
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4.9. Cost-benefits

4.9.1. Hydrogen costs
In research work on hydrogen-fuel were elaborated several studies with the aim to analyse the cost for
production and delivery of H2. Each of these studies looked at the hydrogen costs from different points of
view and each of them brought a new image of costs more or less in accordance with the new technologies in
the field. The cost chapter is important for capital investment and for end users of hydrogen fuel that will buy
this product and will compare it with the prices of the other fuels from the market (as fuel cost per
kilometre). It should hereby be stressed that a lot of those new technologies are still in the development
phase and therefore make comparison with present state of the art commercial techniques rather difficult!
Hydrogen may be produced and delivered by different technologies and the associated costs are a function of
pathways analysed. Generally, the costs for three main methods were studied to provide hydrogen-fuel, as is
presented in figure 4- 11 (A, B, C).

figure 4- 11: Hydrogen pathways for cost analysis
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For hydrogen produced in central plant and on-site (forecourt) the costs are presented in figure 4- 12.

figure 4- 12: Hydrogen costs [8]
Hydrogen total costs expressed in $/kg are presented explicit in table 4- 10 in accordance with figure 4- 12
and are based on information from source [8].
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Starting
material

Technology

Natural gas SMR
Coal
Partial
oxidation (PO)
Biomass
Water
Methanol
Gasoline

Gasification
Electrolysis
Reforming
Reforming

Hydrogen costs ($/kg)
Production in central plant and Production
Liquid Gas trailer Pipeline in
forecourt
tanker
4.39
5
4.4
3.66
4.51
5.18
5.62
-

4.98
7.62
-

5.77
8.39
-

6.29
9.13
-

12.12
4.53
5

table 4- 10: Hydrogen costs $/kg [8]
As a result of this study, the hydrogen produced by steam methane reforming in central plant and delivered
as liquid fuel has the lower cost and could be considered a reference cost and this cost is 3.66$/kg. A
comparison of all the other costs related to reference cost is presented in figure 4- 13.
In this figure 4- level zero is the cost of 3.66$/kg. The data represent the relative difference (%) between
other costs and 3.66.
The chart from figure 4- 13 presents the values from table 4- 11.

Starting
material

Technology

Natural gas

SMR

level “zero”

19

36

20

Coal

Partial oxidation
(PO)
Gasification
Electrolysis
Reforming
Reforming

23

41

53

-

36
108
-

57
109
-

72
149
-

231
24
37

Biomass
Water
Methanol
Gasoline

Differences between hydrogen costs (%) related to level “zero”
Production in central plant and delivered by:
Production
in forecourt
Liquid tanker
Gas trailer
Pipeline

table 4- 11: Differences between hydrogen costs (%) related to NG-SMR cost [8]
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NG

Coal

Liquid tanker

Biomass

Gas Trailer

Pipeline

Water

Methanol

Gasoline

Production in Forecourt

figure 4- 13: Hydrogen costs representation [8]
A summary analysis of costs from table 4- 11 leads to some conclusions:
o Hydrogen production in central plant seems to be the solution with the lowest costs
regardless of starting material and technologies adopted.
o On-site (forecourt) production by NG reforming has an attractive and comparable cost as
production in central plant and delivered as compressed gas
o Pipeline delivering is an expensive solution as well as water electrolysis
On-board liquid (methanol or petrol) reforming or direct fuel cell technology could use the existing liquids
or gaseous infrastructure. It would eliminate the costs for hydrogen delivery, handling and dispensing
infrastructures, but there exists no data about hydrogen costs in this situation.
Hydrogen production in central plants is not a novelty, hydrogen being a basic material for chemical
synthesis, but producing hydrogen directly in “on-site” (decentralised) stations by means of different
processes represents a challenge and an advantage and therefore it is intensely studied. Directed
Technologies Inc. has realised a detailed study of hydrogen costs for reforming of NG by 4 methods in
decentralised stations, but as it is specified above calculations refer to small stations – 115 kg H2 /day. The
study analysed 2 natural gas reforming chemical pathways:
Steam Methane Reforming (SMR)
Autothermal Reforming (ATR)
and 2 gas cleanup methods:
Pressure Swing Adsorption (PSA)
Membrane separation
Combining these modules resulted four systems:
1. SMR with PSA as gas cleanup, 10 bar
2. SMR with metal membrane gas cleanup, 19.6 bar
3. ATR with PSA gas cleanup, 10 bar
4. ATR with metal membrane gas cleanup, 19.6 bar
The proposed scheme for such station is presented in figure 4- 14 and applies the NG reforming technology
and hydrogen dispensing as compressed gas at 345 bar.

CREATING//TR/WP06/M06.02/ECN/17-06-05/version 0.2/

page 60 of 107

Fuel cell technology in inland navigation; technical report in the framework of EU project CREATING (M06.02)

figure 4- 14: Forecourt station by NG reforming [10]
The cost estimation methodology employed by Directed Technologies Inc. is based on the Design for
Manufacture and Assembly (DFMA) techniques developed by Boothroyd and Dewhurst, described in
Product Design for Manufacture and Assembly, 2nd edition [11]. These costs include all elements that form
the costs structure: investments, design, equipments, materials, energy and taxes.
Hydrogen costs resulted from this report are presented in table 4- 12.
Costs in $/kg H2

SMR/PSA

ATR/PSA

SMR/Membrane

ATR/Membrane

Hydrogen Cost

$3.38

$3.59

$3.74

$4.28

table 4- 12: Hydrogen cost for on-site production [11]
When hydrogen will be produced in higher-volume stations, the cost of hydrogen should decrease.
The hydrogen costs resulted from this report for “on-site” station (3.38 – 4.28 $/kg) are lower than previous
estimated costs for the same technology (4.4 $/kg).
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4.9.2.

Comparison with cost of diesel fuel

figure 4- 15: Regional diesel fuel prices [12]

Hydrogen cost relative to cost of diesel fuel could be a critical factor in acceptance of hydrogen as fuel in
ship propulsion.
In figure 4- 15 the development of diesel prices in the United States is shown. Since for inland navigation
there are no taxes on the fuel it can be considered that the development in Europe is more or less the same.
The prices evolution for diesel fuel presented in figure 4- 15 is from 1.4 $/gallon to 2.6 $/gallon in the last
two years and goes up. Since the price of diesel fuel is 2.6 $/gallon (0.82 $/kg), the cost of hydrogen for NG
reforming is 2.4 $/kg equivalent of diesel fuel normalized for energy content of each fuel (46.1 MJ/kg –
diesel oil and 142 MJ/kg – hydrogen).

4.9.3.

Qualitative comparison of costs and advantages of pure hydrogen compared to liquid
fossil fuels

As described in chapter 4.9.2 hydrogen is until now approx. 3 times more expensive than diesel fuel.
This difference of costs seems to become smaller within the following years caused by two reasons:
1. Mass production of hydrogen will decrease the hydrogen costs.
2. As can be seen in figure 4- 15 diesel costs are rising enormously (approx. 66% over a period of 2
years) caused by rising demands for fuel and the reduction of resources.
On the other hand the reduction potential for the emission of greenhouse gases is enormous. As can be seen
in table 4- 9(chapter 4.8.1) the emissions of CO2 for a fuel cell passenger car are more than 5.5 times smaller
than those of a petrol fuelled car. Although this ratio can’t be directly transferred to inland navigation, it can
be assumed that the potentials regarding greenhouse gases are enormous. If hydrogen is won out of
renewable sources or by electrolysis with renewable energy sources hydrogen is even CO2 emission neutral.
Similar effects can be found regarding pollutant emissions during the reforming of the hydrogen which are
by far lower than the emissions of combustion engines as can be seen for example in table 3-6 in chapter 3.3.
Hydrogen powered vessels have the large advantage that their local pollutant emissions are zero and that
their noise level is by far lower than that of vessels with conventional propulsion. Since rivers often lead
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through environmentally sensitive areas or are located near city centres, this advantage must be valuated very
high.
A problem that will require further research is that of hydrogen storage on board of the vessel. If a
reasonable cruising range can’t be provided, an application in inland navigation doesn’t make sense no
matter how advantageous this system is.

4.10.

Conclusions

Generally hydrogen is studied more as a future fuel for cars and therefore all input data for hydrogen costs
refer to small and medium fuelling stations or on-site stations. Application of hydrogen fuel in ships’
propulsion systems require large systems for hydrogen production, delivering, handling and fuelling and this
will doubtlessly be the next step in analysis and research works.
Due to the properties of hydrogen, the short-term (up to ten years) use of hydrogen will be limited to inland
waterways and coastal waters. Even in a long-term perspective (more than 10 years) liquid fuels with a high
volumetric energy density will be used for commercial seagoing ships with fuel cells. In the long-term these
fuels may be synthetic fuels produced from regenerative sources. For the introduction of fuel cell technology
into the marine market the conventional marine fuel types may be more relevant for commercial use.
Research effort on the reforming of diesel oil, methanol and JP 8 fuel (kerosene) has started, but further
development is necessary.
For the introductory period, the most probable and the most suited solution to apply hydrogen as fuel in
navigation could be the production and temporary storage on-board, by reforming of NG. This subject,
referring to ship application is yet too little tackled.
Some conclusions related to hydrogen application are:
The most cost-effective way to produce hydrogen is steam reforming in central plant or on-site.
Large-scale production will likely reduce these costs.
It is considerably more expensive to produce hydrogen by water electrolysis than by reforming of
natural gas due to the by far higher energy requirements as shown in figure 4- 5.
Cost is the biggest impediment to using hydrogen as a fuel; many expensive changes must be made
in energy infrastructure to accommodate hydrogen. For most practical application natural gas can do
what hydrogen also does; natural gas itself is as good as hydrogen or even better for many
applications.
On the long hand all kinds of fossil fuels will have to be replaced by other sources since fossil resources are
limited and therefore will get more and more expensive over the next years and once the break even point
will be reached when hydrogen costs the same as the same amount of fossil energy. At least at this time
hydrogen will become interesting for all energy users including inland navigation. An important point at this
time will be that only one system for refuelling exists because it will be too expensive to provide one vessel
with liquid hydrogen and the other one with compressed hydrogen. Another important point will be that a
reasonable cruising range can be provided with pure hydrogen at that moment.

In order to implement hydrogen on the market same general announcements regarding hydrogen have to be
made:
− Hydrogen is as safe as other energy sources are
− Hydrogen does not pollute the environment in case of an accident
− Hydrogen burns without leaving harmful substances
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5. FUEL CELLS
5.1. Introduction
At this moment fuel cells are not yet existing and proven technology, in the respect that they are not widely
(commercially) applied, especially not on board of ships. The main reason for that is that the costs for the
technology are still too high, because no series or mass production has been started. The technology is in the
research and development phase.
Although the working principle of fuel cells is demonstrated for hydrogen applications (PEMFC, AFC) and
natural gas applications (PAFC, MCFC, SOFC), the application for logistic liquid fuels (sulphur containing
diesel and marine oils) is still in the very early stages.
A lot of research is currently aimed at more efficient, reliable and cost efficient conversion to hydrogen (for
example the DESIRE project at ECN). See also the hydrogen production technique chapter.
Fuel cells form the hart of the fuel cell system. The fuel cells are modular devices that are capable of directly
electrochemically converting gaseous fuels, in the presence of air, into electricity (direct current) and heat.
This is achieved with high conversion efficiency and no moving parts. The produced amount of heat is, in
terms of quantity, approximately equal to the generated electrical power. The heat has to be removed from
the system to keep the operating temperature constant. Apart from the fuel cell system a fuel processor is
required and other Balance-Of-Plant components (heat exchangers, compressors, pumps, control valves,
sensors, etc.). The fuel processor converts the fuel into a hydrogen rich reformate that can be fed to the fuel
cell.
The fuel cells put stringent demands on the purity of the gaseous feed stream. On the whole, hydrogen is the
active component in the gas. For the production of this component a fuel processor (consisting of a sequence
of chemical reactors) is applied to purify the primary fuel (mostly sulphur removal).
There are multiple reasons why fuel cells are counted in the category of “clean electricity producers”:
•

•
•

The generation of electricity is achieved by relative high conversion efficiencies; also on a smaller scale
as a result of the modular build-up. Mostly, the part-load efficiency is higher than the full load
efficiency, because the internal losses in the fuel cell decrease with the decreasing current density. In this
case the generated voltage increases.
In case of a fuel processor, the emissions of sulphur- and nitrogen oxides are extremely low. Sulphur
components are removed upstream in the fuel processing section. The controlled electrochemical
reactions are taking place at relative low temperatures so that no nitrogen oxides can be formed.
The production of noise and vibrations is also low. The only rotating components are the air compressor
(or air blower), possible recycle blowers and cooling and feed water pumps.

5.2. Fuel cell types and development stage
Fuel cells are categorised on the basis of the applied electrolyte and the related operating temperature.
Generally, there is a distinction between “high” and “low” temperature fuel cells.
Although there are quite a number of fuel cell types, only the most applied fuel cells will be discussed. The
high temperature fuel cells are:
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5.2.1.

High temperature fuel cells

The Solid Oxide Fuel Cell, or SOFC.

This type uses a ceramic electrolyte and operates typically at temperatures between 700-1000 ºC, depending
on the type of electrolyte and electrode composition. The stack is cooled by means of process gasses (fuel
and oxidant), of which a large part is removed by the latter. Therefore, for the oxidant cooling a large excess
of air is used.
There are two types of the SOFC currently researched: the tube and the plate type SOFC. A schematic
drawing of both types is shown in figure 5- 1. The key players in the field are:
Siemens-Westinghouse, Acumentrix, HT-Ceramics, InDEC, Haldor Topsøe, Wartsila, ECN.
a.
b.

figure 5- 1: Schematic representation of a tube type SOFC (a.) and a plate type SOFC (b.)
Recently, Siemens-Westinghouse has developed a 230 kW tube type SOFC. In this system a 200 kW SOFC
stacks are combined with a 50 kW micro turbine. The advantage of this system combination is the expected
high efficiency that can be as high as 70%. This fuel cell operates on natural gas and elevated pressure.
Siemens-Westinghouse successfully demonstrated earlier a 100 kW tubular SOFC system on natural gas in
The Netherlands.
Concerning the plate type SOFC technology, the stacks are currently scaled up for 1 – 10 kW application.
Based on this development, Wärtsilä in Finland will develop systems in the range of 50 – 200 kW. In first
instance, these systems will operate on natural gas. At a later stage ship application is foreseen.

The Molten Carbonate Fuel Cell, or MCFC.

The molten carbonate fuel cell uses an electrolyte of molten salt and operates at a temperature of
approximately 650 ºC. Similar to the SOFC, this stack is also cooled by the process gasses (fuel and
oxidant). For the oxidant cooling a large excess of air is used (cathode recirculation). The stack is only
produced with flat, stacked plates.
The key players in the field of MCFC are:
Fuel Cell Energy (USA), MTU (D), Ansaldo (It), IHI (Jpn).
The largest system is demonstrated by FCE (former: Energy Research Corp.) is 1.6 MWe and consists of
16 stacks of 100 kW. The unit internally reforms natural gas.
MTU recently build a number of 250 kW systems, based on internal reforming of natural gas. For this
system also biogas (methane and CO2) can be used as fuel. A picture of the system is shown in figure 52.
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figure 5- 2: The Hot Module MCFC power plant of MTU [[1]]
In Japan, a 1 MWe system has been built with four stacks of 250 kW (two from IHI and two from Hitachi),
based on external reforming of natural gas (city gas). IHI develops MCFC systems that will be integrated
with a gas tubine. Also Mitsubishi developed and build a 100 kW internal-reforming system. The MCFC
developments by Mitsubishi and Hitachi are stopped now.
The Phosphoric Acid Fuel Cell, or PAFC.

This fuel cell type uses a liquid solution of phosphoric acid and operates at a temperature of approximately
200 ºC. The stack is cooled by a separate high pressure cooling water circuit and is normally made of flat
stacked plates..
The key players in the field of PAFC are:
IFC, Fuji.
International Fuel Cells (IFC/UTC) build more than 200 systems of 200 kW. These systems use natural gas a
fuel and have a separate fuel processor for the production of hydrogen with a low CO concentration (< 1 vol%). These systems are applied for combined heat and power applications as a replacement of gas engines.
The cost are relatively high (ca 3000 €/kWe)., but the systems are very reliable. Apart from IFC, Fuji
produces systems of 50 kWe.

CREATING//TR/WP06/M06.02/ECN/17-06-05/version 0.2/

page 68 of 107

Fuel cell technology in inland navigation; technical report in the framework of EU project CREATING (M06.02)

figure 5- 3: Schematic representation of the PAFC of UTC fuel cells

5.2.2.

Low temperature fuel cells

The second category is the so called low temperature fuel cells, where the operating temperature is below the
200°C. Three types will be discussed in this section:
1. Polymer Electrolyte Membrane Fuel Cell, or PEMFC
2. Alkaline Fuel Cell, or AFC
3. Direct Methanol Fuel Cell, or DMFC
The Polymer Electrolyte Membrane Fuel Cell, of PEMFC

This fuel cell type used to be called the Solid Polymer Fuel Cell, or SPFC. The fuel cell uses a proton
conducting, water saturated, polymer membrane as an electrolyte. The operating temperature is 70°C on
average. Normally, the stack consists of flat stacked plates.
A new development is the so-called high temperature variant of the PEMFC that can operate at temperatures
between 100 and 200 ºC. In this case it is not longer a demand that the fuel and oxidant feed streams are
saturated with water vapour. This saturation is required with the “conventional” PEMFC to prevent the
drying up of the membrane. Another advantage is that the system design will be simpler.
The key players in the field of PEMFC are:
Ballard, Nuvera, Siemens, Honda, Toyota, PlugPower, NedStack, ECN, IRD, Hydrogenics.
Ballard built a unique 250 kWe natural gas fed PEMFC system for combined heat and power (CHP)
demonstration purposes. The combination of the PEMFC technology with natural gas as a fuel is now being
developed for CHP-application in residential districts. The capacity varies from 1 – 5 kWe.
PEM fuel cell systems that run directly on hydrogen are tested by almost every automotive supplier as a
potential replacement of the internal combustion engine. An exception is BMW that uses hydrogen directly
in the internal combustion engine. Especially in the hybrid application (fuel cell with electricity storage),
large fuel consumption and emission reductions are expected.
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Also for ship applications the use of PEMFC is demonstrated. In Germany a submarine type U-212 of HDW
is fitted with 300 kWe PEMFC stacks from Siemens (figure 5- 4), where hydrogen is stored in metal
hydrides and liquid oxygen is used.

figure 5- 4: Fuel cell submarine of the type U-212
The efficiency of PEM fuel cells are approximately 50 – 60% when operated on pure hydrogen. When other
fuel sources are required, the overall efficiency decreases because hydrogen has to be produced first from the
original feedstock. Approximately, when diesel is reformed to electricity (via a reformer and a fuel cell) the
overall efficiency is around 30 – 35%.
Currently, the fuel cells determine a large part of the total costs. Still, the costs half approximately every
number of years. A few years ago, a 10 kW fuel cell cost approximately 100000 euro. The Dutch company
Nedstack claims that these costs have been decreased to 1000 euro/kW now. Furthermore, they think these
production cost will even half next year and will half again in 2007 to 250 euro/kW.
It has to be mentioned that these costs are only the cost of the fuel cell itself. All the cost for the auxiliary
equipment have still to be added to the total cost. The cost target set by the US department of Energy (DoE)
is 1000 euro/kW for the complete system.
The Alkaline Fuel Cell or AFC.
This type has been used for a long time already in aerospace applications for the generation of electricity and
water. The operating temperature is approximately 80°C and the fuel cell is normally consisting of a number
of stacked flat plates. The AFC has strict demands with respect to both the purity of hydrogen and the purity
of oxygen. Because even atmospheric CO2 leads to a decrease performance, pure oxygen is used as oxidant.
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The Direct Methanol Fuel Cell or DMFC.
The DMFC is capable of converting methanol directly and is mainly developed for application in portable
equipment like cell phones and laptops. The conversion efficiency is not very high, but the high energy
density of the fuel enables a long operating time. However, due to the liquid phase, the use storage of
methanol (and ethanol) in inland waterways transport is a possible option, since it is relatively easy to create
a bunker fuelling infrastructure for these liquids.

It is not expected that the latter two types of fuel cells (AFC and DMFC) will be used for the energy supply
on board of ships.

5.2.3.

Fuel cell systems

In order to operate a fuel cell, additional equipment is required. Generally, the fuel cell system can be
divided into three sections: the fuel cell stack (FC), the fuel processor (FP) and the balance-of-plant (BOP).
The power conditioner is situated in the adjacent interface segment and there is not a part of the fuel cell
system.
On a regular basis, general survey articles are released about the developments in and demonstration of fuel
cell technology in the electronic magazine Fuel Cell Today: www.fuelcelltoday.com
5.3. References
http://www.mpi-magdeburg.mpg.de/research/projects/1056/1057/figure1.jpg
[2] 'Brandstofcel straks goedkoper dan dieselmotor'; Schuttevaer newspaper September 2005.

[1]
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6. PERFORMANCE OF THE ELECTRIC PROPULSION
Fuel cells deliver electric energy in the form of direct electric current. For converting this electrical energy
into mechanical energy an electric propulsion system consisting of an electric motor and a converter for
controlling the motor speed is necessary. This chapter describes the basic functionality of these electric
propulsion systems and gives information about the efficiency and the size of electric motors.

6.1. Types of electric propulsion systems
The following setups are possible for a fuel cell driven vessel:
The fuel cell delivers direct-current (DC) to a DC motor (shown in figure 6- 1). The motor is
controlled by a DC-DC converter (described in chapter 6.1.1.2).
The fuel cell delivers DC to an alternating-current (AC) motor (shown in figure 6- 2). The
conversion of DC into AC and the control of the engine is executed by a DC-AC converter
(described in chapter 6.1.1.1).

Fuel Cell

=

DC-DC
converter

=

DC - motor

figure 6- 1: Principle of a DC electric propulsion system

Fuel Cell

=

DC-AC
converter

~

AC - motor

figure 6- 2: Principle of an AC electric propulsion system
Diesel electric vessels are often seen as pre-stage to a latter replacement of the diesel generator by a fuel cell.
In such hybrid concepts also only electric energy is generated by a diesel generator, the main propulsion is
done by an electric motor (shown in figure 6- 3 and figure 6- 4).
Since diesel generators produce AC instead of DC an AC-DC converter has to be used for controlling a DC
motor. For AC motors a frequency converter is necessary for controlling the motor.
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Diesel engine

Generator

~

AC-DC
converter

=

DC - motor

figure 6- 3: Diesel electric propulsion with DC motor

Diesel engine

Generator

~

frequency
converter

~

AC - motor

figure 6- 4: Diesel electric propulsion with AC motor
Applications with both, DC and AC motors, are possible for the propulsion of inland vessels.

6.1.1.

Control of electric motors

6.1.1.1.

AC motors

AC motors are usually carried out as rotary current asynchronous (induction) motors [4], [6], [7]:
Rotary current: The motor works with 3-phase alternate current. The induction coils are each fed by one of
those phases (figure 6- 5).
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figure 6- 5: Basic principle of a rotary current asynchronous motor [4]
Asynchronous induction motors: Characteristic for such motors is, that they can only produce torque, if the
rotor is running with a phase shift (the so called slip) to the induced current. A typical torque characteristic is
shown in figure 6- 6. The current is induced into the rotor of the motor and not transmitted via conductor
brushes as happens in DC motors.
The control of the motor is executed via voltage and frequency.
A pulse-alternating-current converter produces rotary current with variable voltage and frequency out of
constant voltage DC current.
It works as shown in figure 6- 7 by switching between the stages +U, -U and 0.
Switches between polarities and short time cut-offs of the current lead to a mean value of those pulses results
in the designated sinus curve.
The designated voltage and frequency are adjusted by changing the pulse durations.
Frequency converters as necessary for diesel electric propulsion are working with the same principle. The
only difference is that the AC from the generator is first converted into DC before the pulse-alternatingcurrent converter.
Since it is necessary to provide 3 phase rotary current also 3 of those converters are needed for controlling
the motor properly.
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figure 6- 6: Slip dependence of motor torque [5]

6.1.1.2.

figure 6- 7: Frequency and voltage control [6]

DC motors

DC motors are controlled by changing the voltage of the current [6]. When the system is supplied with AC as
in diesel electric propulsion this can happen via transformation before the AC is converted into DC. When
working with direct current as in fuel cell propulsion systems.
The simplest method for controlling fuel cell driven DC motors is to switch between serial, parallel and
serial-parallel connection of the propulsion motors in combination with control resistances.
With this method the motor speed can only be controlled in stages and the control resistances cause high
energy losses.
A better and nowadays common method is the control via transistors. In this case the constant direct current
is chopped into short intervals where the current is alternating blocked and released. The tact ratio is
controlled in two different ways:
Frequency control: Changing the tact frequency at fixed pulse durations
Control of pulse duration: pulse durations at fixed tact frequencies.
An example of this DC control is shown in figure 6- 8.
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figure 6- 8: Voltage control for DC motors [6]

6.2. Efficiency of electric propulsion systems
The efficiency of electric engines and generators is extremely high and reaches 90% or more [1], [2], [3].
table 6- 1 shows the efficiency of electric motors that are offered by a manufacturer for several power
classes. As already mentioned in the introduction DC motors as well as AC motors are considered.
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Direct current
Alternating current
Engine Power
Engine Power
Manufacturer Motor
Efficiency Manufacturer Motor
Efficiency
[kW]
[kW]
A
1
197
91,5
A
13
200
96,3
A
2
229
91,6
A
14
230
95,3
A
3
259
86,6
A
15
250
96,4
A
4
279
90
A
16
285
95,6
A
5
328
91,5
A
17
315
96
A
6
343
91
A
18
355
96,2
A
7
389
93,3
A
19
400
96,2
A
8
418
93,3
A
A
9
444
92,9
A
20
450
96,6
A
10
510
93,3
A
21
500
96,7
A
11
558
94,1
A
22
560
96,8
A
12
593
94,5
A
23
600
96,8
B
24
184
96,2
B
25
221
96,2
B
26
257
96,2
B
27
294
96,2
B
28
331
96,2
B
29
367
96,2

table 6- 1: Efficiency of DC and AC motors [1], [2], [5]
It can be seen, that AC motors show a tendency to higher efficiencies than DC motors. It can be assumed
that this higher efficiency arises from the design of an AC motor where the current is transmitted to the rotor
contact-free while in DC motors the current has to be transmitted via carbon brushes, what causes friction
and a higher demand for maintenance since those brushes have to be replaced frequently.

6.3. Dimensions of electric motors
Motors shown in table 6- 2 are described with regard to their outer dimensions and their weight in table 6- 2
[1], [2]. The outer dimensions are given in length, width and height of a motor without cooling devices. The
cooling devices are excluded since they don’t need to be mounted directly on the engine. The engine can be
mounted in a rotary pod while the cooling device is mounted in the body of the vessel.
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Manufacturer Motor
A
A
A
A
A
A
A
A
A
A
A
A

1
2
3
4
5
6
7
8
9
10
11
12

Direct current
Engine Power length width height
[kW]
[mm] [mm] [mm]
197
951
360
360
229
1093
360
360
259
1613
560
560
279
1267
560
560
328
1051
450
450
343
1051
450
450
389
1184
500
500
418
1184
500
500
444
1496
500
500
510
1496
500
500
558
1267
560
560
593
1267
560
560

Alternating current
Engine Power length width height weight
weight
Manufacturer Motor
[kg]
[kW]
[mm] [mm] [mm]
[kg]
460
A
13
200
1265
508
820
915
610
A
14
230
1660
610
920
1900
2170
A
15
250
1265
508
820
1230
1440
A
16
285
1686
686
1003
2150
740
A
17
315
1826
686
1003
2800
740
A
18
355
1826
686
1003
3050
1020
A
19
400
1826
686
1003
3050
1020
A
1560
A
20
450
1686
686
1003
2400
1560
A
21
500
1686
686
1003
2400
1440
A
22
560
1826
686
1003
2700
1440
A
23
600
1826
686
1003
2800
B
24
184
1158
553
553
1043
B
25
221
1158
553
553
1043
B
26
257
1472
645
645
1833
B
27
294
1472
645
645
1833

table 6- 2: Outer dimensions of electro motors [1], [2], [5]
To get an overview over the shape of a electro motor exemplary drawings for motors 12 (with cooling
device) and 20 are shown in figure 6- 9 and figure 6- 10..

figure 6- 9: technical drawing of motor 12 [1]
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figure 6- 10: technical drawing of motor 20 [2]
The size of those motors is small compared to diesel engines of comparable power. Especially regarding
width and height the electric motors are compact. This makes solutions for mounting the motor possible that
are more flexible than those for combustion engines. As already mentioned positioning in a pod is possible
with those compact motors.
For comparison examples of dimensions of diesel engines in a comparable power range are described in
table 6- 3.

Engine
1
2
3
4

Diesel engines
Engine Power length width height
[kW]
[mm] [mm] [mm]
298
1590
1092
1278
354
1535
1073
1231
448
1855
1056
1178
560
1822
1444
1621

weight
[kg]
1473
1586
1510
2482

table 6- 3: Outer dimensions of diesel engines (source: Caterpillar)
The weight of electro motors can be considered as comparable to that of diesel engines. This makes a diesel
electric solution rather heavy because the weight of a motor and a generator that can be considered as
equivalent in weight to the electro motor is added to that of the diesel engine.
6.4. Conclusion
The main advantage of an AC motor is its higher efficiency compared to DC motors. This leads not only to
lower energy consumption but also to smaller heat exchange problems. After all a 600 kW engine with a 5%
higher efficiency means that 30 kW less heating power has to be dissipated. Additionally has to be
mentioned that due to the contact-free current transmission the maintenance efforts are lower.
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In contrast the control of AC motors is more complex than that of DC motors. For providing the 3-phase
rotary current for the AC motor a control system is necessary that is more voluminous, heavier and more
expensive than a comparable DC control unit.
It has to be decided for each application what system is the better solution.
Applications especially in railway traction but also in examples of fuel cell powered cars or even the concept
for a diesel electric driven inland vessel (inbiship) are preferably executed with AC motors.
This leads to the assumption that today the advantage of higher efficiency and lower maintenance efforts are
rated higher than the disadvantage of higher control efforts.
Regarding dimensions it can be concluded that for flexible installation models electric engines are to be
preferred against combustion engines.

6.5. References
[1]
[2]
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7. CONCLUSIONS
Background
The supply of future energy is about to change for a availability, cost and environmental number of reasons.
Hydrogen is likely to be the new energy carrier, because:
1. The Kyoto protocol requires a large CO2 reduction. Removal of CO2 from the present fossil fuel
sources leave hydrogen as a climate neutral fuel
2. The supply of fossil sources is final
3. The contribution of sustainable energy sources will increase in the coming years. Hydrogen is an
attractive climate neutral medium to store and transfer energy.
4. There is a growing need for independency of the limited nations that control the oil energy source
nowadays. Since hydrogen can be produced from practically any source, it is a serious alternative
energy carrier.
The application of fuel cells in inland shipping is from these points of view not an option but a matter of time
before it will be implemented as an alternative for the internal combustion diesel engine. However, the paths
towards this future way of propulsion are still diverse. In this document, an overview is given of a number of
ways, which can enable the transition to a more sustainable way of inland propulsion. Below the general
conclusions are given for the application of fuel cells and hydrogen in inland shipping.
Fuel cells
Fuel cells are the best way of converting hydrogen to electric energy on the long term. Apart from that, the
use of fuel cells does have some other advantages.
The oxidation of hydrogen in a fuel cell only leads to the formation of water. Therefore, the local
emission of greenhouse gasses (CO2, CH4 and N2O) and air polluting emissions (such as VOC,
particulate matter and NOx) are zero.
The noise production of the fuel cell system is insignificant as compared to present internal
combustion engines. The only device that produces noise is the air compressor.
The present state of the art in fuel cells does not yet allow for large-scale application. Although it is
technically feasible to replace the diesel engine by a fuel cell, factors as cost, lifetime and reliability are still
not optimised. The future research focuses on these terms, finally enabling a large-scale market introduction.
The most likely fuel cells to be used in inland navigation are the low temperature polymer electrolyte fuel
cell (PEMFC) and the high temperature solid oxide fuel cell (SOFC). Especially the PEMFC is the closest to
application in demonstration systems and commercialisation.
Hydrogen and its production
Apart from fuel cells, there are some additional hurdles to tackle. The main problem is the storage of
hydrogen. There are various techniques of which the liquid storage and the high pressure storage are the
most feasible. The major disadvantage of these techniques is the limited energy capacity that can be stored,
and the associated maximum cruising range, compared to the present diesel storage.
As long as there is no competitive alternative for that for long-range inland shipping, the hydrogen should be
generated on board from for example petrol, diesel or methanol. These liquids can be reformed on board to a
hydrogen rich gas that can be supplied to the fuel cell. The major advantage is the much higher energy
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density and the (consequently) much lower storage volume of the fuel. On board hydrogen production
(reforming), however, still results in CO2 emissions. For similar reasons as hydrogen, gaseous hydrocarbons
are less preferred because of the limited energy density compared to the liquid hydrocarbons. The
disadvantage of the on-board reforming is the lower overall efficiency, which makes it difficult to compete
with the large and fully developed diesel engines. However, it has to be stressed that the other factors such as
the absence of noise and air polluting emissions are major advantages and should be the first reasons to use
fuel cells/hydrogen in ships.
Cost aspects can be overcome by regulations and government subsidy programs.
Taking these factors in mind, the application of fuel cells will initially be started in niche market
applications. Demonstration of small-scale fuel cell systems on board of yachts or other ships will be the
starting point to show its feasibility. Initially, the demonstration projects will focus on the energy supply of
the auxiliary power (not for propulsion), where the hydrogen will be produced from either diesel or another
liquid fuel. Storing hydrogen directly on board is a possible alternative, but the application is limited to ships
that have regular services and have the possibility for additional fuelling regularly. Examples are canal boats
or ferries. To improve the public perception of clean water transport, it is wise to invest in demonstration
projects as the latter ones. These relative small projects will have the benefits of high public exposure.
Future vision
In this paragraph we present a brief vision for the introduction of fuel cells in inland shipping. We expect
that external factors will influence the introduction rate and that the first large scale introduction will not be
in the inland shipping sector. Reasons for that are the limited economic margins in this very competitive
business and the relative small market as compared to the automotive sector. This latter sector will most
likely initialise the fuel cells as the alternative way of propulsion. Inland navigation can profit from these
developments. Below, an indicative timeline is given. Here, it is assumed that niche applications in the
shipping market, such as hotel load, will give a start for the introduction of fuel cells. Nevertheless, a large
market penetration of cars is supposed to be necessary in order to achieve a significant cost reduction, that
will allow competitive application of fuel cells as main propulsion in land shipping
Competitive with ICE
Inland vessel market start

Cars: 50% market penetration

Cars: market start

Marine niche applications
2010? 2015?
Time
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ANNEX A: PRESENTATION OF GASEOUS HYDROCARBON FUELS
A.1

Gaseous fuels types

Natural gas
Natural gas is a gaseous mixture composed mainly of methane (CH4) but may also contain ethane, propane
and heavier hydrocarbons and small quantities of nitrogen, oxygen, carbon dioxide, sulphur compounds, and
water. The technologies for processing NG and the infrastructures needed to store, transport and dispense it
were developed since the middle of 20th century. The main producers in Europe are Russia, Norway and UK.
Physical properties of pure methane are:
- Density
:
0.67 kg/m3
- Theoretical air/fuel ratio
:
9.5 m3/m3
- HHV
:
55 MJ/kg
High heating value - HHV (energetic content) of NG differ from source to source:
Russia:
36 MJ/kg
USA:
38 MJ/kg
Netherlands: 33 MJ/kg
UK:
39 MJ/kg
Algeria:
42 MJ/kg
LNG
LNG is NG liquefied at a temperature about -161oC and at atmospheric pressure. The LNG production
process (figure A- 1) requires the removal of some components from natural gas and than transportation
toward refuelling stations.

figure A- 1: NG processed in LNG [1]
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The composition of LNG related to different sources of NG is presented in table A- 1.

table A- 1: LNG composition [3]
CNG
As its name suggests, CNG is natural gas compressed and deliveries by the some pathways as natural gas.
The stage in processing the natural gas to transform it in CNG is presented in figure A- 2.

figure A- 2: NG processed in CNG [1]

LPG
LPG is liquefied petroleum gas and its composition is predominantly propane (C3H8) with some butane
(C4H10). LNG is obtained from the refining of natural gas and crude oil to (figure A- 3).
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figure A- 3: NG processed in LPG [1]
At normal pressure and temperatures above – 44 F, propane is in gaseous form. At lower temperature and/or
higher pressure propane becomes liquid. The gas is liquefied by moderate compression at normal
temperatures. The liquefaction is necessary to provide a reduction in volume and produce acceptable energy
densities.
Propane used in internal combustion engines is named HD5. LPG composition presented in table A- 2 for
HD5 type, differs slightly with the refinery where it was produced.

Propane
(C3H8)
Min. 90.0

LPG HD5 composition (%)
Propylene
Butane
Iso-Butane
(C4H10)
Max. 5
2.0
1.5

Methane
(CH4)
1.5

table A- 2: LPG composition [2]
All gaseous fuels are odourless (except those containing traces of H2S), and odour markers (sulphurcontaining chemicals as thiols or mercaptans) are introduced for safety.

CREATING//TR/WP06/M06.02/ECN/17-06-05/version 0.2/

page 85 of 107

Fuel cell technology in inland navigation; technical report in the framework of EU project CREATING (M06.02)

A.2

Gaseous fuels comparison

A comparison between gaseous hydrocarbon fuels and traditionally fuels as petrol and diesel fuel is
presented in table A- 3 and in charts from figure A- 4 and figure A- 5, based on data from table A- 3.

table A- 3: Comparison of fuels properties[2]

Diesel
fuel

Gasoline

LPG

LNG

40
35
30
HHV 25
20
(MJ/kg) 15
10
5
0

CNG

Energy content per unit of fuel is an important factor affecting range and power output of internal
combustion engines. The following chart, figure A- 4, compares the energy content of alternative fuels to
petrol and diesel fuel, based on data from table A- 3.

figure A- 4: Comparison of Energy Content
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600
500
Autoignition
Temperature
(o C)

400
300
200

Diesel
fuel

Gasoline

LPG

LNG

0

CNG

100

figure A- 5: Comparison of auto ignition Temperature
Since as energy density each of gaseous fuels is more weakly than petrol or diesel fuel, in respect of auto
ignition temperature all gaseous fuel discussed here are much safer than petrol or diesel fuel.

A.3
[1]
[2]
[3]
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ANNEX B: CURRENT AND FUTURE FUEL CELL PROJECTS
B.1. European Programs in Energy Systems
The strategic and policy objectives of research into sustainable energy systems include reducing
greenhouse gases and pollutant emissions (Kyoto), increasing the security of energy supplies, improving
energy efficiency and increasing the use of renewable energy, as well as enhancing the competitiveness of
European industry and improving quality of life both within the EU and globally (Johannesburg follow-up).
[1- http://www.cordis.lu/sustdev/energy/energy.htm]
For the particular case of research on Hydrogen and Fuel Cells a High Level Group (HLG) was launched in
October 2002 by European Commission and in January 2004 was established the European Hydrogen and
Fuel Cell Technology Platform (HFT) with the aim to accelerate the development of these technologies. The
main goal of the European Hydrogen and Fuel Cell Technology Platform (HFP) is: “Facilitating and
accelerating the development and deployment of cost-competitive, world-class European hydrogen and fuel
cell based energy systems and component technologies for applications in transport, stationary and portable
power.” The main EU funding mechanism for research, technological development and demonstration is the
Framework Programs (FP), FP5 and FP6. EC contribution in the two programs is presented in table B- 1.

EU programmes

EC contribution

FP5 (1998 – 2002)

145 millions EURO

FP6 (2002 – 2006)

100 millions EURO for current projects and about
150 millions EURO for future funded projects until
2006

table B- 1: EC contribution for projects under FP5 and FP6 [2]
Research into hydrogen and fuel cells was carried out under the ‘Energy, environment and sustainable
development’ programme, specifically in the key actions ‘Cleaner energy systems, including renewable’ and
‘Economic and efficient energy for a competitive Europe’.

B.1.1. FP5 - Projects
The portfolio of FP5-funded research projects in the field of hydrogen and fuel cells is summarized in table
B- 2
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table B- 2: EU support (in million €) to hydrogen and fuel cell RTD in FP5 for the period 1999-2002 [2]
Details on all of these EU funded projects can be found at the following web site: http://dbs.cordis.lu/ and
in
the
brochure
“European
Fuel
Cell
and
Hydrogen
Projects
1999-2002”.
http://europa.eu.int/comm/research/energy/pdf/european_fc_and_h2_projects.pdf
The main projects funded by EC under FP5 program are presented in table 3. Source for these projects was
database of CORDIS (Funded projects): http://dbs.cordis.lu/fep/EESD/EESD_PROJl_search.html.
Thematic network on solid oxide fuel cell technology
http://dbs.cordis.lu/fep-cgi/srchidadb?ACTION=D&SESSION=259572005-429&DOC=1&TBL=EN_PROJ&RCN=EP_DUR:36&CALLER=PROJ_EESD
The objective of the SOFCNET is to create a European network, consisting of all relevant organisations that
work on SOFC development (regardless the application), that assists and stimulates exchange and
collaboration on research and technological development. The activities and deliverables of the SOFCNET
should ultimately stimulate and assist European industrial involvement on SOFC development and thereby
accelerate the commercial introduction of SOFC based systems for environmental clean generation of
electricity and heat. Presently the network has 46 participants. The SOFCNET is essentially an open network
and additional organisations are actively recruited to participate (at their own costs).
Project Reference: ENG2-CT-2002-20652
Start Date: 2003-01-01
End Date: 2005-12-31
Project Acronym: SOFCNET
Coordinator: ENERGY RESEARCH CENTRE OF THE NETHERLANDS, Department: BUSINESS
UNIT CLEAN FOSSIL FUELS, PETTEN, NETHERLANDS
The Fuel Cell Testing and Standardization Network
http://dbs.cordis.lu/fep-cgi/srchidadb?ACTION=D&SESSION=19922005-429&DOC=1&TBL=EN_PROJ&RCN=EP_DUR:36&CALLER=PROJ_EESD
Objectives and problems to be solved:
Currently no standardized test procedures for Fuel Cell (FC) systems, stacks and cells are available. Similarly
no standardized test procedures exist for the evaluation of the applications of FC (e.g. homologation testing of
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FC vehicles). The main objective of the FCTESTNET is to create a network of research and industrial
organisations involved in development and testing of fuel cells, fuel cell systems and fuel cell applications.
This network will produce proposals for harmonisation of test procedures at the level of fuel cell systems
down to stacks and cells. Such harmonisation is necessary to enable objective comparison of R&D results and
evaluation of technological progress in this field, and it will be a valuable tool / input for international
standardization bodies working in the fuel cell technology field.
Project Reference: ENG2-CT-2002-20657
Start Date: 2003-01-01
End Date: 2005-12-31
Project Acronym: FCTESTNET
Coordinator: COMMISSION OF THE EUROPEAN COMMUNITIES, Department: DIRECTORATE
GENERAL JOINT RESEARCH CENTRE INSTITUTE FOR ENERGY, PETTEN, NETHERLANDS
Thematic network on fuel cells and their applications for electric & hybrid vehicles
http://dbs.cordis.lu/fep-cgi/srchidadb?ACTION=D&SESSION=221192005-429&DOC=3&TBL=EN_PROJ&RCN=EP_DUR:36&CALLER=PROJ_EESD
ELEDRIVE is a thematic network devoted to exchange information on Fuel Cell, Electric and Hybrid
Vehicles. It will bring together representatives of the car, components and infrastructure, motor and fuel
development industry, key research organisations, national and international representatives and market and
user representatives. This high level expert platform will, co-ordinate actions and exchange of information to
create synergies at European level so accelerating the development and the introduction on the market on a
larger scale of fuel cell, electric and hybrid vehicles in Europe.
Project Reference: ENK6-CT-2000-20057
Start Date: 2000-12-01
End Date: 2003-11-30
Project Acronym: ELEDRIVE
Coordinator: ASSOCIATION EUROPEENNE DES VEHICULES ELECTRIQUES ROUTIERS,
BRUXELLES, BELGIUM
Fuel Cell Systems And Components General Reasearch For Vehicle Applications
http://dbs.cordis.lu/fep-cgi/srchidadb?ACTION=D&SESSION=250612005-429&DOC=1&TBL=EN_PROJ&RCN=EP_DUR:48&CALLER=PROJ_EESD
The FUERO project is aimed to identify the relevant operational requirements for the operation of fuel cell
systems in vehicles, including studies of energy sources and evaluating the well to wheel efficiency. This will
include the analysis of components available today with respect to their performance, production and
recycling aspects.
The final objective of the FUERO project is to
make available advanced system and component
technologies for fuel cell application on different
categories of vehicles according to relevant
operational requirements.
The results of this project will clarify the automotive industries specifications for the components of a fuel
cell system to bring better understanding of the automotive industry's need to the suppliers of fuel cell
technology or to establish suitable suppliers.
Project Reference: ERK6-CT-1999-00024
Start Date: 2000-07-01
End Date: 2004-06-30
Project Acronym: FUERO
Coordinator: AACHEN UNIVERSITY OF TECHNOLOGY, Department: INSTITUT F?R
KRAFTFAHRWESEN, AACHEN, GERMANY
Advanced Methanol Fuel Cells for Vehicle Propulsion
The proposed project aims at developing materials and technologies for an advanced methanol fuel cell
system. The system is an integration of a methanol reformer, a catalytic burner, and a fuel cell stack
operational at temperatures around 200°C.
Project Reference: ENK5-CT-2000-00323
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Start Date: 2001-01-01
End Date: 2004-08-31
Project Acronym: AMFC
Coordinator: VOLVO TECHNOLOGY (CORPORATION), Department: ENERGY CONVERSION
AND PHYSICS, GOETEBORG, SWEDEN
Advanced PEM Fuel Cells
The main objectives of the present proposal is the development and construction of Advance polymeric fuel
cells which will be able to operate under H2 and/or methanol fuels, aiming to thermodynamic efficiencies
exceeding 50% with power densities of the order of 1W/cm2 and significantly reduced manufacturing cost of
the membrane electrodes assembly.
Project Reference: ENK5-CT-2001-00572
Start Date: 2001-12-01
End Date: 2004-11-30
Project Acronym: APOLLON
Coordinator: INSTITUTE OF CHEMICAL ENGINEERING AND HIGH TEMPERATURE PROCESSES
- FOUNDATION OF RESEARCH AND TECHNOLOGY HELLAS, RION-ACHAIA, GREECE
50 Kw Pem Fuel Cell Generator For Chp And Ups Applications
Project Reference: NNE5/882/2001
Start Date: 2003-02-01
End Date: 2006-04-30
Project Acronym: 50PEM-HEAP
Coordinator: IRD FUEL CELL A/S, Svendborg, DENMARK
Development of cost effective and high quality planar solid oxide fuel cells by using
advanced thermal spray techniques
The aim of this project lies in developing planar SOFC stacks by using advanced spray techniques never used
so far to develop SOFC cells elements:
(1) High Velocity Oxi-Fuel Spraying (HVOF);
(2) Microplasma Spraying (MPS);
(3) Suspension Plasma Spray (SPS);
(4) Triplex Atmospheric Plasma Spray (Triplex APS).
Project Reference: ENK5-CT-2002-00642
Start Date: 2002-11-01
End Date: 2005-10-31
Project Acronym: CEXICELL
Coordinator: FUNDACION INASMET - ASOCIACION DE INVESTIGATION METALURGICA DEL
PAIS VASCO, Department: MATERIALS AND PROCESSES DEPARTMENT, SAN SEBASTIAN,
SPAIN
Development of a newly designed capillary fuel cell
Project Reference: ENK5-CT-2002-30017
Start Date: 2002-10-01
End Date: 2004-09-30
Project Acronym: CAFUCEL
Coordinator: 2S SOPHISTICATED SYSTEMS LIMITED, LONDON, UNITED KINGDOM
Component reliability of solid oxide fuel cell systems for commercial operation
Solid Oxide Fuel Cells (SOFCs) promise power generation for the 21st century covering the range from kW
household applications to multiple MW power stations. SOFCs can operate on a variety of fuels reformed
internally. Due to the higher power generation efficiency, SOFCs decrease the release of CO2 by 20-30%,
thereby contributing significantly to the Kyoto objectives. The consortium plans to improve the durability of
planar SOFC systems to a level acceptable for commercial operation.
Project Reference: ENK5-CT-2000-00308
Start Date: 2001-01-01
End Date: 2004-08-31
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Project Acronym: CORE-SOFC
Coordinator: FORSCHUNGSZENTRUM JUELICH GMBH,
MATERIALS AND ENERGY SYSTEMS, JUELICH, GERMANY

Department:

INSTITUTE

FOR

table B- 3: Fuel cells in FP5 projects

B.1.2. FP5 - Projects
Hydrogen and fuel cells research under FP6 is included in some Thematic Priority Areas:
• Priority 6.1 ‘Sustainable energy systems’
• Priority 6.2 ‘Sustainable surface transport’
• Priority 4 ‘Aeronautics and space’
• Priority 3 ‘Nanotechnologies and nanosciences, knowledge- based multifunctional materials, new
production processes and devices’
The main projects funded by EC under FP6 program are presented in table 4 [2] and table 5 based on
information from source [2]
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table B- 4: Fuel cell contracts awarded, or under negotiation, after the first calls for proposals in the Sixth
Framework Programme (FP6)
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Harmonisation of standards and regulations for a sustainable hydrogen and fuel cell technology
(HarmonHy)
HarmonHy is a 12-month project that aims primarily to make an assessment of the activities on hydrogen
and fuel cell related regulations and standards on a worldwide level. On this basis, gaps will be identified
and suggestions will be made on how to solve fragmentation. Potential conflicts between codes, standards
and regulations will also be investigated and propositions to solve the conflicts will be made.
Projected total cost: €0.52 million
Maximum EC contribution: €0.5 million
Coordinator contact details: AVERE European Association for Battery, Hybrid and Fuel Cell Electric
Vehicles c/o VUB-TW-ETEC Brussels
E-mail: avere@vub.ac.be
Telephone: +32 2 629 2363
Telefax: +32 2 629 3620
http://www.avere.org
EC Scientific Officer: William Borthwick, E-mail: William.Borthwick@cec.eu.int
European Hydrogen Energy Roadmap (HyWays)
The final output of HyWays will be the development of an agreed set of overall policy guidelines and
industrial targets reflecting consensus of the HyWays stakeholders. This will address:
• Greenhouse gas (GHG) emission reduction goals derived from the Kyoto Protocol and beyond
• Energy diversification in order to reduce dependency on finite energy sources which are
increasingly becoming concentrated in a few politically sensitive world regions
• Anticipated market shares of FC/ICE hydrogen vehicles (offroad as well as on-road), marine
applications and equipment, and the consequential impact on industrial competitiveness and
employment
Projected total cost: €7.9 million
Maximum EC contribution: €4 million
Coordinator contact details: Dr Reinhold Wurster c/o L-B-Systemtechnik GmbH, Ottobrunn, Germany
Telephone: +49 89 6081 1033
E-mail: coordinator@hyways.de
Project website: http://www.HyWays.de
EC Scientific Officer: William Borthwick, E-mail: William.Borthwick@cec.eu.int
Realising reliable, durable, energy-efficient and cost-effective SOFC systems (Real-SOFC)
In close co-operation between industry and research institutions, the following steps are to be
accomplished:
- improved understanding of ageing in planar SOFC stacks, taking into consideration all modes of
operation, including long-term testing over 10 000 hours, thermal cycling up to 100 cycles, and the
influences of fuel composition; these results will flow into:
- adaptation of materials and protective coatings in order to reduce ageing to well below
0.5%/1 000 hours, the modified materials then are used in:
- manufacturing of improved components under commercial conditions and subsequent
characterization in long-term and cycling tests.
Projected total cost: €18.3 million
Maximum EC contribution: €9 million
Coordinator contact details: Dr. Robert Steinberger-Wilckens, Project Fuel Cells Forschungszentrum
Jülich GmbH, Jülich, Germany
Telephone: +49 2461 61 5124
Telefax: +49 2461 61 4155
E-mail: r.steinberger@fz-juelich.de
EC Scientific Officer: Hugues Van Honacker, E-mail: Hugues.Van-Honacker@cec.eu.int
Development of low temperature and cost effective solid oxide Fuel Cells (SOFCSPRAY)
The main objectives of the project are to reduce the working temperatures of planar SOFC from 1 000CREATING//TR/WP06/M06.02/ECN/17-06-05/version 0.2/
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800°C to 650-700°C and their manufacturing costs by 50% by using new powders and advanced thermal
spraying techniques. In order to achieve these objectives new powders will be developed for use in the
development of materials for the fuel cell elements. For manufacturing SOFC, technology will be used
high-velocity oxy-fuel (HVOF) spraying and a novel micro plasma spraying (MPS).These two spray
techniques have not been used so far for design and development of the SOFC elements, and will enable
the manufacture low-temperature and cost-effective SOFC. There will be provided Characterisation of the
developed powders will be pointed and they will be optimised to meet the requirements and specifications
of industrial partners.
Projected total cost: €1.19 million
Maximum contribution: €0.6 million
EC Scientific Officer: Nathalie Legros, E-mail: Nathalie.Legros@cec.eu.int
Further improvement and system integration of high temperature polymer electrolyte membrane
fuel cells (FURIM)
The main goal of the project is a 2kWel HT-PEMFC stack operating in a temperature range of 120-220°C,
with a single cell performance target of 0.7 A/cm_ at a cell voltage around 0.6 V. The durability will be
more than 5 000 hours. A hydrocarbon reformer and a catalytic burner will be developed and integrated
with the stack.
Projected total cost: €6.1 million
Maximum EC contribution: €4 million
Coordinator contact details: Prof. Niels J. Bjerrum, Department of Chemistry, Technical University of
Denmark, Lyngby, Denmark
Telephone: +45 4525 2307
Telefax: +45 4588 3136
E-mail: njb@kemi.dtu.dk
EC Scientific Officer: Hugues Van Honacker, E-mail: Hugues.Van-Honacker@cec.eu.int
table B- 5: Fuel cells in FP6 projects
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Other
Education
Education

SODETEG
SA
SOCIÉTÉ
D'ETUDES
TECHNIQUES ET D'ENTREPRISES GÉNÉRALES
Technische Universität Clausthal
University of Cambridge

Research

Completed
Completed
Completed

Completed

Research
Research
Other
Research
Industry
Industry

RECHERCHE
Research
Other
Other
Industry

LA

CENTRE NATIONAL
SCIENTIFIQUE
Danionics A/S
ECOFYS B.V.
Electronic Parts ApS

DE

Other
Industry
Industry
Other

Organisation Type

Prime Contractor Organisation
Alcatel Alsthom Recherche
Belt Electric PC
Bertin et Cie S.A.
BG PLC
Brandstofcel Nederland BV

Completed
Completed
Completed
Completed
Completed
Completed

Project Funding

ENERGY RESEARCH CENTRE OF THE
NETHERLANDS
FRAUNHOFER-GESELLSCHAFT
ZUR
FOERDERUNG
DER
ANGEWANDTEN
FORSCHUNG E.V.
GERMAN AEROSPACE CENTRE
HALDOR TOPSOEE A/S
RISOE NATIONAL LABORATORY
Saft SA
Siemens AG

Completed
Completed
Completed
Completed

Project Status
Completed
Completed
Completed
Completed
Completed
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FRANCE
GERMANY
UNITED KINGDOM

GERMANY
GERMANY
DENMARK
DENMARK
FRANCE
GERMANY

NETHERLANDS

FRANCE
DENMARK
NETHERLANDS
DENMARK

Country
FRANCE
DENMARK
FRANCE
UNITED KINGDOM
NETHERLANDS

TEKES – National Technology Agency of Finland, Tekes is the main public funding organisation for research and development in Finland. This agency creates a
database with projects funded by EC. This project collection is provided as a xls. file at address: http://www.tekes.fi/eu/rela/densy/DENSY%20EU-hankkeet.xls [3].
We extract from this database only projects referring to fuel cells and these projects are presented in table 6.
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THE
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Research
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OF

ENERGY RESEARCH CENTRE
NETHERLANDS
ROLLS ROYCE PLC
FEV MOTORENTECHNIK GMBH
DAIMLERCHRYSLER AG
IRD FUEL CELL A/S
ALSTOM UK LTD.

Completed
Execution
Execution
Completed
Execution
Execution

MERCATOX
MF-SOFC
NFCCPP
PMFP
PORTAPOWER
PROCON

1.62 million euro
1.19 million euro

1.40 million euro

2.07 million euro
208895.00 euro
2.19 million euro

Research
Research
Education
Education
Research
Other
Education
Other
Research

Execution
Completed
Completed
1.17 million euro
Execution
1.18 million euro
Execution
Execution
Completed

FCTESTNET
FHIRST
FUCHSIA
FUEL-SAVE
H2-MINIPAC
HIGHFLOW
HYDROFUELER
IM-SOFC-GT
IT-SOFC TECHNOLOGY

16875.00 euro
1.80 million euro
2.36 million euro

Industry
Other

CPS2FCS
DIRECT
EIHP2

SITCHTING
EUROPEAN
NATURAL
GAS
VEHICLE ASSOCIATION
ALLPPS FUEL CELL SYSTEMS GMBH
L-B-SYSTEMTECHNIK GMBH
COMMISSION
OF
THE
EUROPEAN
COMMUNITIES
SYDKRAFT AB
UNIVERSITY OF BIRMINGHAM
University of NOTTINGHAM
COMMISSARIAT A L'ENERGIE ATOMIQUE
ARTHUR JACKSON & COMPANY LTD
UNIVERSITY OF WARWICK
ROLLS ROYCE PLC
Ceram Research - British Ceramic Research Ltd.

Completed
Execution
Execution

1MWSOFC
50PEM-HEAP
ASTOR
CAFUCEL
CERMOX
CITYCELL
CLETEPEG
CORE-SOFC
1.61 million euro
2.00 million euro

Research
Other
Research
Other
Other
Other
Other
Other
Education
Research

Zentrum für Sonnenenergie- und WasserstoffForschung,Baden-Württemberg
2S SOPHISTICATED SYSTEMS LIMITED
Energie Baden-Württemberg AG
IRD FUEL CELL A/S
VOLKSWAGEN AG
2S SOPHISTICATED SYSTEMS LIMITED
DEGUSSA AG
IRISBUS FRANCE
THE UNIVERSITY OF LIVERPOOL
FORSCHUNGSZENTRUM JUELICH GMBH

Completed
Completed
Execution
Execution
Execution
Execution
Execution
10.92 million euro
Execution
Execution
22500.00 euro
3.89 million euro
1.39 million euro
1.20 million euro
718000.00 euro
2.05 million euro

Education

University of Sussex

Completed
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NETHERLANDS
UNITED KINGDOM
GERMANY
GERMANY
DENMARK
UNITED KINGDOM

NETHERLANDS
SWEDEN
UNITED KINGDOM
UNITED KINGDOM
FRANCE
UNITED KINGDOM
UNITED KINGDOM
UNITED KINGDOM
UNITED KINGDOM

NETHERLANDS
GERMANY
GERMANY

GERMANY
UNITED KINGDOM
GERMANY
DENMARK
GERMANY
UNITED KINGDOM
GERMANY
FRANCE
UNITED KINGDOM
GERMANY

UNITED KINGDOM

Execution

Execution
Execution

SCIFI

SOFCNET
VIRTUAL FC POWER PLA

1.68 million euro
3.12 million euro

299944.00 euro

1.09 million euro
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B.1.4. Some conclusions
Research in fuel cells are more focused on road transport and less on waterway transport. In the last years
many studies and projects tried to find the possibilities to apply fuel cell technologies in ships propulsion and
analysed this large domain in many of its sides. One of them is “Maritime Fuel Cell Applications” [6] and
this study offers an optimistic view on the fuel cells future in ships propulsion despite the barriers existent
today. According to this study, fuel cells will be applied at least in two types of vessels: commercial ships
and naval surface vessels.
Fuel Cell Technology for SHIPs (FCSHIP) [5] is one of the first major European RTD project on fuel cell
application in ships. To apply fuel cells in navigation implies specific design of fuel cells in accordance with
operation condition of vessels and in the some time major changes in ships construction.
B.2. Demonstrator ships with fuel cells
Although the use of fuel cells on board surface ships is still in the development stage there are some
demonstrator ships based on these technology. Some of this ships [7] are presented below and they are a
strong argument that fuel cells are a promising technology for the next years.

B.2.1. EIVD Hydroxy fuel cell boat - 22.01.2004 [7]

figure B- 1: EIVD Hydroxy fuel cell boat - 22.01.2004 [7]
Description: The IESE Institute at the EIVD (Ecole d'ingenieurs du Canton de Vaud) developed a small
boat, the Hydroxy100, which was the first boat in Switzerland of this type powered by a 100W
PEM fuel cell. The EIVD then decided to develop a second prototype, the Hydroxy300 with a
300W PEM fuel cell. evelopment, The latest development is the Hydroxy3000 (3kW PEM)
which allows the transport of passengers.
EIVD
Source:
Copyright: EIVD
CREATING//TR/WP06/M06.02/ECN/17-06-05/version 0.2/
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B.2.2.

The Orcelle, a Fuel Cell Powered Container Ship - 15.03.2005 [7]

figure B- 2: The Orcelle, a Fuel Cell Powered Container Ship - 15.03.2005 [7]
Description: This futuristic design is from Wallenius Wihelmsen, a major shipping company, who are
CREATING//TR/WP06/M06.02/ECN/17-06-05/version 0.2/
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working on building sustainable ships for the future.
The Orcelle, which is French name for for Irrawaddy dolphin, is powered by solar panels and
wave power to produce the hydrogen for the fuel cell. The ship is, unfortunately, still only on
paper with no plans to build a working prototype. The company though is working on designs
which should come to fruition within the next 20 years.
Wallenius Wihelmsen
Source:
Copyright: Wallenius Wihelmsen

B.2.3. HaveBlue sailboat
The HaveBlue XV1 sailboat prototype, XV1 sailboat demonstrator shown in figure B- 3, has been launched
and is due for extensive trials during 2005. The current 2005 cost of the fuel cell system is, according to
HaveBlue, US$300,000 - $500,000, which is predicted to be substantially reduced over the next six years.
Commercial models are expected in 2006. HaveBlue’s current fuel cell is a Hydrogenics 10kW HyPM PEM
unit. It supplies hydrogen from metal hydride storage system [13].

figure B- 3: HaveBlue – demonstrator ship - On-board “infrastructure” [13]

B.2.4. Sailing yacht No. 1 [10], [11]
MTU Friedrichshafen (Germany), a subsidiary of DaimlerChrysler specialising in marine engines (as well as
majority shareholder in molten carbonate fuel cell company MTU CFC Solutions), unveiled a fuel cell
powered sailing boat in October 2003. Demonstrated on Germany’s Lake Constance the boat “No.1” is
equipped with a PEM fuel cell which replaces conventional diesel or gasoline engines. The fuel cell
generates around 4kW although peak power is 20kW, owing to hybridisation with batteries. The fuel cell
unit, called “CoolCell”, is a modular system, using various Ballard Power fuel cell units that work in a low
temperature region of around 65°C. Else to the fuel cells the system consists of nine lead-acid batteries, an
electro motor for the propulsion, hydrogen tanks and control units. At a normal cruising speed of around
6km/h, the boat has a driving range of 225km, at a speed of 12 km/h around 25 km.
The system works with absolutely no emissions and nearly emission-, vibration- and odour-free what is an
important criterion in the market segment of yachting.

CREATING//TR/WP06/M06.02/ECN/17-06-05/version 0.2/
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It was designed following the internationally valid regulations by the Germanische Lloyd and is CE certified
according to the recreational craft guideline of the European Union (94/25/EC).
A picture of the sailing yacht “No. 1” is shown in figure B- 4.

figure B- 4: MTU sailing yacht No. 1 with fuel cell propulsion [12]

B.2.5. Fuel cell ferry for the San Francisco Bay Area [10], [13], [14]
In a large number of cities and towns worldwide, water taxis and ferries operate on a daily basis, working set
routes, with known transport times and well understood fuel needs. These are amongst the reasons that
enabled the San Francisco Bay Area Water Transit Authority to decide to design, build and run a hybrid Fuel
Cell Ferry, with US$2.5 million in federal funding, from a total project budget of US$4.6 million.
The 149 passenger demonstration ferry is due to be built during 2005 and will run between San Francisco
and Treasure Island.
The fuel cell system provided by the US Company Anuvu shall consist of 20 serial connected PEM-fuel
cells, each with a power output of 12 kW.
The ferry's 240 kW fuel cell will utilise a metal hydride battery to absorb and store hydrogen, and will be
used to provide primary propulsion.
The ferry shall at first not operate in regular service but rather serve as a demonstration vehicle which will
hopefully lead to additional fuel cell vessels in the future. The project is also looking into a renewable energy
infrastructure to produce the hydrogen.

B.2.6. Demonstrator for marine application of fuel cells by HFCS [10], [15], [16]

CREATING//TR/WP06/M06.02/ECN/17-06-05/version 0.2/
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HDW - Fuel Cell Systems (HFCS, Germany) was established in 2002 by German shipyard HDW (Kieler
Howaldtswerke-Deutsche Werft AG). Objective of the HFCS is to develop environmentally friendly fuel
cell systems for civil and military applications.
To demonstrate the application possibilities for fuel cells in the marine sector it is planned to build a marine
fuel cell system using Siemens PEM fuel cells with a power output of 160 kW. For flexible applications on
board of ships, the system shall be integrated into a 20 feet container.
This container shall contain the fuel cells and all systems that are necessary for the control and monitoring of
the power generation as well as converters that allow the feed of the on-board power supply with electric
current with the requested frequency and voltage.
The development of applied safety technology and the certification of the system shall be executed by the
German Lloyd.

figure B- 5: Model of the containerised 160 kW fuel cell stack by HFCS [15]
B.3. Potential fuel cell applications in inland shipping [15], [17]

There are a number of reasons why a high rate of adoption of fuel cells in marine applications is possible.
Most of those reasons come from the consumer and government side, and not from industry. These drivers
include:
• Increasing concern and legislation to reduce marine based harbour pollution
• A history of early adopters, for example the use of GPS systems
• The increase in the top-end luxury cruising market
• The movement in the USA and Canada to create electric only lakes
It seems that fuel cells are suited to fulfil these demands in the following applications in merchant vessels:
• Emergency power supply
• Environmentally friendly energy generation especially in strongly polluted areas like harbours or
environmentally sensitive areas
• Energy generation, propulsion power for vessels with high requests for noise reduction
CREATING//TR/WP06/M06.02/ECN/17-06-05/version 0.2/
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•

Propulsion power for vessels with vessels loaded with hydrogen or methane

It is obvious that three of those four points are regarding auxiliary power units what is also the direction most
of the research activities are going to since the power requirements for those units are lower than those for
propulsion power.
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ANNEX C: HINDENBURG ACCIDENT
The paint of the “Hindenburg” hull consisted of a layer of iron oxide followed by five layers of cellulosebutyrate-acetate with included aluminium powder. It was used as protection against humidity and rottenness,
as stiffener for the fabric, for impermeability and reflexion of sunlight, but it also had the (in 1937 unknown)
attribute of high flammability. The chemical consistency is in fact comparable to the fuel of solid rockets.
Another attribute of this paint was its low electric conductivity what hampers the reduction of possible
differences in the electric potential.
In the approach to the landing spot in Lakehurst the “Hindenburg” flew through thundery air films. The
airship adopted the potential of those air films that differed significantly from that of the ground. When the
wet ropes that were connected to the aluminium frame were thrown to the ground a conducting connection
was built up. Consequently the aluminium frame gained the same electric potential as the ground while the
hull kept the potential it had before. This potential difference caused either an electric spark or a heating up
of the connections (that were bad conductors as well) between the hull and the frame during the reduction of
the potential difference. This finally ignited the hull of the “Hindenburg”.
This shows that the fire was not caused by the Hydrogen that it was filled with, but the highly flammable
hull. The hydrogen did burn as well, but only for a short period of time.
It is not exactly clear why the rumour was spread, that the hydrogen caused the fire. The most likely reason
is that the NS regime feared the disgrace that would have occurred when the true reason would have become
public.

CREATING//TR/WP06/M06.02/ECN/17-06-05/version 0.2/
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ANNEX D: INFORMATION ABOUT HYDROGEN STORAGE IN METAL HYDRIDES FROM
HERA HYDROGEN STORAGE SYSTEMS
Source: www.herahydrogen.com
One of the key challenges of the Hydrogen Economy is that of hydrogen storage. Without a cost-effective,
compact and safe solution to the storage of hydrogen on-board, the promises of clean and safe energy supply
will not significantly materialize in the transportation sector and in other applications of the new Hydrogen
Economy.
Hydrides are amazing materials that absorb and desorb hydrogen. This property, along with their pressure
and temperature attributes, makes hydrides an ideal material for several applications.
For hydrogen storage applications, hydrogen storage capacity and performance are key. For non-storage
applications such as cooling and heating and hydrogen compression, the capacity to rapidly provide heat to
the hydrides and to operate at high temperatures is critical.
Hydrides can be used to store hydrogen in modules or tanks of various designs.
Several other applications of hydrides are possible depending on the use of hydride modules together or in
conjunction with other elements and on the ability of the hydride modules to quickly and efficiently transfer
hydrogen and heat.

HERA’s USA subsidiary has been developing product capabilities for more than twenty years and has
significant IP and expertise in these areas. The benefits: innovative, environmentally friendly and costeffective solutions for use in automotive, industrial and commercial markets.
Hydrides are materials consisting of metals or other elements and hydrogen. Hydride technology as a means
to store hydrogen has been researched and demonstrated in a variety of applications for over thirty years.
Metal hydrides have generally been used up to now for hydrogen storage. They have also been used
commercially in nickel metal hydride batteries, which are advanced batteries extensively used in electronic
applications as well as more recently in hybrid electric vehicles such as the Toyota Prius.
Metal hydrides are metallic compounds produced in much the same way as other metal alloys but have one
differentiating factor. When exposed to hydrogen at certain pressures and temperatures, they absorb large
quantities of the gas. When molecular hydrogen from the hydrogen gas comes into contact with the surface
of a hydrogen storage metal hydride material, it dissociates into atomic hydrogen and distributes compactly
throughout the metal lattice as shown below. Metal hydride compounds are thus formed, allowing for the
absorption of hydrogen in the materials, while heat is simultaneously released in the process.The use of nonmetal elements and other components is currently being extensively researched in order to increase the
hydrogen storage capacity of the materials.
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Conversely, hydrogen is released (desorbed) when heat is applied to the materials. In addition to hydrogen
storage, hydrides can hence be used to design heating and cooling systems.
HERA has largely focused its activities on storage tanks for automotive and other vehicular applications and
anticipates pre-commercial automotive storage tanks in the next few years.
Prototypes, starting with existing hydrides, will evolve over the next couple of years for demonstration with
partners in selected transportation applications: off-road vehicular applications such as mining vehicles,
forklifts, marine applications, airport equipment, etc.
HERA has also developed prototypes of hydrogen storage canisters for low power applications. Further
development of these canisters will be performed on a project by project basis depending on market
opportunities.
A full line of standard canisters is planned once codes, standards, and other regulatory processes governing
their use are fully understood and in place.

Hydrogen storage utilizing hydride technology offers several benefits over conventional technology:
• High Volumetric Energy Density / Compact
• Low Pressure Operation
• Refilling at low pressure from electrolysers or gaseous H2 with no need for high pressure compressor
• Efficient Integration and Flexible Tank Design
• Use of waste heat from fuel cell or H2 engine can reduce system cooling
• Potential for flexible tank design for ease of integration into propulsion system or power generator
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