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3 PHASE DIAGRAM HYDROGEN

The critical temperature and critical pressure characterise the 
critical point of a substance. For hydrogen the critical point 
is approximately –240°C or 33.15 K and 13 bar. At the 
critical point of a substance the liquid and gas phase merge. 
At the same time, the critical point marks the upper end of 
the vapour-pressure curve in the pressure-temperature phase 
diagram. The critical density at the critical point is 31 grams 
per litre (g/l).

The melting point, at which H2 changes from the liquid to the 
solid state of aggregation, is –259.19°C or 13.9 K under 
normal pressure and is thus slightly lower again than the 
boiling point. This means that only the noble gas helium has 
lower boiling and melting points than hydrogen.

The triple or three phase point of a substance is the point in 
the phase diagram at which all three states of aggregation 
are in thermodynamic equilibrium; for hydrogen this point is 
at –259.19°C and 0.077 bar. The triple point is also the 
lowest point of the vapour-pressure curve. The vapour-pres-
sure curve indicates pressure-temperature combinations at 
which the gas and liquid phases of hydrogen are in equi-
librium. To the left of the vapour-pressure curve hydrogen is 
liquid, to the right it is gaseous. To the right of and above 

During the 1970s, under the impression of dwindling and 
ever more expensive fossil fuels, the concept of a (solar) 
hydrogen economy was developed, with H2 as the central 
energy carrier. Since the 1990s, hydrogen and fuel cells 
have made huge technical progress in the mobility sector. 
After the turn of the century, not least against the background 
of renewed global raw material shortages and increasingly 
urgent questions of sustainability, the prospects for a hydro-
gen economy were considered once again (Rifkin 2002). 

More recently, the focus has increasingly been on hydrogen’s  
role in a national and global energy transition. Within this 
context, the value added of hydrogen (from renewable ener-
gies via electrolysis) in an increasingly electrified energy 
world has also been subject to discussion. Nevertheless, an 
important role is envisaged for hydrogen – especially as  
a clean, storable and transportable energy store – in an 
electricity-based energy future (Nitsch 2003; Ball/Wietschel 
2009).

Almost since its discovery, hydrogen has played an important 
part in contemporary visions of the future, especially in  
relation to the energy industry and locomotion.

As early as 1874, the French science fiction writer Jules Verne 
(1828 – 1905) in his novel “L’Île mystérieuse” (The Mysteri-
ous Island) saw hydrogen and oxygen as the energy sources 
of the future. In his vision, hydrogen would be obtained by the 
breaking down of water (via electrolysis). Water, resp. hydro-
gen, would replace coal, which at the time was the dominant 
energy source in the energy supply industry. 

In the 1960s, the successful use of hydrogen as a rocket 
propellant and of fuel cells to operate auxiliary power units 
in space – especially in the context of the US Saturn/Apollo 
space travel programme – provided further impetus to the  
fantasies surrounding hydrogen. Also in the 1960s, first  
passenger cars were fitted with fuel cells as basic prototypes 
resp. technology demonstrators. 

1.3 PROPERTIES OF HYDROGEN
Under normal or standard conditions, 
hydrogen is a colourless and odourless 
gas. Hydrogen is non-toxic and is not 
causing environmental damage – in that 
respect it is environmentally neutral.

In terms of the properties of substances, a 
distinction is made between physical and 
chemical properties. Physical properties are 
determined by measurement and experi-
mentation, while chemical properties are 
observed by means of chemical reactions. 
One of the most important chemical prop-
erties of energy sources is the behaviour 
of the substance when it is burned (redox 
behaviour), either in a hot conversion 
process or by cold electrochemical com-
bustion. Physical and chemical properties 
of substances influence both the use and 

usefulness of a substance and the way in 
which it is handled; that applies in particu-
lar also to the safe handling and storage of 
energy sources such as hydrogen.

PHYSICAL PROPERTIES

Hydrogen – by which both here and 
below we mean dihydrogen or equilibrium 
hydrogen mixtures (H2) – exists in gaseous 
form under normal conditions. For a long 
time hydrogen was believed to be a 
permanent gas, which cannot be converted 
into either of the other two states of aggre-
gation, i.e. liquid or solid (Hollemann/
Wiberg 2007).

In fact its boiling point is very low, at 
–252.76°C; this is close to the absolute 
zero temperature of –273.15°C and cor-
responds to 20.3 Kelvin (K) on the absolute 

temperature scale. Below this temperature 
hydrogen is liquid under normal pressure of 
1.013 bar, above this point it is gaseous. 

The state of aggregation is dependent not 
only on temperature, however, but also on 
pressure. Gases can thus also be liquefied 
by raising the pressure. However, there is 
a critical temperature above which a gas 
can no longer be liquefied, no matter how 
high the pressure. In the case of hydrogen 
the critical temperature is –239.96°C 
(33.19 K). If hydrogen is to be liquefied, its 
temperature must be below this point. 

Similarly, once it reaches a sufficiently 
high pressure, a gas can no longer be 
liquefied, even by lowering the temperature 
further. This pressure is known as the critical 
pressure, and for hydrogen it is 13.1 bar. 

the critical point, hydrogen becomes a supercritical fluid, 
which is neither gaseous nor liquid. Compared with that 
of methane, the vapour-pressure curve of hydrogen is very 
steep and short – over a small temperature and pressure 
range. As a consequence, liquefaction takes place primarily 
by cooling and less so by compression. By contrast, the 
compressed storage of hydrogen (at 350 or 700 bar) 
always takes place as a supercritical fluid.

In connection with temperature and pressure changes, 
a special feature of hydrogen that has to be taken into 
consideration is its negative Joule-Thomson coefficient: when 
air expands under normal conditions, it cools down – an 
effect which is used in the liquefaction of gases, specifically 
in the Hampson-Linde cycle for the cryocooling of gases. 
Hydrogen behaves quite differently: it heats up when its flow 
is throttled. Only below its inversion temperature of 202 K 
(approx. –71°C) does hydrogen demonstrate a “normal” 
Joule-Thomson effect. By contrast, for the main constituents of 
air, nitrogen and oxygen, the inversion temperature is 621 K 
and 764 K respectively.

Density is a physical quantity that is defined by the ratio 
of mass per volume. Gases have a very low density in 
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Vision of a hydrogen economy is not new
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Firstly, hydrogen occurs as a by-product in 
the catalytic reforming of naphtha. With 
the hydrogen obtained from reforming, the 
oil products, which still have a high sulphur 
content after distillation, are desulphurised 
by hydrotreating in the presence of a 
catalyst. Here the oil products are heated 
together with hydrogen, and the hydrogen 
sulphide that forms from sulphur and hydro-
gen is drawn off. 

In hydrocracking, by contrast, the aim is 
to increase the product yield. To this end, 
long-chain hydrocarbons are heated and 
converted into shorter-chain hydrocarbons 
with the aid of hydrogen and in the 
presence of catalysts. Furthermore, hydro- 
cracking makes it easier to remove product 
impurities. Since the amount of hydrogen 
obtained from naphtha reforming is no 
longer sufficient for hydrotreatment and 
hydrocracking in refineries, the necessary 
hydrogen must be specifically produced – 
by natural gas steam reforming or partial 
oxidation of (heavy) fuel oil. In the future, 
the hydrogen needed for fuel production 
could also be produced by electrolysis from 
renewable energies (“green hydrogen”).

It is expected that there will be a further 
rise in hydrogen demand in refineries 
worldwide. One reason for this trend 
is the endeavour to achieve greater 
processing depths for each barrel of crude 
oil. Another are the worldwide increasing 
quality requirements for fuels (e.g. freedom 
from sulphur and metals), especially in the 
emerging markets (IEA 2016b); better fuels 
are needed to comply with more stringent 
engine standards and stricter exhaust gas 
regulations.

Finally, not only mineral oils, but also 
vegetable oils can be hydrogenated. 
The latter can either be hydrogenated in 
refineries together with fossil intermediates 
(co-hydrogenation) or in separate biofuel 
plants. Hydrogenated Vegetable Oil 
(HVO) is a fungible paraffinic fuel com-
parable to Diesel fuel. The hydrogenation 
process is also used in food chemistry to 
harden oils and fats and in the plastics 
industry for polymer production.

AMMONIA (FERTILISERS)

The most important hydrogen-nitrogen com-
pound is ammonia (NH3), also known as 
azane. Technically, ammonia is obtained 
on a large scale by the Haber-Bosch 
process. This process combines hydrogen 
and nitrogen together directly by synthesis. 
To this end, the starting materials nitrogen 
and hydrogen must first be obtained. In 
the case of nitrogen this is achieved by 
low-temperature separation of air, while 
hydrogen originates today from natural gas 
steam reforming.

Ammonia is synthesised at temperatures 
of 500°C and pressures of 200 bar. As 
triple-bonded atmospheric nitrogen (N2) is 
very unreactive, the presence of an iron-
based catalyst is required. The elements 
hydrogen and nitrogen react together in 
the proportion 3:1 in accordance with the 
following reaction equation: 

3 H2 + N2 → 2 NH3

The yield of the Haber process, i.e.  
the conversion rate of nitrogen (N2) to 
ammonia (NH3) is modest, at below 20 %; 
so substantial recycling of unreacted gases 
occurs. 

Ammonia itself is a colourless gas with a 
pungent odour. It is readily water-soluble. 
Almost 90 % of ammonia goes into fertiliser 
production. For this purpose, a large part of 
the ammonia is converted into solid fertiliser 
salts or, after catalytic oxidation, into nitric  
acid (HNO3) and its salts (nitrates) (Holle- 
mann/Wiberg 2007; Mortimer/Müller 
2010). 

Owing to its high energy of evaporation, 
ammonia is also used in refrigeration plants 
as an environmentally friendly and inexpen-
sively produced refrigerant; its technical 
name is R-717. 

REFINERIES

In refineries, crude oil is processed by 
various methods into oil products such as 
naphtha, petrol and diesel fuels, heating 
oil and aviation fuels. Following distillation 
(heating), other refining processes are used 
in order to obtain the desired products 
and product qualities. Hydrogen plays an 
important part in some refinery processes. 

Hydrogen is a highly versatile basic chem-
ical, which is used in chemical production 
and industry to produce, process or refine 
intermediates and/or end products. It is 
estimated by (Zakkour/Cook 2010) that 
between 45 Mt/a and 50 Mt/a of hydro-
gen are produced worldwide, and around 
7.8 Mt/a are used in Europe (Le Duigou et 
al. 2011). 

19  GLOBAL USAGE OF HYDROGEN

4.1  MATERIAL AND INDUSTRIAL 
APPLICATIONSshould have high safety margins and be fitted with relief valves. 

Ignition sources must be avoided.

Since hydrogen is lighter than air, it escapes upwards.  
Therefore hydrogen should either be stored in the open air 
or, if in enclosed spaces, with good aeration and ventilation. 
Hydrogen sensors also increase safety.

Since hydrogen molecules are very small, they can diffuse 
through many materials. For steel tanks this is less of a  
problem. Modern composite materials can be protected 
against hydrogen diffusion and material embrittlement by 
means of appropriate coatings, materials and suitable  
operating conditions.

Hydrogen has only a very low volumetric energy density, which 
means that it has to be compressed for storage and transporta-
tion purposes.

The most important commercial storage method – especially for 
end users – is the storage of hydrogen as a compressed gas.  
A higher storage density can be achieved by hydrogen  
liquefaction. Novel materials-based storage media (metal 
hydrides, liquids or sorbents) are still at the R&D stage.

The storage of hydrogen (e.g. for compression or liquefaction) 
requires energy; work is in progress on more efficient storage 
methods.

Unlike electricity, hydrogen can be successfully stored in large 
amounts for extended periods of time. In long-term underground 

storage facilities hydrogen can take on an important role as a 
buffer store for electricity from surplus renewable energies.

At present, hydrogen is generally transported by lorry in  
pressurised gas containers, and in some cases also in cryogenic 
liquid tanks. Moreover, local/regional hydrogen pipeline  
networks are available in some locations.

In the long-term, the natural gas supply infrastructure (pipelines 
and underground storage facilities) could also be used for the 
storage and transportation of hydrogen.

Liquid hydrogen is suitable for long-distance transport, com-
pressed gaseous hydrogen is suitable for shorter distances in 
smaller amounts, while pipelines are advantageous for large 
volumes.

4 APPLICATIONS

Since hydrogen practically only exists on Earth in a combined 
form, in order to be used it must first be produced by means of 
an elaborate process. But what exactly is hydrogen produced 
for? What are its most important areas of application?

In fact there are many possible applications for the element 
hydrogen. It has two main areas of use: material applications 
and energy applications. Material applications of hydrogen 
involve the further processing or refining of other substances 
or intermediates with the aid of or by adding hydrogen. 
In most cases special processes are required, which bring 
about the desired results through pressure, temperature and 

reaction-promoting catalysts. Its use as an energy source involves 
using the energy contained in hydrogen to produce higher-value 
energy (electricity), heat and (finally) also mechanical energy. 
Here too there are a number of different usage pathways, which 
are in turn dependent on the energy conversion technology used. 

This chapter begins by describing the most important material 
hydrogen applications in industry. It then looks at the options 
for energy usage and analyses the most important conversion 
technology – namely the fuel cell and its various design types – 
in more detail.

Hydrogen is used in large quantities for 
chemical product synthesis, especially to 
form ammonia and methanol. Refineries, 
where hydrogen is used for the processing 
of intermediate oil products, are another 
area of use. Thus, about 55 % of the hydro-
gen produced around the world is used 
for ammonia synthesis, 25 % in refineries 
and about 10 % for methanol production. 
The other applications worldwide account 
for only about 10 % of global hydrogen 
production. 

It is not always possible to draw final 
conclusions from the amount of hydrogen 
used about its relevance in specific pro-
duction processes and/or its commercial 
importance in a given application area. 
Only a small part of global hydrogen 
production (approx. 4 %) is traded freely 
(Yergin et al. 2009). 

This section briefly describes the most 
important industrial processes and areas  
of material use of hydrogen.

IN SUMMARY
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3  STORAGE AND TRANSPORTATION

Applications in industries �����

Stationary applications �	���

Less expensive alternatives to LH2/LOX are 
solid fuels and liquid fuels – such as Rocket 
Propellant-1 (RP-1), a highly refined light 
middle distillate from the jet fuel family (JP-4). 
Liquid hydrocarbons (RP-1) or solid rocket 
propellants have a higher volumetric density 
than hydrogen, and this has a beneficial 
impact on the size of the fuel tank. They 
are also usually less expensive and easier 
to handle than hydrogen. However, their 
specific impulse is much lower and, unlike 
hydrogen in combination with oxygen, 
when they are burned they also produce 
greenhouse gases and air pollutants, some 
of which – in the case of solid fuel rockets – 
also contain toxic substances.

Other than as a rocket propellant, hydro-
gen has been used in space travel for more 
than forty years in fuel cells. In most cases 
these are alkaline fuel cells (AFCs), which 
run on the liquid hydrogen and oxygen that 
is carried anyway for propulsion purposes. 
They supply both electricity and heat as 
well as water for the on-board systems on 
spaceships.

The rocket propellant LH2/LOX has been 
tried and tested extensively in space travel 
and has a high level of technical maturity. 
It has the great advantage that as well 
as being light, its high exit velocity of over 
4000 m/s (in a vacuum) also generates 
a high specific impulse. Moreover, the 
combination of LH2/LOX as a propellant is 
also environmentally advantageous, since it 
burns to form mostly water.

Owing to their advantages in space, LH2/
LOX are used primarily for the upper and 
main stages of rocket propulsion systems. 
Thus the main and upper stages of the 
European Ariane 5 launch vehicle carry 
around 185 t of LH2/LOX in total, in order 
to deliver a payload of up to around 20 or 
10 t into a lower or higher orbit of the Earth 
(Airanespace 2016). 

The use of hydrogen – both as a propel-
lant and as an on-board power source for 
spaceships – has a long tradition in space 
travel. Cryogenic liquid hydrogen (LH2) 
has been used as a rocket propellant and 
energy store for the on-board power supply 
since the 1950s/1960s. The propulsion 
and power supply systems used in space 
travel have to satisfy strict requirements 
in terms of robustness, performance and 
safety.

In order to use hydrogen as a rocket 
propellant, an oxidant must be carried 
on-board too, since there is no atmospheric 
oxygen available in space. In most cases 
cryogenic liquid oxygen (LOX) is used. The 
propellant and oxidant are stored in sepa-
rate tanks. For the purposes of combustion 
the propellant and oxidant are pumped 
into a combustion chamber, mixed together 
and ignited by means of an ignition source. 
Combustion of the gas mixture produces 
a large amount of heat. The expansion of 
the reaction products and their expulsion 
through a nozzle generates thrust, which 
ultimately propels the rocket. 

means. The exception is space travel, which can be regarded 
both historically and technically as having provided the 
impetus for the development of hydrogen as a fuel for 
transportation and fuel cell technology.

hydrogen in internal combustion engines 
is that, in contrast to fuel cell systems, the 
efficiency of hot hydrogen combustion 
is (fundamentally) no higher than that of 
conventionally operated petrol and diesel 
engines (Eichlseder/Klell 2014).

For that reason, and also because of the 
technical advances that have been made 
in mobile fuel cell technology, for all 
practical purposes only cold combustion is 
now used in fuel cell systems in the mobility 
sector. The electrical energy generated 
from hydrogen in fuel cells can be used 
to drive motor vehicles or other means of 
transport. Moreover, small fuel cells can 
also supply electricity for ancillary compo-
nents or auxiliary power units in vehicles 
or other means of transport. This applies in 
particular to larger means of transport such 
as ships or aircraft, which in some cases 
require considerable amounts of energy or 
electricity for ancillary components. 

At the heart of the discussion are the state 
of and prospects for hydrogen and fuel 
cell systems for powering transportation 

Until recently hydrogen was regarded as 
a promising alternative fuel for internal 
combustion engines. In principle, heat 
engines have multi-fuel capability; i.e. they 
can process different liquid and gaseous 
fuels. And hydrogen is highly suited to use 
in internal combustion engines because 
of its material and combustion properties. 
Its broad ignition range and high flame 
velocity allow for improved combustion 
engine efficiencies. A further advantage of 
hydrogen as a fuel lies in its carbon-free 
combustion and significantly reduced 
air pollutant emissions in comparison to 
hydrocarbon fuels.

Up to about ten years ago, buses, vans 
and cars with hydrogen-propelled internal 
combustion engines were being developed 
as prototypes and low-volume production 
vehicles. A number of different engine con-
cepts and fuel mixing strategies were tested 
in this context. In the case of passenger 
cars and similar vehicles, only spark-ignition 
engines were used. In some cases they 
could even run on petrol too (bivalent 
engine). However, a disadvantage of using 

technology readiness of fuel cell technology, while not 
sufficient in itself, is a necessary prerequisite for market  
success in the respective mobility application areas.

The technological potential for the fuel cell/hydrogen com-
bination is assessed with respect to the requirements of each 
specific means of transport. Advantages and disadvantages 
of hydrogen and fuel cell transport applications in comparison 
with relevant alternative drive/fuel combinations are discussed. 
The chapter concludes with a summary of technology readi-
ness and the outlook for potential use of hydrogen (as a fuel) 
and fuel cells in transport.

Hydrogen can serve as an energy source for mobility purposes. 
As such hydrogen can be used as a combustion fuel in the 
internal combustion engine, currently the dominant energy 
converter in road transport. However, the most important 
and promising combination for the future of the energy and 
mobility industry is the fuel cell as energy converter and 
hydrogen as energy source.

This chapter examines the technical foundations for the use 
of hydrogen and fuel cells in the mobility sector, looking at 
each means of transport. Of particular interest is the state of 
technology development or readiness, because an adequate 

6  MOBILITY 
APPLICATIONS

The application options for hydrogen as a 
fuel for mobility can be differentiated firstly 
by the chemical form or bonding of hydro-
gen and secondly by the energy converter 
by means of which the energy stored in the 
hydrogen is made available.

In direct use, (pure) molecular hydrogen 
(H2) is used by the transportation means 
directly, i.e. without further conversion, as 
an energy source. In this case hydrogen 
can be used both in internal combustion 
engines and in fuel cells (fuel cell systems).

In indirect use, hydrogen is used to pro-
duce final energy sources or is converted 
by means of additional conversion steps 
into gaseous or liquid hydrogen-containing 
fuels. Such PtG (Power-to-Gas) and PtL 
(Power-to-Liquids) fuels can then in turn 
be used in heat engines. Use in fuel cells 
would also be possible (in some cases), 
using a reformer, but it is not economically 
viable.

SPACE TRAVEL

Market maturity  Established as a rocket propellant since the 1950s/1960s – with 
excellent reliability. Small “market” for launch vehicles with few 
applications.

Requirements Reliable, high-performance technology.

Advantages High specific impulse; clean combustion.

Disadvantages  Cooling (cryogenic); large tank volumes; high pump capacity 
of fuel pumps.

Alternatives  Liquid propellants (RP-1), gaseous propellants (methane)  
or solid propellants.

SPACE TRAVEL AT A GLANCE

6.1 APPLICATION OPTIONS 
AND MEANS OF TRANSPORT

39
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6 MOBILITY

Mobility applications�������
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4 IGNITION RANGE OF FUELS

68%
Gas

16%
Oil

11%
Coal

5%
Electricity

11%

Coal

5%

Electricity

16%

Oil Gas

68%

 E4tech 2014; own diagram

 E4tech 2014; own diagram

5 SHARE OF PRIMARY ENERGY CARRIERS IN GLOBAL HYDROGEN PRODUCTION

amounts of energy – in other words high 
temperatures – are needed to form new 
molecular bonds. Hydrogen exists almost 
entirely in atomic form only above a tem-
perature of 6,000 K. In addition to high 
temperatures, catalysts are also often used 
for chemical reactions involving hydrogen.

Molecular hydrogen (H2) is relatively inert. 
Nevertheless, by punctual heating of a 2:1 
hydrogen/oxygen mixture (oxyhydrogen 
gas) to approximately 600°C, a chain 
reaction can be started which leads to an 
explosive propagation of the temperature 
rise throughout the entire gas mixture.  
The water vapour formed by the high heat 
of reaction then achieves a much greater 
volume than the original hydrogen/oxygen 
mixture. The sudden propagation of the 
water vapour leads to a so-called  
oxyhydrogen or Knallgas reaction. 

For that reason, to avoid an oxyhydrogen/
Knallgas reaction when working with 
hydrogen, an oxyhydrogen gas sample 
should always be taken or oxygen should 
only be added to the hydrogen at the 
moment of ignition (Hollemann/Wiberg 
2007). Likewise, in gas mixtures containing 
hydrogen and chlorine gas or fluorine, the 
reaction to hydrogen chloride or hydrogen 
fluoride can result in explosive exothermic 
reactions.

Its chemical properties make hydrogen an 
excellent combustion and automotive fuel. 
Nevertheless, handling hydrogen requires 
care, and in particular compliance with 
safety regulations.

concentration of 4 vol%, the upper limit at 
77 vol%. The liquid and gaseous fuels that 
are currently in use have much lower  
ignition ranges. Only ethanol, which is 
contained in petrol for example, has a 
higher upper explosive limit, at 27 vol.%. 

Its combustion properties make hydrogen 
an interesting combustion fuel: If hydrogen 
were to be used in internal combustion 
engines, the broad ignition limits would 
allow for extremely lean air/hydrogen gas 
mixtures. While petrol engines run at a 
stoichiometric combustion air ratio (λ = 1) 
and modern diesel engines typically oper-
ate at λ = 2, lambda values of up to 10 
would be possible with hydrogen-operated 
combustion engines (Eichlseder/Klell 
2012). Lean combustion is more efficient 
than stoichiometric combustion and thus 
minimises fuel consumption.

The autoignition temperature of pure hydro-
gen is 585°C, which is higher than that of 
conventional fuels. However, the minimum 
ignition energy of 0.02 MJ is much lower 
than that of other fuels. Hydrogen is there-
fore classified as an extremely flammable 
gas. However, a simple electrostatic dis-
charge (with an energy of around 10 MJ) 
would also be sufficient to ignite almost any 
other fuel. The maximum flame velocity of 
hydrogen is 346 cm/s, which is around 
eight times higher than that of methane 
(43 cm/s). 

Regarding the thermal behaviour of hydro-
gen, it has been found that because of the 
strong bond between the hydrogen atoms 
of the hydrogen molecule, considerable 

comparison to liquid and solid substances. 
At a temperature of 0°C or 273.15 K, the 
density of hydrogen in its gaseous state 
is 0.089 grams per litre (g/l). Since air 
is around 14 times heavier than gaseous 
hydrogen, with a density of 1.29 g/l, 
hydrogen has a high buoyancy in the 
atmosphere. Hydrogen volatilises quickly  
in the open air.

Liquefaction plays an important part in the 
storage and transport of hydrogen as an 
energy source. In the liquid state at the boil-
ing point, at –253°C (20.3 K) and 1.013 
bar, hydrogen has a density of 70.79 g/l. 
At the melting point, at –259.2°C (13.9 K) 
and 1.013 bar, its density is 76.3 g/l 
(Hollemann/Wiberg 2007). 

Liquefaction increases the density of 
hydrogen by a factor of around 800, and 
the storage volume falls correspondingly. 
For the purposes of comparison, when 
Liquefied Petroleum Gas (LPG) is liquefied, 
the density or volume factor, depending 
on the proportion of butane/propane, is 
around 250; when methane is liquefied 
to form Liquefied Natural Gas (LNG), the 
factor is around 600 (Shell 2013, 2015). 

Another relevant feature of hydrogen is its 
extremely high diffusibility. As the lightest 
gas, hydrogen can diffuse into another 
medium, passing through porous material 
or even metals (Hollemann/Wiberg 
2007). This can also cause materials to 
become brittle. In storage, the high diffu-
sivity requires the use of special materials 
for the storage containers – for example 
austenitic steels or coatings with diffusion 
barrier layers. Otherwise, diffusion losses of 
the stored hydrogen can occur. 

CHEMICAL PROPERTIES

The most characteristic chemical property 
of hydrogen is its flammability (Hollemann/
Wiberg 2007). When hydrogen is burned 
in ambient air, the flame is scarcely visible 
in daylight, since the flame is characterised 
by low heat radiation and a high ultraviolet 
component. In comparison with other fuels, 
it is striking that hydrogen is combustible in 
a very broad concentration spectrum. The 
ignition range of hydrogen, marked by its 
lower and upper explosive limit, is corre-
spondingly large: the lower limit is at a 

Owing to its physical properties, hydrogen is an almost  
permanent gas. Hydrogen gas only liquefies at very low  
temperatures (below –253°C). 

As hydrogen has a very low density, it is usually stored  
under pressure. Liquefaction increases its density by a  
factor of 800.

The characteristic property of hydrogen is its excellent  
flammability. Due to its chemical properties, hydrogen  
has to be handled with care.

Hydrogen is the most common substance in the universe and 
the richest energy source for stars.

Hydrogen (H) is the first element in the periodic table of  
modern chemistry and is also the smallest, lightest atom. 

Pure hydrogen occurs on Earth only in molecular form (H2). 
Hydrogen on Earth is usually found in compounds, most  
notably as water molecules (H2O). 

Hydrogen has long been regarded as an energy carrier of the 
future. It is also discussed as the foundation of a sustainable 
hydrogen economy.

2 SUPPLY PATHWAYS

Hydrogen naturally only exists in (chemi-
cally) bound form, so it has to be produced 
by means of specific processes in order to 
be used for chemical or energy purposes. 
A number of suitable processes are availa-
ble and are in use today. Most of today’s 
global hydrogen production is based on 
fossil energy sources (see figure 5).

Only a small proportion of hydrogen is 
produced by electrolysis, the electricity 
for which currently stems from a variety of 
sources. For the future it can be assumed 
that hydrogen production from electrolysis 
will rise significantly if (surplus) electricity 

from renewable energies becomes  
increasingly available.

Figure 6 shows the basic process stages for 
industrial hydrogen production. For the most 
important processes various raw materials 
can be used without fundamental changes 
to the process. Hydrogen production pro-
cesses include steam reforming, currently the 
most important production process, as well 
as partial oxidation, autothermal reforming 
and gasification of solid fuels. In addition, 
the electrolysis of water with electricity from 
various sources and the use of industrial 
“residual hydrogen” is considered.

Depending on the production method, the 
hydrogen product gas that is obtained 
includes undesired substances (such as 
carbon monoxide, CO) and impurities; this 
applies especially to the thermochemical 
and biochemical methods. Depending on 
the intended use the product gas has to 
undergo a subsequent purification; in some 
cases the raw materials for the hydrogen 
production also have to be prepared.

The processes for producing hydrogen 
are described in more detail below, 
followed by an analysis of the energy and 
greenhouse gas emissions balances for the 

IN SUMMARY
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Less expensive alternatives to LH2/LOX are 
solid fuels and liquid fuels – such as Rocket 
Propellant-1 (RP-1), a highly refined light 
middle distillate from the jet fuel family (JP-4). 
Liquid hydrocarbons (RP-1) or solid rocket 
propellants have a higher volumetric density 
than hydrogen, and this has a beneficial 
impact on the size of the fuel tank. They 
are also usually less expensive and easier 
to handle than hydrogen. However, their 
specific impulse is much lower and, unlike 
hydrogen in combination with oxygen, 
when they are burned they also produce 
greenhouse gases and air pollutants, some 
of which – in the case of solid fuel rockets – 
also contain toxic substances.

Other than as a rocket propellant, hydro-
gen has been used in space travel for more 
than forty years in fuel cells. In most cases 
these are alkaline fuel cells (AFCs), which 
run on the liquid hydrogen and oxygen that 
is carried anyway for propulsion purposes. 
They supply both electricity and heat as 
well as water for the on-board systems on 
spaceships.

The rocket propellant LH2/LOX has been 
tried and tested extensively in space travel 
and has a high level of technical maturity. 
It has the great advantage that as well 
as being light, its high exit velocity of over 
4000 m/s (in a vacuum) also generates 
a high specific impulse. Moreover, the 
combination of LH2/LOX as a propellant is 
also environmentally advantageous, since it 
burns to form mostly water.

Owing to their advantages in space, LH2/
LOX are used primarily for the upper and 
main stages of rocket propulsion systems. 
Thus the main and upper stages of the 
European Ariane 5 launch vehicle carry 
around 185 t of LH2/LOX in total, in order 
to deliver a payload of up to around 20 or 
10 t into a lower or higher orbit of the Earth 
(Airanespace 2016). 

The use of hydrogen – both as a propel-
lant and as an on-board power source for 
spaceships – has a long tradition in space 
travel. Cryogenic liquid hydrogen (LH2) 
has been used as a rocket propellant and 
energy store for the on-board power supply 
since the 1950s/1960s. The propulsion 
and power supply systems used in space 
travel have to satisfy strict requirements 
in terms of robustness, performance and 
safety.

In order to use hydrogen as a rocket 
propellant, an oxidant must be carried 
on-board too, since there is no atmospheric 
oxygen available in space. In most cases 
cryogenic liquid oxygen (LOX) is used. The 
propellant and oxidant are stored in sepa-
rate tanks. For the purposes of combustion 
the propellant and oxidant are pumped 
into a combustion chamber, mixed together 
and ignited by means of an ignition source. 
Combustion of the gas mixture produces 
a large amount of heat. The expansion of 
the reaction products and their expulsion 
through a nozzle generates thrust, which 
ultimately propels the rocket. 

means. The exception is space travel, which can be regarded 
both historically and technically as having provided the 
impetus for the development of hydrogen as a fuel for 
transportation and fuel cell technology.

hydrogen in internal combustion engines 
is that, in contrast to fuel cell systems, the 
efficiency of hot hydrogen combustion 
is (fundamentally) no higher than that of 
conventionally operated petrol and diesel 
engines (Eichlseder/Klell 2014).

For that reason, and also because of the 
technical advances that have been made 
in mobile fuel cell technology, for all 
practical purposes only cold combustion is 
now used in fuel cell systems in the mobility 
sector. The electrical energy generated 
from hydrogen in fuel cells can be used 
to drive motor vehicles or other means of 
transport. Moreover, small fuel cells can 
also supply electricity for ancillary compo-
nents or auxiliary power units in vehicles 
or other means of transport. This applies in 
particular to larger means of transport such 
as ships or aircraft, which in some cases 
require considerable amounts of energy or 
electricity for ancillary components. 

At the heart of the discussion are the state 
of and prospects for hydrogen and fuel 
cell systems for powering transportation 

Until recently hydrogen was regarded as 
a promising alternative fuel for internal 
combustion engines. In principle, heat 
engines have multi-fuel capability; i.e. they 
can process different liquid and gaseous 
fuels. And hydrogen is highly suited to use 
in internal combustion engines because 
of its material and combustion properties. 
Its broad ignition range and high flame 
velocity allow for improved combustion 
engine efficiencies. A further advantage of 
hydrogen as a fuel lies in its carbon-free 
combustion and significantly reduced 
air pollutant emissions in comparison to 
hydrocarbon fuels.

Up to about ten years ago, buses, vans 
and cars with hydrogen-propelled internal 
combustion engines were being developed 
as prototypes and low-volume production 
vehicles. A number of different engine con-
cepts and fuel mixing strategies were tested 
in this context. In the case of passenger 
cars and similar vehicles, only spark-ignition 
engines were used. In some cases they 
could even run on petrol too (bivalent 
engine). However, a disadvantage of using 

technology readiness of fuel cell technology, while not 
sufficient in itself, is a necessary prerequisite for market  
success in the respective mobility application areas.

The technological potential for the fuel cell/hydrogen com-
bination is assessed with respect to the requirements of each 
specific means of transport. Advantages and disadvantages 
of hydrogen and fuel cell transport applications in comparison 
with relevant alternative drive/fuel combinations are discussed. 
The chapter concludes with a summary of technology readi-
ness and the outlook for potential use of hydrogen (as a fuel) 
and fuel cells in transport.

Hydrogen can serve as an energy source for mobility purposes. 
As such hydrogen can be used as a combustion fuel in the 
internal combustion engine, currently the dominant energy 
converter in road transport. However, the most important 
and promising combination for the future of the energy and 
mobility industry is the fuel cell as energy converter and 
hydrogen as energy source.

This chapter examines the technical foundations for the use 
of hydrogen and fuel cells in the mobility sector, looking at 
each means of transport. Of particular interest is the state of 
technology development or readiness, because an adequate 

6  MOBILITY 
APPLICATIONS

The application options for hydrogen as a 
fuel for mobility can be differentiated firstly 
by the chemical form or bonding of hydro-
gen and secondly by the energy converter 
by means of which the energy stored in the 
hydrogen is made available.

In direct use, (pure) molecular hydrogen 
(H2) is used by the transportation means 
directly, i.e. without further conversion, as 
an energy source. In this case hydrogen 
can be used both in internal combustion 
engines and in fuel cells (fuel cell systems).

In indirect use, hydrogen is used to pro-
duce final energy sources or is converted 
by means of additional conversion steps 
into gaseous or liquid hydrogen-containing 
fuels. Such PtG (Power-to-Gas) and PtL 
(Power-to-Liquids) fuels can then in turn 
be used in heat engines. Use in fuel cells 
would also be possible (in some cases), 
using a reformer, but it is not economically 
viable.

SPACE TRAVEL

Market maturity  Established as a rocket propellant since the 1950s/1960s – with 
excellent reliability. Small “market” for launch vehicles with few 
applications.

Requirements Reliable, high-performance technology.

Advantages High specific impulse; clean combustion.

Disadvantages  Cooling (cryogenic); large tank volumes; high pump capacity 
of fuel pumps.

Alternatives  Liquid propellants (RP-1), gaseous propellants (methane)  
or solid propellants.

SPACE TRAVEL AT A GLANCE

6.1 APPLICATION OPTIONS 
AND MEANS OF TRANSPORT
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Mobility applications �-.
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Broad range of options with different status (Technology Readiness Level)
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8
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Motorcycle

Aviation
5-6

6-7
Lorries
6-7

Buses
7-8

Passenger Cars
8

Industrial Trucks
8-9

Light Rail
7

Space Travel
9

Shipping
5-6

TRL

Shunting Locos
6-7

Buses have undergone more intensive testing with hydrogen and 
fuel cells than any other form of transport. Light rail and road vehi-
cles for the transport of goods may benefit from bus technology. 

Of all modes of transport, industrial trucks have the largest  
numbers of fuel cell electric vehicles.

Commercial aircraft and merchant ships can use fuel cells as an 
efficient and clean energy provider for auxiliary power units.

The most important advantages of hydrogen and fuel cells in 
road transport are the higher efficiency of the energy converter, 
zero-pollutant operation (in fuel cells) and functionality  
comparable to established IC engined vehicles.

Space travel provided the impetus for the development of  
hydrogen as a transport fuel and of fuel cell technology.

In the transport sector hydrogen is now used almost exclusively 
in fuel cells. 

Hydrogen fuel cell systems are suitable for virtually all means of 
transport. 

Passenger cars, buses and material handling vehicles have tech-
nically reached series-production readiness, are not far off that 
point, or are already in the early stages of commercialisation.

Fuel cell passenger cars now offer the same features as those 
powered by internal combustion engines.

IN SUMMARY

TRL Definition of Technology Readiness Levels

5   Experimental setup in operational environment – key technology elements  
tested in a relevant environment

6   Prototype in operational environment – technical feasibility demonstrated  
in the area of application

7  Prototype in use – demonstration almost to scale in the operational environment

8  Qualified system with proof of functional capability in area of use – product

9  Qualified system with proof of successful use – product

What is the technological maturity of the 
individual means of transport in terms of 
hydrogen and fuel cells today?

The highest Technological Readiness 
Levels, TRL 8 or 9, are achieved by fuel 
cell industrial trucks, for which extensive 
experience in the field is already available 
in large numbers, especially in North 
America. Cars are at TRL 8 and buses at 
TRL 7 to 8. The longest and most extensive 
operational experience that is available 
relates to hydrogen and fuel cell buses. 
Moreover, the first passenger cars with 
a fuel cell drive are now available as 
series-production vehicles.

The technology components and opera-
tional experience relating to fuel cell buses 
can in principle be transferred to lorries and 
light rail vehicles. While local trains have 
already reached a relatively high technol-
ogy readiness (TRL 7), the technology for 
shunting locomotives is still lagging behind 
somewhat (TRL 6 to 7). In terms of lorries, 
the lighter vehicle classes are also at the 
early prototype stage (TRL 6 to 7), whereas 

for heavy goods vehicles first concepts are 
available.

The use of fuel cell technology for ship and 
aircraft propulsion systems is currently at 
TRL 5 to TRL 6, with only small prototypes 
to date. There are no equivalent concepts 
as yet for merchant ships and commercial 
aircraft. Fuel cells are successfully used 
as auxiliary power units (APUs), however, 
these are still one-off products for experi-
mental purposes (TRL 6).

Lastly, rocket propulsion systems are 
difficult to categorise. Hydrogen-fuelled 
rockets have been used in space travel for 

decades, but it is a small niche market with 
few applications over time. Nonetheless, 
the technology itself should be categorised 
at TRL 9. 

Technology readiness is an important 
prerequisite for the commercial success of 
new technologies. However, a high level 
of technology readiness, while a necessary 
condition, is not sufficient in itself for market 
success. Depending on the technology 
user, there are other important factors 
affecting the purchase, maintenance or 
use of a means of transport with a specific 
drive/fuel combination. 

Private users want transportation means to 
provide a (passenger) transport service, 
and generally one that is as cost-effective 
as possible. For that reason, purchase and 
maintenance costs and energy consump-
tion play a part. Therefore, the resources 
and time involved in using the transportation 
means should not be too high. However, 
other selection criteria might be as 
important as economics. Non-economic 

criteria include comfort, safety, prestige 
and environmental characteristics such as 
specific emissions; in some cases people 
are prepared to pay a high premium for 
such criteria, especially pioneer users. 

In commercial transport the most important 
factors, in addition to technology readiness, 
are economic criteria arising from the 
acquisition and operating costs for a 

vehicle. In addition, usage restrictions and 
availabilities of drive/fuel combinations 
are taken into account in regard to vehicle 
acquisition and maintenance. 

Since economic efficiency and energy 
and environmental balances are relevant 
for both private and commercial users, 
these are assessed in more detail below  
in respect of passenger cars.

7 CAR OWNERSHIP COSTS

There are many factors determining the choice and operation 
of a vehicle. They include technical parameters (such as range 
or engine power), ecological parameters (such as emissions), 
regulatory parameters (such as usage restrictions/driving bans) 
or qualitative parameters (such as comfort or prestige). An 
important factor in deciding whether to buy or keep a car is 
economic in nature, i.e. the costs involved. These can include the 

(substantial) purchase costs of the vehicle, running costs,  
or costs relating to a specific mileage or transport capacity.  
This chapter looks at the economics of hydrogen-powered fuel 
cell passenger cars and compares fuel cell electric vehicles 
(FCEV) with competing drive/fuel combinations – namely petrol 
cars, petrol hybrids and battery electric passenger cars.

An analysis tool to assess the economic 
viability of different fuel-drive-train combina-
tions is the total cost of ownership (TCO) 
approach as established in commercial 
road transport. TCO analysis takes account 
of all the direct and indirect costs of vehicle 
ownership for the purposes of providing 
a desired passenger or goods transport 
service. 

The fixed TCO costs include the acquisition 
costs for a car, i.e. the purchase price 
(usually for the basic version of a vehicle) 
or, if financing is used, the instalment pay-

ments plus interest. If the car is to be sold 
again, the depreciation over the desired 
ownership period or the trade-in value must 
also be estimated. Vehicle tax and car 
insurance are included in the fixed costs. 

In addition, workshop costs (for mainte-
nance and wear-and-tear repairs) must 
be taken into account (ADAC 2016). 
Furthermore, assumptions have to be made 
about key cost items – regarding insurance 
tariff or depreciation for example. Finally, 
the running TCO costs include spending on 
fuel or energy and consumables.

The TCO estimate is complex and it is 
appropriate primarily for rational economic 
operators. For the analysis of financial 
decisions of private households, however, 
a simple comparison of the most important 
differentiating cost items is usually sufficient. 
The key cost differentiators are the purchase 
price of the vehicle and the fuel costs for  
its operation. If the ownership costs for 
different drive types are similar, they are  
assumed to have little influence on 
purchase and operation decisions; if they 
differ significantly, the ownership costs can 

25 TECHNOLOGY READINESS LEVELS OF MOBILITY APPLICATIONS FOR HYDROGEN / FUEL CELLS
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Recent developments dC(R:
• Regional Transport Company in Cologne (RK) ordered 30 FC 

busses and Wuppertaler Stadtwerke (WSW) ordered 10 FC 
busses
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• Biggest contract in this area at European level
Ke3i1IktB2*+
• Start of operation in spring 2019
����7@493c[
• Busses are produced in Belgium (Koningshooikt)
��`KJ!?T�
• WSW implemented own supply structure for hydrogen 

(electrolyser connected to waste incineration plant
	�	9r�wStK�8^>1f<#0/RQ'tV\d2
• First experience with fuel cell trains

in northern part of Germany 
(substitute for diesel driven engines)
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Mobility applications in Germany KW-tY$;8r
Fuel Cells used for mobility purposes in busses and trains
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El: WSW, RK, NDR, Alstom 2018

Größter Auftrag weltweit: Van Hool baut 40 Wasserstoffbusse für Kölner

und Wuppertaler Verkehrsunternehmen

28.02.2018, Verkehr

• 30 Busse für die Regionalverkehr Köln GmbH (RVK) und 10 Busse für die Wuppertal Stadtwerke (WSW)

• Größter Auftrag aller Zeiten für Wasserstoffbusse in Europa

• Auslieferung der neuen Fahrzeuge ab Frühjahr 2019 

• Produktionsstandort Koningshooikt (Belgien) unterstreicht sein einzigartiges technologisches Know-how.

Van Hool, der unabhängige belgische Hersteller von Linienbussen, Reisebussen und Nutzfahrzeugen, hat einen Großauftrag von der Regionalverkehr

Köln GmbH (RVK) und den Wuppertaler Stadtwerken (WSW) erhalten. Dieser Auftrag umfasst 30 Wasserstoffbusse für Köln sowie 10 Busse für

Wuppertal und ist damit der größte Auftrag für wasserstoffbetriebene Busse, der je in Europa vergeben wurde. Die hochmodernen Fahrzeuge werden

von Van Hool am belgischen Produktionsstandort Koningshooikt gebaut. Die ersten Busse werden Anfang 2019 ausgeliefert. 

Filip van Hool, CEO der Van Hool NV, ist über den Vertragsabschluss äußerst erfreut: „Brennstoffzellen-Busse sind eine gute Werbung für den

Produktionsstandort Koningshooikt. Dieser bisher einzigartige Auftrag - der größte für Wasserstoffbusse europaweit - setzt ein äußerst positives

Signal für den Einsatz der Wasserstofftechnologie als Antriebsmittel von Bussen im öffentlichen Nahverkehr. Wir freuen uns sehr, dass die

Regionalverkehr Köln GmbH, die bereits seit Mai 2014 zwei Wasserstoffbusse von Van Hool einsetzt, ihre betrieblichen Erfahrungen mit uns teilt.

Diese Erkenntnisse fließen in die Produktion der neuen Busse ein.“

Eugen Puderbach, Geschäftsführer der Regionalverkehr Köln GmbH (RVK), ergänzt: „Mit Wasserstoff betriebene Brenstoffzellen-Busse gehören zu

den umweltfreundlichsten Fahrzeugen im öffentlichen Nahverkehr. Sie stoßen keinerlei schädliche Emissionen aus und sind sehr viel leiser als

herkömmliche Busse. Mit dem Einsatz von 30 weiteren Brenstoffzellen-Bussen gehen wir daher den Weg eines nachhaltigen ÖPNV in unserem

Verkehrsgebiet konsequent weiter.“

Ulrich Jaeger, Geschäftsführer der WSW mobil GmbH, fügt hinzu: „Da Elektrobusse in unserem öffentlichen Nahverkehrsnetz nicht die nötige

Reichweite haben, freuen wir uns, dass wir mit der Brennstoffzelle ein umweltfreundliches Antriebssystem in Wuppertal einsetzen können. Und da

wir auch den Wasserstoff umweltschonend produzieren, ist unser Projekt ein One-Stop-Shop.“

Van Hool produziert bereits seit 2005 Brenstoffzellen-Busse für den amerikanischen Markt, seit 2007 für den europäischen Markt. In diesem

Zeitraum hat das Unternehmen insgesamt 53 dieser Busse gebaut, davon 21 für nordamerikanische und 32 für europäische Kunden. Hinzu kommen

acht weitere wasserstoffbetriebene Fahrzeuge, sogenannte „Trambusse“, die Van Hool derzeit für die Stadt Pau in Frankreich baut und die in der

zweiten Jahreshälfte 2019 ausgeliefert werden sollen.

Die bestellten 40 Wasserstoffbusse sind vom Typ Van Hool A330. Sie sind zweiachsig und rund zwölf Meter lang. Die Fahrzeuge werden mit

neuartigen FCvelocity-HD85 Brennstoffzell-Modulen der Firma Ballard Power Systems aus Vancouver (Kanada) ausgestattet sowie mit einem

Siemens PEM-Elektromotor, der eine Leistung von 210 kW (rund 285 PS) erzeugt. Jeder Bus verfügt über 29 Sitzplätze sowie 46 (Köln) bzw. 49

(Wuppertal) Stehplätze und bietet Platz für zwei Rollstuhlfahrer und einen Kinderwagen. 

Die Busse können mit 38,2 kg Wasserstoff betankt werden und verfügen damit über eine Reichweite von rund 350 km.

 

Dabei dienen die Brennstoffzellen gemeinsam mit den Lithiumbatterien und den Elektromotoren als Basis des Antriebs. Der Bus wird vollelektrisch

betrieben. Einerseits wird Wasserstoff (H2) in der Brennstoffzelle in Elektrizität umgewandelt, wobei nur Wasserdampf emittiert wird, andererseits

wird der Antrieb bei Bedarf über die Lithiumbatterien unterstützt. Dank dieses Hybridantriebs und der Rückgewinnung der Bremsenergie kann der

Wasserstoffverbrauch auf rund 8 kg/100 km begrenzt werden. 

Gefördert wird die Beschaffung der neuen Fahrzeuge im Rahmen des Nationalen Innovationsprogramms Wasserstoff- und

Brennstoffzellentechnologie durch das Bundesministerium für Verkehr und digitale Infrastruktur (BMVI) in Deutschland und finanziert durch „Fuel

Cells and Hydrogen Joint Undertaking“ (FCH JU), der europäischen privat-öffentlichen Partnerschaft zur schnelleren Markteinführung von

Brennstoffzellen und Wasserstofftechnologie im Rahmen des EU-Programms "Horizon 2020".

Van Hool ist ein unabhängiger Hersteller von Bussen, Reisebussen und Nutzfahrzeugen. Das im Jahr 1947 gegründete Unternehmen hat seinen Sitz

im belgischen Koningshooikt. Der überwiegende Teil der Produktion ist für Europa und Amerika bestimmt. Van Hool beschäftigt weltweit mehr als

4450 Mitarbeiter, die meisten davon an seinen Produktionsstandorten in Koningshooikt (Belgien) und Skopje (Mazedonien).

Die WSW haben zehn Wasserstoffbusse vom Typ Van Hool A330 bestellt. Die Fahrzeuge sollen ab Frühjahr 2019 ausgeliefert werden. (Foto: Van

Hool)

Pressekontakt: Wuppertaler Stadtwerke, Konzernkommunikation; 0202 - 569 3766/3712

1/1WSW Wuppertaler Stadtwerke GmbH • Konzernkommunikation • Telefon: 0202 569 3766/3712
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Van Hool produziert bereits seit 2005 Brenstoffzellen-Busse für den amerikanischen Markt, seit 2007 für den europäischen Markt. In diesem

Zeitraum hat das Unternehmen insgesamt 53 dieser Busse gebaut, davon 21 für nordamerikanische und 32 für europäische Kunden. Hinzu kommen

acht weitere wasserstoffbetriebene Fahrzeuge, sogenannte „Trambusse“, die Van Hool derzeit für die Stadt Pau in Frankreich baut und die in der

zweiten Jahreshälfte 2019 ausgeliefert werden sollen.

Die bestellten 40 Wasserstoffbusse sind vom Typ Van Hool A330. Sie sind zweiachsig und rund zwölf Meter lang. Die Fahrzeuge werden mit

neuartigen FCvelocity-HD85 Brennstoffzell-Modulen der Firma Ballard Power Systems aus Vancouver (Kanada) ausgestattet sowie mit einem

Siemens PEM-Elektromotor, der eine Leistung von 210 kW (rund 285 PS) erzeugt. Jeder Bus verfügt über 29 Sitzplätze sowie 46 (Köln) bzw. 49

(Wuppertal) Stehplätze und bietet Platz für zwei Rollstuhlfahrer und einen Kinderwagen. 

Die Busse können mit 38,2 kg Wasserstoff betankt werden und verfügen damit über eine Reichweite von rund 350 km.

 

Dabei dienen die Brennstoffzellen gemeinsam mit den Lithiumbatterien und den Elektromotoren als Basis des Antriebs. Der Bus wird vollelektrisch

betrieben. Einerseits wird Wasserstoff (H2) in der Brennstoffzelle in Elektrizität umgewandelt, wobei nur Wasserdampf emittiert wird, andererseits

wird der Antrieb bei Bedarf über die Lithiumbatterien unterstützt. Dank dieses Hybridantriebs und der Rückgewinnung der Bremsenergie kann der

Wasserstoffverbrauch auf rund 8 kg/100 km begrenzt werden. 

Gefördert wird die Beschaffung der neuen Fahrzeuge im Rahmen des Nationalen Innovationsprogramms Wasserstoff- und

Brennstoffzellentechnologie durch das Bundesministerium für Verkehr und digitale Infrastruktur (BMVI) in Deutschland und finanziert durch „Fuel

Cells and Hydrogen Joint Undertaking“ (FCH JU), der europäischen privat-öffentlichen Partnerschaft zur schnelleren Markteinführung von

Brennstoffzellen und Wasserstofftechnologie im Rahmen des EU-Programms "Horizon 2020".

Van Hool ist ein unabhängiger Hersteller von Bussen, Reisebussen und Nutzfahrzeugen. Das im Jahr 1947 gegründete Unternehmen hat seinen Sitz

im belgischen Koningshooikt. Der überwiegende Teil der Produktion ist für Europa und Amerika bestimmt. Van Hool beschäftigt weltweit mehr als

4450 Mitarbeiter, die meisten davon an seinen Produktionsstandorten in Koningshooikt (Belgien) und Skopje (Mazedonien).

Die WSW haben zehn Wasserstoffbusse vom Typ Van Hool A330 bestellt. Die Fahrzeuge sollen ab Frühjahr 2019 ausgeliefert werden. (Foto: Van

Hool)

Pressekontakt: Wuppertaler Stadtwerke, Konzernkommunikation; 0202 - 569 3766/3712

1/1WSW Wuppertaler Stadtwerke GmbH • Konzernkommunikation • Telefon: 0202 569 3766/3712
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LÄNDERREPORT | Beitrag vom 01.03.2019

Niedersachsen testet Brennstoffzellen-Zug

Beim Bremsen wird Strom gewonnen
Von Dietrich Mohaupt

Beitrag hören Podcast abonnieren

Der Coradia iLint produziert aus Wasserstoff in den Tanks auf dem Dach und Sauerstoff aus der

Umgebungsluft Strom für den Antrieb. (Alstom/Rene Frampe)

Wasserdampf statt stinkender Abgase – wer von Cuxhaven nach Buxtehude fährt,
kann das testen. Dort fährt der hochmoderne Nahverkehrszug Coradia iLinit mit
Brennstoffzellen-Hybrid-Technologie. Sieht so die Zukunft der emissionsfreien
Mobilität aus?

Etwas abseits am Bahnhof in Bremervörde steht der Coradia iLinit auf einem

Abstellgleis – nicht etwa weil er schon ausrangiert wurde, nein – er soll aufgetankt

werden. Jeden Morgen und jeden Abend die gleiche Routine: Ein Mitarbeiter des

Zugherstellers Alstom bereitet die mobile Tankstelle vor, koppelt den Schlauch am

Einfüllstutzen an und dann drückt ein Kompressor den Wasserstoff in die Tanks auf

dem Dach des Zuges. Sieht alles ganz unspektakulär aus, fast wie ein ganz normaler

Zug, meint auch der technische Projektleiter von Alstom, Stefan Schrank:

„Wir haben auf dem Fahrzeugdach einmal in der Mitte des Wagenkastens, relativ

groß, den Wasserstofftank. Von außen eigentlich nur zu erkennen durch eine große

Abdeckung, unter der sich die einzelnen Druckbehälter befinden. Dann – mit den

vielen Ventilatoren und den Lüftern – das ist unsere Brennstoffzelle, das Herz der

ganzen Technik. Und dieser unscheinbare Kasten unter dem Zug, da ist die Lithium-

Ionen-Batterie drin untergebracht, die den Betrieb der Brennstoffzelle unterstützt.“ 

Nach dem Tankvorgang ist der Brennstoffzellen-Zug einsatzbereit. Die Fahrgäste für
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roughly equal proportions of solid and 
liquid hydrogen, has – corresponding 
to its solid hydrogen components – a 
16 % higher storage density than liquid 
hydrogen. Slush hydrogen has primarily 
been investigated as a fuel for space travel 
(Eichlseder/Klell 2012). 

Slush Hydrogen (SH2)
An additional option for compressing 
liquefied hydrogen (LH2) is to cool it down 
further, to its melting point. That is because 
at the melting point, before it becomes 
completely solid, hydrogen first changes 
into a kind of slush or gel. Slush or gelled 
hydrogen (SH2), which is composed of 

The first field installations are already 
in operation. It is not yet clear whether 
CcH2 will develop into the new storage 
standard for road transport. The advantage 
of cold or cryogenic compression is a 
higher energy density in comparison to 
compressed hydrogen. However, cooling 
requires an additional energy input.

optimised so that boil-off no longer leads to 
substantial losses.

Tanks for LH2 are used today primarily in 
space travel. Accordingly, the largest tank 
is located at the Cape Canaveral rocket 
launch site; it holds around 3,800 m3 of 
liquid hydrogen (LBST 2010).

Cold- and cryo-compressed  
Hydrogen (CcH2)

In addition to separate compression or 
cooling, the two storage methods can be 
combined. When a gas is cooled, it follows 
from Gay-Lussac's gas law that the volume 
of an (ideal) gas held at constant pressure 
behaves proportionally to the temperature; 
in other words, if the temperature falls by 
one Kelvin, the volume of an (ideal) gas 
drops by 1/273.15. This relationship also 
applies in principle to real gases. That is 
why hydrogen is cooled first. 

Depending on how much the hydrogen is 
cooled, it is referred to as cold-compressed 
hydrogen (above 150 K) or cryo-com-
pressed hydrogen (CcH2). Cryo-com-
pressed hydrogen is cooled to tempera-
tures close to the critical temperature, but it 
still remains gaseous. The cooled hydrogen 
is then compressed (US DOE 2006; BMW 
2012). CcH2 is a further development of 
hydrogen storage for mobility purposes. 

genic hydrogen in the liquid state. Liquefied 
hydrogen (LH2) has a specific energy 
density of 8.5 MJ/l, which is higher than 
that of compressed natural gas (CNG) 
(approximately 7.2 MJ/l). As such, LH2 is 
some way behind the liquefied gases LPG 
(25.3 MJ/l) and LNG (21 MJ/l).

Liquid hydrogen (LH2) is in demand today 
in applications requiring high levels of 
purity, such as in the chip industry for exam-
ple. As an energy carrier, LH2 has a higher 
energy density than gaseous hydrogen, but 
it requires liquefaction at –253 °C, which 
involves a complex technical plant and an 
extra economic cost.

When storing liquid hydrogen, the tanks 
and storage facilities have to be insulated 
in order to keep in check the evaporation 
that occurs if heat is carried over into the 
stored content, due to conduction, radiation 
or convection. Existing storage facilities 
are rarely able to prevent such effects 
completely, i.e. they can only delay them 
(EA NRW 2013). 

LH2 tanks or storage vessels generally 
have a double hull design, with a vacuum 
between the inner and outer container.  
To regulate a pressure rise caused 
by evaporating hydrogen in the inner 
container, small amounts of gas have to 
be released (boil-off). Modern systems are 

are suitable for high-pressure storage 
(e-mobil bw 2013; EA NRW 2013). 

When it comes to the industrial storage 
of hydrogen, salt caverns, exhausted oil 
and gas fields or aquifers can be used as 
underground stores. Although being more 
expensive, cavern storage facilities are most 
suitable for hydrogen storage. Underground 
stores have been used for many years for 
natural gas and crude oil/oil products, 
which are stored in bulk to balance  
seasonal supply/demand fluctuations or  
for crisis preparedness (IEA 2015b). 

To date, operational experience of 
hydrogen storage caverns exists only on a 
in a few locations in the USA and Europe 
(IEA 2015b). In particular, the underground 
natural gas stores in Europe and North 
America could potentially be used as large 
reservoirs for hydrogen generated from 
surplus renewable energies. However, 
only a relatively small proportion of these 
are storage caverns; the most prominent 
and common form of underground storage 
consists of depleted gas reservoirs. In 
addition, the natural gas stores are unevenly 
distributed at a regional level. 

End users, by contrast, require a more 
compact form of storage. According to the 
Boyle-Mariotte gas law, the volume of an 
(ideal) gas at a given temperature behaves 
in an inversely proportional manner to 
its pressure. Although real gases are not 
infinitely compressible, in this case too 
compression leads to a volume reduction.

Compressed (gaseous) hydrogen with 
storage pressures of 350 bar or 700 
bar – technically referred to as CH2 or 
CGH2 – have become the norm for use in 
the mobility sector. Since hydrogen heats 
up when it is compressed, in some cases 
it is handled at excess pressures or the 
hydrogen gas is precooled. If hydrogen 
is compressed to 350 bar (CGH2), the 
volumetric energy density increases to 2.9 
MJ/l; when compressed to 700 bar the 
specific energy density is 4.8 MJ/l.

Liquefied Hydrogen, LH2

As well as storing gaseous hydrogen under 
pressure, it is also possible to store cryo-

The efficient storage of hydrogen is regarded as an important 
precondition for the spread of fuel cell technology in the trans-
port sector. Since hydrogen has a low volumetric energy den-
sity, in motor vehicles it is usually carried in compressed form in 
pressurised cylinders. 700 bar is now the established storage 
pressure for passenger cars. By contrast, the storage space in 
buses (on the roof) is less constrained than in passenger cars. 
Therefore buses can use high-pressure storage tanks at 350 
bar.

Fuel cell passenger cars currently have a range of around 500 
km or more than 300 miles. With the current vehicle technology, 
this requires around 4 to 6 kg of hydrogen, depending on the 
vehicle, driving style and driving conditions. A passenger car 
needs a tank capacity of around 100 to 150 litres to store 4 
to 6 kg of hydrogen at 700 bar. The petrol tanks on modern 
compact and mid-size cars have a capacity of 50 to 60 litres, 
while executive cars and light commercial vehicles carry 70 to 
80 litres of fuel. 

In addition to the volume and weight of the fuel, the weight of 
the tank system is relevant, since heavy tank systems increase 
rolling, grade and acceleration resistance and hence the fuel 
and energy consumption of a vehicle. Vehicle tanks for liquid 
fuels have a very favourable ratio of transported energy con-
tent to overall mass of tank system plus content. 

Figure 16 shows a 55-litre tank for a modern compact/mid-
size car with a net weight of just 15 kilograms. The storage 
density of petrol relative to the overall tank system including 
its energy content is therefore over 30 MJ/kg. With smaller 
storage capacities and vehicle tanks for more efficient driv-
etrains (such as petrol hybrid vehicles), the ratio would be 
(somewhat) less favourable (JEC 2013). 

By contrast, the ratio of hydrogen energy content to hydro-
gen tank plus content is approx. 6 MJ/kg. In the medium to 
long term, the goal is to achieve a gravimetric system density 
of 9 MJ/kg (US Drive 2015). Similar to batteries in a hybrid 
gasoline vehicle, fuel cell vehicles also need a (smaller)  
traction battery. Depending on the drivetrain configuration, 
the battery adds additional weight. Nevertheless, fuel cell 
vehicles achieve ranges comparable to those of internal  
combustion engine cars because of their higher drive 
efficiency.

Finally, the gravimetric storage density of hydrogen tank  
systems is significantly higher than that of battery electric  
vehicles. Current battery technology achieves storage  
densities of 0.3 MJ/kg, and 1.116 MJ/kg is considered 
achievable in the medium to long term (VDE 2015). As a  
consequence, battery electric vehicles have much shorter 
ranges and the vehicle weight is greater.

FUEL TANKS FOR FUEL CELL ELECTRIC VEHICLES

16 STORAGE DENSITY OF TANK SYSTEMS

23

Shell Hydrogen Study

22

3 STORAGE AND TRANSPORTATION
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Liste von Brennstoffzellenautos in Serienproduktion
Die Liste von Brennstoffzellenautos in Serienproduktion soll alle Autos mit Brennstoffzelle aufführen, die in Serienproduktion
gefertigt und zugleich entweder im Eigenvertrieb des Herstellers oder im Handel für Endkunden käuflich zugänglich sind oder
waren.

Diese Tabelle führt Brennstoffzellen-Pkw auf, die gegenwärtig in Serie gefertigt werden und im Handel erhältlich sind oder deren
Markteinführung in Kürze geplant ist.

Modell Markteinführung Reichweite
(km).

Vmax
(km/h)

kW
(PS)

Beschleun.
0 auf 100
km/h (s)

Maximales
Drehmoment

Verbrauch
(H2)

kombiniert
in kg/100

km

Tankinhalt
in kg

jährliche
Produktion

(Stand)

Honda FCX
Clarity[1]

2008
(1. Generation) 650 165 44

(60) 0,87 1,78/2,09

Hyundai ix35
FCEV[2][3] 2013 594 160 100

(136) 12,5 300 0,95 5,64

Toyota
Mirai[4][5] 2014 500 175 114

(155) 9,6 335 0,76 5 ca. 3.300
(2017)[6]

Honda Clarity
Fuel Cell[7]

2016
(2. Generation) 650 165 130

(176) 9 300 0,77 5

Renault
Kangoo Z.E.
H2[8]

2017 290 130 44
(60) 0,87 1,78/2,09

Hyundai
Nexo[9][10] 2018 756 179 120

(163) 9,5 395 0,84 6,33

Mercedes-
Benz GLC F-
Cell[11]

Dezember 2018 437 plus
49 (Batterie) 160 147

(200) 350
0,97
(19 kWh
elektrisch)

4,4 plus 9,3
kWh (Batterie)

StreetScooter
H2 Panel
Van[12]

ab 2020 500 120 122
(166) 6

1. Honda Clarity Fuel Cell - Alles unter der Motorhaube (https://h2.live/wasserstoffautos/honda-clarity)
2. Homepage Hyundai ix35 Fuel Cell (https://web.archive.org/web/20180225160236/https://www.hyundai.de/Modelle/ix35-Fuel-Cell.html) (Memento des Originals (

https://tools.wmflabs.org/giftbot/deref.fcgi?url=https%3A%2F%2Fwww.hyundai.de%2FModelle%2Fix35-Fuel-Cell.html) vom 25. Februar 2018 im Internet
Archive)  Info: Der Archivlink wurde automatisch eingesetzt und noch nicht geprüft. Bitte prüfe Original- und Archivlink gemäß Anleitung und entferne dann diesen Hinweis.

3. Hyundai ix35 - Der erste saubere SUV (https://h2.live/wasserstoffautos/hyundai-ix35)
4. Homepage Toyota Mirai (https://www.toyota.de/automobile/mirai/build?path=engine/ded7608c-09b2-4746-b8cc-6550859538cd/74469257-47ae-46eb-859d-2c69

3e6726ca/dfd9d05e-1a62-4dda-89be-58c1faa7e71f&financeOption=cash)
5. Wasserstoffauto Toyota Mirai (https://h2.live/wasserstoffautos/toyota-mirai)
6. Toyota wants to change the world with Mirai, its new hydrogen car (http://www.wired.co.uk/article/toyota-mirai-hydrogen-car-replicate-prius-success)
7. Honda Clarity Fuel Cell - Alles unter der Motorhaube (https://h2.live/wasserstoffautos/honda-clarity)
8. Kangoo ZE H2 - Der Elektro-Van mit mehr Reichweite (https://h2.live/wasserstoffautos/kangoo-ze-h2)
9. Homepage Hyundai Nexo (https://www.hyundai.de/Modelle/NEXO.html)

10. Hyundai Nexo - Future Utility Vehicle (https://h2.live/wasserstoffautos/hyundai-nexo)
11. Mercedes-Benz GLC F-CELL Doppelt sauber: Eine einzigartige Hybrid-Kombination (https://h2.live/wasserstoffautos/mercedes-glc)
12. Kastenwagen mit Brennstoffzelle (https://h2.live/wasserstoffautos/streetscooter-h2#Wasserstoffantrieb)

Abgerufen von „https://de.wikipedia.org/w/index.php?title=Liste_von_Brennstoffzellenautos_in_Serienproduktion&oldid=190470792“

Motor des Toyota Mirai

Brennstoffzellenautos in Großserienproduktion

Einzelnachweise

• Fuel cell car production clearly dominated by Asian 
companies (list of FC vehicles in series production)
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Mobility applications in Germany 9)8BE�*&?
Fuel Cell Vehicles still at the very beginning of market introduction
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• In Germany mainly Mercedes (and BMW) are active and 
follow the technology line

9)8�4L)/	� V
,<M�J+3U�

• German government supports market introduction by up 
to 21,000 € per vehicle

)8,'F�7POXQ������51BHK
• FC car fleet is however still very small (at the       

beginning of 2019 only FC 392 cars have been 
registered and were on the road – in comparison to a 
total car fleet > 40 Mio. cars)
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Terminübersicht

Mercedes GLC F-Cell.

Hyundai Nexo.

vereinfacht. Künftig können so die exorbitanten Kosten für die Infrastruktur sinken. Im
Dezember 2018 gab es in Deutschland 55 aktive Tankstellen, 39 befanden sich im Bau. 2019
sollen es dann 100 öffentliche Wasserstoffstationen für Pkw sein. Auch der Bund fördert die
neue Technik. Inzwischen fahren  Brennstoffzellenzüge auf Strecken, die noch nicht
elektri]ziert sind.

Aber natürlich muss auch Wasserstoff erst einmal hergestellt werden. Als sogenannter
schwarzer Wasserstoff fällt H₂ in der chemischen Industrie häu]g als Abfallprodukt an.
Grüner Wasserstoff dagegen kann beispielsweise durch Windkraft gewonnen werden. So
ließe sich auch das Problem der Überproduktion von Windstrom in Norddeutschland in den
Griff bekommen. Bis 2023 soll ein cächendeckendes Netz von 400 Wasserstofftankstellen in
Deutschland entstehen. Die Weichen für nachhaltigen  Personenverkehr sind also gestellt –
nun gilt es in den Zug einzusteigen.

Mercedes GLC F-Cell
Der GLC kombiniert zwei
Energiespeicher: eine 90 PS starke
Brennstoffzelle sowie einen Akku, der
100 kW beisteuert und das Auto  zum
Plug-in Hybriden macht.
Batterieelektrisch sind nach NEFZ-
Norm 50 Kilometer drin, 4,4 Kilogramm
Wasserstoff bringen knapp 440
weitere Kilometer Reichweite. Beide
schicken ihre Energie zu einem 211 PS
starken Elektromotor, der die
Hinterachse antreibt.

Wie bei jedem anderen Elek​troauto geht es im GLC F-Cell aus dem Stand vehement nach
vorn. Von der Arbeit der Brennstoffzelle bekommt man im Innenraum kaum etwas mit. Es
geht einfach nur unspektakulär leise voran. Auch sonst gibt es wenig zum Umgewöhnen: Die
Armaturen stammen aus der jüngst modellgepcegten C-Klasse, alles ist wie in einem
normalen Mercedes. Lediglich das Display gibt Information, ob der Strom aus der Batterie
oder aus dem Tank kommt. Im Hybrid-Modus hält das Auto die Batterieladung bei 50
Prozent, sodass der E-Motor stets die volle Kraft auf die Straße  bringen kann. In engen
Kehren dreht bei vollem Einsatz der 350 Newtonmeter Drehmoment schon mal ein Hinterrad
durch.

Die Federung ist komfortabel abgestimmt und die Sitze sind langstreckentauglich. Die
Reichweite geht auch dann nicht schreckhaft in den Keller, wenn man das
Leistungspotenzial öfter abfordert. Solche Details unterscheiden ein Brennstoffzellenauto
auf den ersten Blick vom batterieelektrischen Pendant. Die Antriebstechnik ist modular
aufgebaut, würde also auch in andere Modelle passen. Ein großer Haken am Mercedes-
Modell mit Brennstoffzelle ist wieder einmal die Verfügbarkeit. Nur einige Hundert
ausgewählte Kunden haben die Möglichkeit, den aktuellen Brennstoffzellen-Daimler zu
bekommen. Und auch die können den F-Cell nur für 670 Euro im Monat mieten, nicht kaufen
oder leasen. So verhindert Mercedes eine weitere Verbreitung des innovativen Autos.

Hyundai Nexo
Für Fuhrparkmanager mit grünem
Gewissen oder Außendienstler mit
freier Fahrzeugwahl ist der neue 
Hyundai Nexo ein durchaus attraktives
Angebot. Der schicke Crossover-SUV
kostet knapp 49.000 Euro netto und ist
damit verhältnismäßig günstig, auch
die Full-Service-Rate von 666 Euro im
Jahr kann sich sehen lassen (15.000
km/Jahr, 36 Monate Laufzeit, 11.107
Euro Sonderzahlung). Während der

Foto: Mercedes-Benz

Foto: Hyundai

Audi, BMW, Ford, InSniti,
Mercedes, Peugeot, VW, Volvo
Wie gut klappt die Sprachsteuerung?

Flottentermine
Finden Sie Veranstaltungen, Seminare,
Messen und Trucksport-Events in Ihrer

Region.

09/2019
16. August 2019
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Verkehr & Logistik › Fahrzeuge & Straßenverkehr › Pkw-Neuzulassun… PREMIUM +

Anzahl der Neuzulassungen von Pkw mit
alternativen Antrieben in Deutschland im
Jahr 2018
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WISSENSCHAFTLICHES ZITAT (FAQ)

Zitatform auswählen

BESCHREIBUNG QUELLE WEITERE INFOS

von Andreas Ahlswede,

zuletzt geändert am 09.08.2019

Hybridfahrzeuge sind die häufigste Alternative zu den konventionellen
Kraftstoffarten Benzin und Diesel – im Jahr 2018 wurden insgesamt mehr als 130.000
Personenkraftwagen mit Hybridantrieb neu zugelassen. Hybridantriebe vereinen
verschiedene Antriebstechnologien. Plug-in-Hybrid-Fahrzeuge (PHEV) verfügen
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Stationary applications in Germany '7&R%,4O
Fuel Cells for stationary applications so far not in the focus – pilot and 
demonstration plants as well as first market offers 
N?QI'%,4OAf[1/F8,MK � ^i"T\0;2�h92(�4

15.08.19, 14*52E.ON WärmeDuo – Viessmann Brennstoffzellen-Heizung | E.ON

Seite 5 von 9https://www.eon.de/de/pk/heizung/brennstoffzellen-heizung.html

(/de/pk/heizung/brennstoJzellen-
heizung/foerderung.html)

Produktdetails zur Brennsto(zellenheizung von Viessmann
Details zur Vitovalor PT2 von Viessmann:

Parallele Erzeugung von Strom und Wärme zur Minimierung der
Stromkosten und zunehmende Unabhängigkeit vom Strompreis

•

Integrierter Strom- und Gaszähler •
BrennstoJzelle: 750 Wel, 1 kWth; Gesamtwirkungsgrad 90 %
(Hi); Elektrischer Wirkungsgrad 37 %

•

Gas-Brennwertmodul: bis 18,9 kW oder 25,2 kW;
(Trinkwasser bis 30 kW); Nutzungsgrad 98 % (Hs) 

•

Innovative Zukunftstechnologie•
Platzsparende Bauweise - benötigt nur 0,65 m  Aufstellfläche• 2

Leiser, komfortabler und intelligenter Betrieb•
Fernbedienung und Abruf von aktuellen Daten per App möglich•

Weitere Details zur Vitovalor PT2
(/de/pk/heizung/brennstoJzellen-heizung/vitovalor.html)
�

So funktioniert Ihre
neue Heizung

So funktioniert Ihre
neue Heizung

Strom selbst erzeugen mit
hoche(izienter
Brennsto(zellenheizung
Eine BrennstoJzellenheizung wandelt E.ON Ökogas eJizient in
Strom und Wärme um. Das eingesetzte Ökogas wird
elektrochemisch direkt in Strom umgewandelt. Die Wärme, die

• First market offers from professional 
companies (cooperation between 
energy utilities and manufacturer of 
heating systems)

h�P�
5 <�RE�	YJ5O�

"�CUV�d$-eR!�

• Market wins dynamic (based on 

financial support from government > 
5,000 fuel cell systems have been 
ordered since 2016; cf. with > 200,000 
in Japan)

a62(	+�>5R_>=;�Z����
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• Pilot and demonstration program 
100 small scale CHP plants (incl. 
fuel cells) in Innovation City Ruhr 
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15.08.19, 14*59Operation of 100 micro-cogeneration plants | InnovationCity Ruhr

Seite 1 von 3http://www.icruhr.de/index.php?id=83&L=1
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Ammonia
Refining

Methanol

Other

55%

25%

10%

10%

Zakkour/Cook 2010; own diagram

Firstly, hydrogen occurs as a by-product in 
the catalytic reforming of naphtha. With 
the hydrogen obtained from reforming, the 
oil products, which still have a high sulphur 
content after distillation, are desulphurised 
by hydrotreating in the presence of a 
catalyst. Here the oil products are heated 
together with hydrogen, and the hydrogen 
sulphide that forms from sulphur and hydro-
gen is drawn off. 

In hydrocracking, by contrast, the aim is 
to increase the product yield. To this end, 
long-chain hydrocarbons are heated and 
converted into shorter-chain hydrocarbons 
with the aid of hydrogen and in the 
presence of catalysts. Furthermore, hydro- 
cracking makes it easier to remove product 
impurities. Since the amount of hydrogen 
obtained from naphtha reforming is no 
longer sufficient for hydrotreatment and 
hydrocracking in refineries, the necessary 
hydrogen must be specifically produced – 
by natural gas steam reforming or partial 
oxidation of (heavy) fuel oil. In the future, 
the hydrogen needed for fuel production 
could also be produced by electrolysis from 
renewable energies (“green hydrogen”).

It is expected that there will be a further 
rise in hydrogen demand in refineries 
worldwide. One reason for this trend 
is the endeavour to achieve greater 
processing depths for each barrel of crude 
oil. Another are the worldwide increasing 
quality requirements for fuels (e.g. freedom 
from sulphur and metals), especially in the 
emerging markets (IEA 2016b); better fuels 
are needed to comply with more stringent 
engine standards and stricter exhaust gas 
regulations.

Finally, not only mineral oils, but also 
vegetable oils can be hydrogenated. 
The latter can either be hydrogenated in 
refineries together with fossil intermediates 
(co-hydrogenation) or in separate biofuel 
plants. Hydrogenated Vegetable Oil 
(HVO) is a fungible paraffinic fuel com-
parable to Diesel fuel. The hydrogenation 
process is also used in food chemistry to 
harden oils and fats and in the plastics 
industry for polymer production.

AMMONIA (FERTILISERS)

The most important hydrogen-nitrogen com-
pound is ammonia (NH3), also known as 
azane. Technically, ammonia is obtained 
on a large scale by the Haber-Bosch 
process. This process combines hydrogen 
and nitrogen together directly by synthesis. 
To this end, the starting materials nitrogen 
and hydrogen must first be obtained. In 
the case of nitrogen this is achieved by 
low-temperature separation of air, while 
hydrogen originates today from natural gas 
steam reforming.

Ammonia is synthesised at temperatures 
of 500°C and pressures of 200 bar. As 
triple-bonded atmospheric nitrogen (N2) is 
very unreactive, the presence of an iron-
based catalyst is required. The elements 
hydrogen and nitrogen react together in 
the proportion 3:1 in accordance with the 
following reaction equation: 

3 H2 + N2 → 2 NH3

The yield of the Haber process, i.e.  
the conversion rate of nitrogen (N2) to 
ammonia (NH3) is modest, at below 20 %; 
so substantial recycling of unreacted gases 
occurs. 

Ammonia itself is a colourless gas with a 
pungent odour. It is readily water-soluble. 
Almost 90 % of ammonia goes into fertiliser 
production. For this purpose, a large part of 
the ammonia is converted into solid fertiliser 
salts or, after catalytic oxidation, into nitric  
acid (HNO3) and its salts (nitrates) (Holle- 
mann/Wiberg 2007; Mortimer/Müller 
2010). 

Owing to its high energy of evaporation, 
ammonia is also used in refrigeration plants 
as an environmentally friendly and inexpen-
sively produced refrigerant; its technical 
name is R-717. 

REFINERIES

In refineries, crude oil is processed by 
various methods into oil products such as 
naphtha, petrol and diesel fuels, heating 
oil and aviation fuels. Following distillation 
(heating), other refining processes are used 
in order to obtain the desired products 
and product qualities. Hydrogen plays an 
important part in some refinery processes. 

Hydrogen is a highly versatile basic chem-
ical, which is used in chemical production 
and industry to produce, process or refine 
intermediates and/or end products. It is 
estimated by (Zakkour/Cook 2010) that 
between 45 Mt/a and 50 Mt/a of hydro-
gen are produced worldwide, and around 
7.8 Mt/a are used in Europe (Le Duigou et 
al. 2011). 

19  GLOBAL USAGE OF HYDROGEN

4.1  MATERIAL AND INDUSTRIAL 
APPLICATIONSshould have high safety margins and be fitted with relief valves. 

Ignition sources must be avoided.

Since hydrogen is lighter than air, it escapes upwards.  
Therefore hydrogen should either be stored in the open air 
or, if in enclosed spaces, with good aeration and ventilation. 
Hydrogen sensors also increase safety.

Since hydrogen molecules are very small, they can diffuse 
through many materials. For steel tanks this is less of a  
problem. Modern composite materials can be protected 
against hydrogen diffusion and material embrittlement by 
means of appropriate coatings, materials and suitable  
operating conditions.

Hydrogen has only a very low volumetric energy density, which 
means that it has to be compressed for storage and transporta-
tion purposes.

The most important commercial storage method – especially for 
end users – is the storage of hydrogen as a compressed gas.  
A higher storage density can be achieved by hydrogen  
liquefaction. Novel materials-based storage media (metal 
hydrides, liquids or sorbents) are still at the R&D stage.

The storage of hydrogen (e.g. for compression or liquefaction) 
requires energy; work is in progress on more efficient storage 
methods.

Unlike electricity, hydrogen can be successfully stored in large 
amounts for extended periods of time. In long-term underground 

storage facilities hydrogen can take on an important role as a 
buffer store for electricity from surplus renewable energies.

At present, hydrogen is generally transported by lorry in  
pressurised gas containers, and in some cases also in cryogenic 
liquid tanks. Moreover, local/regional hydrogen pipeline  
networks are available in some locations.

In the long-term, the natural gas supply infrastructure (pipelines 
and underground storage facilities) could also be used for the 
storage and transportation of hydrogen.

Liquid hydrogen is suitable for long-distance transport, com-
pressed gaseous hydrogen is suitable for shorter distances in 
smaller amounts, while pipelines are advantageous for large 
volumes.

4 APPLICATIONS

Since hydrogen practically only exists on Earth in a combined 
form, in order to be used it must first be produced by means of 
an elaborate process. But what exactly is hydrogen produced 
for? What are its most important areas of application?

In fact there are many possible applications for the element 
hydrogen. It has two main areas of use: material applications 
and energy applications. Material applications of hydrogen 
involve the further processing or refining of other substances 
or intermediates with the aid of or by adding hydrogen. 
In most cases special processes are required, which bring 
about the desired results through pressure, temperature and 

reaction-promoting catalysts. Its use as an energy source involves 
using the energy contained in hydrogen to produce higher-value 
energy (electricity), heat and (finally) also mechanical energy. 
Here too there are a number of different usage pathways, which 
are in turn dependent on the energy conversion technology used. 

This chapter begins by describing the most important material 
hydrogen applications in industry. It then looks at the options 
for energy usage and analyses the most important conversion 
technology – namely the fuel cell and its various design types – 
in more detail.

Hydrogen is used in large quantities for 
chemical product synthesis, especially to 
form ammonia and methanol. Refineries, 
where hydrogen is used for the processing 
of intermediate oil products, are another 
area of use. Thus, about 55 % of the hydro-
gen produced around the world is used 
for ammonia synthesis, 25 % in refineries 
and about 10 % for methanol production. 
The other applications worldwide account 
for only about 10 % of global hydrogen 
production. 

It is not always possible to draw final 
conclusions from the amount of hydrogen 
used about its relevance in specific pro-
duction processes and/or its commercial 
importance in a given application area. 
Only a small part of global hydrogen 
production (approx. 4 %) is traded freely 
(Yergin et al. 2009). 

This section briefly describes the most 
important industrial processes and areas  
of material use of hydrogen.

IN SUMMARY

29

Shell Hydrogen Study

28

3  STORAGE AND TRANSPORTATION
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Applications in industry in Germany ���"��� 
Example: Steel making today and tomorrow (blast furnance -> hydrogen based steel making 
(direct reduction process))
$
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16.03.19, 14*47Steel making today and tomorrow - Hybrit

Seite 3 von 4http://www.hybritdevelopment.com/steel-making-today-and-tomorrow
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Applications in industry in Germany &,%S)�+5
Example: Steel making today and tomorrow (blast furnance -> hydrogen 
based steel making (direct reduction process))
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16.03.19, 14*47Steel making today and tomorrow - Hybrit
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SALCOS – SAlzgitter Low CO2 Steelmaking

Heute 2020 + 2030 + 2040 +

Ausbaustufe 1a und b  Ausbaustufe 2 Ausbaustufe 3a  Ausbaustufe 3b  Status Quo

SALCOS: Transformation des integrierten Hüttenwerkes zur 
DRP/EAF-basierten Stahlherstellung in drei Ausbaustufen (AS)
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• Concrete plans for step by step change of steel 
making process of major German steel 
companies (e.g. Thyssen Krupp Steel, 
Salzgitter AG) 
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Applications in industry in Germany )9(V5�7p
Example: Blending of fuels with hydrogen to cover EU CO2-standards in 
refineries 
^��P>
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15.08.19, 15)20Uniper and BP are Driving Production of “Green” Hydrogen – FuelCellsWorks

Seite 1 von 5https://fuelcellsworks.com/news/uniper-and-bp-are-driving-production-of-green-hydrogen/

News

Uniper and BP are Driving
Production of “Green” Hydrogen
By FuelCellsWorks April 26, 2019

Sprache auswählen
Google Übersetzer

BP and Uniper, together with the Fraunhofer Institute for Systems and Innovation

Research ISI, submit project outline for the “Real-world laboratories energy transition”

competition

The planned project envisages the integration of renewable energy in the form of

hydrogen into the transport sector

Power-to-gas technology (PtG) in refinery processes (PtGtR) makes a positive contribution

to the energy transition

In order to demonstrate the technical and economic feasibility of a PtG plant at the BP

refinery in Lingen, BP and Uniper, under the scientific supervision of Fraunhofer ISI, have

examined and developed options for using the climate-friendly PtG technology for the

refinery process.

To this end, the partners have submitted a project outline for the ideas competition

“Reallabore der Energiewende (Real-world laboratories as a tool for a participatory energy

0 Comments � 6 ! 0

�

News Investor News Research News Knowledge

Patents Contact

15.08.19, 15)21raffinerie lingen - Google-Suche

Seite 1 von 1https://www.google.com/maps/uv?hl=de&pb=!1s0x47b788ada431c…&sa=X&ved=2ahUKEwjdm4GI_ITkAhVQxhoKHdX1DkIQoiowE3oECA0QBg
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BP Lingen

Refinery in Lingen
(Emsland)
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Hydrogen as an option for sector coupling and potential answer for the intermittency 
of renewable energy (electricity) supply
)("8�5�2�3>����9���.6+�1��)�2@%�?B

Hydrogen can be stored, transported and provides multiple use cases
)�	
��=<��)�3(/!$

#+: Stolten 2018Institute of Electrochemical Process Engineering IEK-3 
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Hydrogen as an option for sector coupling and potential answer for the intermittency 
of renewable energy (electricity) supply
65/I	F�@�BS+�'�L��2=G8�?5��(@V4*UY

Hydrogen can be stored, transported and provides multiple use cases
6���$�RQ',� B�>-3

28: Stolten 2018

Institute of Electrochemical Process Engineering IEK-3 

Continuous Power Production Turns from being a Pillar to a Nuisance in the Grid 
@ High Shares of Renewable Energy 

Installed capacity regarding to [1] Übertragungsnetzbetreiber (2015): Netzentwicklungsplan Strom 2025 
  [2] Bartels, S (2016): Simulationsmodell regional aufgelöster Residuallasten in Deutschland, Masterthesis 
[3] Robinius, M. (2016): Strom- und Gasmarktdesign zur Versorgung des dt. Straßenverkehrs mit Wasserstoff   
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Back-up power production with gas turbines needed 
• First fed with natural gas 
• Later fed by hydrogen 

Growing fluctuations in the load curve over time (potential status in 2050 in Germany)
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Hydrogen as an option for sector coupling and potential answer for the intermittency 
of renewable energy (electricity) supply
���$�"� �!(���
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Linking the power and the transport sector
'�����).�

��: Stolten 2018
Institute of Electrochemical Process Engineering IEK-3 

Linking the Power and the Transport Sector  
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Use of hydrogen from a systems perspective in Germany (focus PtX)
��457�1%$
.�<�	0�9��

Hydrogen as basis for provision of synthetic gas/fuels or substitute for natural gas in 
the gas grid via Power to x-technologies
%$������$��-�1�2��X:09��! 
�,$

H2O2

H2O Gas grid

H2

POWER-TO-GAS

POWER-TO-LIQUIDS

Power generation Power Electrolysis

Methanation

Synthesis

 PtH2

Methane
PtCH4CO2

CO2

Petrol, Diesel,
Jet fuel

 PtH2  PtH2

Storage caverns

efficiency (in MJ primary energy / MJ 
hydrogen produced) and the associated 
specific greenhouse gas intensity (g CO2 
equivalent / MJ hydrogen produced), 
where CO2 equivalent is referred to below 
as CO2. 

The results are shown in figures 10 and 11. 
All pathways are shown as being “central-
ised” in large production units, where “cen-
tralised” still means domestic production. 
The possibility of producing hydrogen on 
a large scale using solar power in North 
Africa or offshore wind power in Northern 
Europe, for example, and shipping it to 
Germany has been excluded from this 
analysis. For various reasons, not only 
technical but also geopolitical, the impact 
of implementing this option, which is more 
of a long-term objective, cannot yet be 
assessed. The sensitivity analysis illustrates 
the effects of decentralised production, 
characterised firstly by the less efficient 
production and secondly by the elimination 
or at least the considerable shortening of 
the transport route.

In considering the energy efficiency of the 
different hydrogen production and supply 
pathways, differences between the primary 
energy sources are evident (figure 10). 
The EU electricity mix/electrolysis pathway 
stands out because the cumulated energy 
input is 4.6 to 5 times higher than that 
of the other pathways. By contrast, the 
differences between natural gas reforming 
and electrolysis from variable renewable 
energies (in this case wind) in terms of the 
height of the bars are slight. 

Nevertheless, the type of energy source 
used must be taken into account: electro- 
lysis from renewable energies uses more 
than 70 % renewable energies and 
consumes only small amounts of fossil and 
nuclear resources (for transport and for 
production and dismantling of the wind 
energy converters used). By contrast, the 
proportion of renewable resources in the 
gas reforming pathways is less than 5 %. 
One exception to this rule is the “biogas 
mix” pathway, half of which is supplied 
by waste-based biogas and which thus 
contains a higher proportion of renewable 
energy. 

for example) but also in terms of the 
size and location of the production unit: 
depending on demand and on the supply 
strategy, hydrogen is generated decen-
tralised in small plants directly at the point 
of use or in large centralised plants and 
subsequently transported by pipeline or 
lorry to the dispensing stations. 

In practice there will also be combinations 
of centralised and decentralised pro-
duction, in regional supply for example, 
but for simplification reasons they are 
not described here. Thermal conversion 
from the fossil fuels coal, oil and above 
all natural gas still dominates. As part 
of the process of decarbonising energy 
production and energy consumption, the 
role of fossil fuels, especially coal, is being 
reduced. In fact, the specific greenhouse 
gas emissions from hydrogen generated by 
coal gasification are more than twice the 
ones from hydrogen produced by natural 
gas reforming (JEC 2014). In the long term, 
thermal conversion will increasingly be 
superseded by electrolysis (using electricity 
from renewable energies).

For that reason, this section examines only 
two main hydrogen production pathways: 
steam reforming from natural gas and 
electrolysis. No further consideration is 
given to supply pathways based on coal 
and (heavy fuel) oil. Energy and green-
house gas balances are considered for the 
selected pathways and their variants and 
production costs are estimated.

The energy and greenhouse gas balances 
for the above-mentioned hydrogen pro- 
duction pathways are presented and 
analysed with reference to (JEC 2014). 
(JEC 2014) contains energy and 
greenhouse gas balances for a large 
number of energy and fuels pathways. The 
data is updated regularly and forms an 
acknowledged basis for analysing energy 
sources and fuels in the European context. 
According to (JEC 2014) the primary 
energy share (subdivided into fossil, nuclear 
and renewable energy sources) and the 
resulting greenhouse gas emissions for 
each conversion stage and transport mode 
are calculated and mapped. The results 
show for each pathway the specific energy 

The previous sections of this chapter 
introduced various hydrogen production 
technologies. These technologies can 
be differentiated not only in terms of the 
energy sources used (fossil or renewable, 

category retains hydrogen on site for its 
own use. Only “by-product” hydrogen has 
no further use within the process or on site; 
only this category can be made available 
for other applications, such as fuel cell 
electric vehicles. 

However, by-product hydrogen is also 
widely used today. In the chemical industry 
it is used for additional processes such 
as hydrogenation. It is at least used to 
produce electricity and heat, as in the 
steel industry for example. However, this 
by-product hydrogen could be replaced by 
natural gas as an energy source, and thus 
be made available. Moreover, the layout 
of new or retrofitted plant sites is such that 
all input and product streams are used, as 
a result of which the availability of individ-
ual “by-products” is falling sharply overall. 

The project “CO2 ReUse NRW” (WI/
Covestro 2015) provided a detailed 
insight into the production, distribution and 
use of industrial hydrogen. The bulk of 
industrial hydrogen is produced specifically 
for its intended purpose (mostly chemical 
industry). Within this context, refineries too 
have become net consumers of hydrogen. 
Only a relatively small proportion of 9 % 
of the total amount of hydrogen produced 
can be considered to be available for 
external applications. Therefore, little or no 
industrial hydrogen is available for other 
applications, such as transportation fuel. 

By contrast, according to a survey by (Cox 
2011), in the USA there is still potential 
in residual hydrogen. The most important 
source for this is the chlor-alkali electrolysis; 
however, landfill gas and biogenic gases 
are also regarded as a potential source 
of by-product hydrogen. In this context 
considerable importance is attached to the 
availability of gas processing plants.

In the course of the energy transition, the proportion of renewable 
energies in electricity generation has risen markedly. Wind power 
and photovoltaics have seen the greatest expansion. However, the 
availability of these intermittent and non-dispatchable renewable 
energies (variable renewable energies, VREs) fluctuates over time. 
At the same time, because of its physical properties, supplying  
electricity requires a constant balancing of supply and demand.

If the proportion of renewable energies exceeds roughly one- 
quarter of electricity generation, special/additional measures are 
necessary in order to integrate fluctuating renewable energy  
supplies. Otherwise it may be necessary to limit the production  
or use of renewable energies. 

Alongside other demand and supply measures, energy storage can 
play an important part in improved system integration. Until now, 
pumped-storage hydro power plants have dominated electricity stor-
age capacity – although they account for less than 3 % of global 
electricity generation. Short-term electricity storage in batteries for 
small plants is developing dynamically. However, longer-term stor-
age of larger surplus amounts of electricity requires new types of 
storage, such as chemical storage in the form of hydrogen (IEA 
2016b). 

Hydrogen can be obtained by electrolysis from electricity produced 
with surplus renewables. If there is a corresponding energy demand, 
the hydrogen can fulfil it directly. However, it can also be stored in 
bulk tanks as pressurised gas and retrieved when supplies are low. 

Finally, the hydrogen can be converted into other energy carriers. 
Converting renewable electricity via hydrogen into other energy  

carriers, the Power-to-X concept (PtX), can result into a number of 
different utilisation pathways (Rieke 2013; Dena 2015; NREL 
2016; LBST/Hinico 2016): feeding small amounts of hydrogen into 
the natural gas network; hydrogen methanation with CO2 to form 
CH4 and introduction of the methane obtained into the natural gas 
network as a replacement gas (both Power-to-Gas). However, this 
latter option requires a concentrated CO2 source at the methanation 
location. Finally, the stored hydrogen can be converted back into 
electricity via fuel cells (Power-to-Power).

Other concepts include: using hydrogen from renewable energies 
(“green hydrogen”) in fuel refining (hydrogenation) or for fuel  
production by means of synthesis into liquid fuels (Power-to-Liquids) 
and using the generated hydrogen as a basic chemical (Power-to- 
Chemicals; Power-to-Plastics). 

Power-to-X is currently still in the research and development stage. 
Various projects explore fundamental questions of feasibility and 
economic viability (BMVI 2014; Graf et al. 2014; Sundmacher 
2014; Zuberbühler et al. 2014).

One disadvantage of PtX concepts is, undoubtedly, the large num-
ber of conversion steps. This leads to overall low efficiencies along 
the entire supply and use pathways (IEA 2015b). On the other 
hand, hydrogen as an energy storage medium and/or its potential 
for conversion in further energy carriers allows for an accelerated 
expansion and use of surplus renewable energies. Not least for that 
reason, an important role has been given to hydrogen as an energy 
store and to PtX supply and use pathways towards a greenhouse 
gas neutral energy industry (UBA 2014). 

SECTOR COUPLING: HYDROGEN AS A STORAGE MEDIUM AND POWER - TO - X
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Use of hydrogen from a systems perspective in Germany (focus PtX)
9+Tr[8meG M/c��N&_'0
Hydrogen as basis for provision of synthetic gas/fuels or substitute for natural gas in 
the gas grid via Power to x-technologies
eG��?!*XG��K@m.R�=b`N_�>aB�/JG

15.08.19, 13*38BMWi - Altmaier verkündet Gewinner im Ideenwettbewerb ‚Reallabore…len bei Wasserstofftechnologien die Nummer 1 in der Welt werden“

Seite 1 von 3https://www.bmwi.de/Redaktion/DE/Pressemitteilungen/2019/2019071…et-gewinner-im-ideenwettbewerb-reallabore-der-energiewende.html

18.07.2019  PRESSEMITTEILUNG  Energiewende

Altmaier verkündet
Gewinner im
Ideenwettbewerb
‚Reallabore der
Energiewende‘: „Wir
wollen bei
Wasserstofftechnologien
die Nummer 1 in der Welt
werden“
In bundesweit 20 Reallaboren erproben
Unternehmen künftig v.a. neue
Wasserstofftechnologien im
industriellen Maßstab und in realer
Umgebung.

15.08.19, 13*38BMWi - Altmaier verkündet Gewinner im Ideenwettbewerb ‚Reallabore…len bei Wasserstofftechnologien die Nummer 1 in der Welt werden“
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Heute hat Bundeswirtschaftsminister Peter Altmaier die Gewinner im „Ideenwettbewerb Reallabore
der Energiewende“ bekannt gegeben. Mit den Reallaboren der Energiewende werden zukunftsfähige
Energietechnologien unter realen Bedingungen und im industriellen Maßstab erprobt. Zentrales
Thema im Ideenwettbewerb ist CO2-armer Wasserstoff. Seine Nutzung bedeutet keine oder nur
sehr geringe Treibhausgas-Emissionen. Erzeugt werden kann Wasserstoff beispielsweise über
Elektrolyse auf Basis von Strom aus Windkraft- oder Photovoltaikanlagen. Weitere wichtige Themen
der ersten Ausschreibungsrunde des Ideenwettbewerbs sind Energiespeicher und energieoptimierte
Quartiere.

Bundeswirtschaftsminister Peter Altmaier hierzu: „Wir wollen bei Wasserstofftechnologien die
Nummer 1 in der Welt werden. Wasserstofftechnologien bieten enorme Potenziale für die
Energiewende und den Klimaschutz wie auch für neue Arbeitsplätze. Mit den Reallaboren der
Energiewende werden wir neue Wasserstofftechnologien nicht nur in der Forschung, sondern auch
in der Anwendung unter realen Bedingungen und im industriellen Maßstab erproben. Das ist ein
wichtiger Baustein für die weitere Umsetzung der Energiewende. Wir haben daher bundesweit 20
Konsortien als Sieger unseres Ideenwettbewerbs ausgewählt.“

Die Resonanz auf den „Ideenwettbewerb Reallabore der Energiewende“ hat die Erwartungen weit
übertroffen. Insgesamt 90 Vorschläge wurden eingereicht. Einige Projekte sind im bestehenden
Förderregime nicht umsetzbar. Das Bundeswirtschaftsministerium hat deshalb die Erweiterung des
Förderrahmens in die Wege geleitet. Die heute veröffentlichte Liste der Gewinner enthält auch
Projekte, die erst mit einer neuen Förderrichtlinie umgesetzt werden können.

Insgesamt prämiert das BMWi bundesweit 20 Konsortien, die Reallabore planen. Diese ausgewählten
20 Sieger des Ideenwettbewerbs können in den kommenden Wochen und Monaten nun ihre Anträge
für Fördermittel stellen. Dafür stellt das BMWi jährlich 100 Millionen Euro zur Verfügung. Um den
besonderen Stellenwert traditioneller Energieregionen für das Energiesystem der Zukunft zu
unterstreichen, hat das Bundeskabinett in den Eckpunkten für ein Strukturstärkungsgesetz vom 22.
Mai 2019 bereits beschlossen, für Reallabore in Strukturwandelregionen zusätzliche 200 Millionen
Euro zur Verfügung zu stellen.

Bundeswirtschaftsminister Peter Altmaier verkündet die Gewinner des
Ideenwettbewerbs ‚Reallabore der Energiewende‘.

© BMWi/Susanne Eriksson

18.07.2019  VIDEO

Energiewende

 �Startschuss für 20
Reallabore 
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Hydrogen as an option for sector coupling
*)$>�;�3�6A 

Reflecting the efficiency losses hydrogen based mobility is less efficient than electric 
vehicles but much better than synthetic (renewable based) fuels
:=�"0�
*	�53,?(21?���(��/#?�
��1<.	�5����

&.: Agora Energiewende 2017

Insight 06 | Electrification is key to an energy transition in transport. 

44

Despite more efficient traffic planning and new mobility 
habits, motorised vehicles will continue to produce sig-
nificant traffic volume in the coming years. If the trans-
port sector is to become essentially CO2 free by 2050, 
traditional technologies must be replaced by alternative 
powertrain technologies.
 
This is all the more necessary given the growing global 
demand for automobiles. By 2050, the number of vehicles 
on the road could increase from 900 million to around 
2.4 billion.104 This trend is only compatible with current 
international climate targets if the share of emission-
free vehicles increases considerably in passenger and 
freight transport.

German politicians understand the challenge. The 
German Climate Action Plan 2050 calls for the decar-
bonisation of the transport section and for Germany to 
be a leading marker and provider of electric vehicles.  
Moreover, it aims to reduce the cost and increase system 
reliability for hydrogren.105 But the legal framework for 

104 See OECD, ITF (2017).
105 See Bundesregierung (2016d).

reaching these aims needs more work. The experience 
gained with renewables has shown that new markets 
arise provided investors believe the framework is reli-
able. Creating this framework is a task for lawmakers.

Battery electric vehicles are the stand-
ard for efficiency and low-cost operation

The electrification of road transport is a general term 
covering various types of vehicles:

 • Battery Electric Vehicles – BEV, 
 • Range Extended Electric Vehicles – REEV, 
 • Plug-in Hybrid Electric Vehicles – PHEV, 
 • Fuel Cell Electric Vehicles – FCEV.106 

Each type of electric vehicle is more efficient than a 
combustion engine and is of central importance for the 
clean-energy transformation of the transport sector. 

106 According to sec. 2 of Germany’s 2015 Electric Mobility 
Act (Elektromobilitätsgesetzt, EmoG), an electric powered 
vehicle is “an entirely battery electric vehicle, a chargeable 
hybrid electric or a fuel cell vehicle.”

Authors’ calculations and figure based on DLR, Ifeu, LBST, DFZ (2015), p. 15

Amount of renewable energy required for various powertrain  
and fuel combinations (per 100 km) Figure 6.1

15 kWh 31 kWh 93 kWh

Battery electric vehicle  
+ direct charging

Fuel-cell vehicle  
+ hydrogen

Combustion engine vehicle 
+ power-to-gas

Combustion engine vehicle  
+ power-to-liquid

103 kWh
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Hydrogen supply structures – how to get sufficient and competitive 
hydrogen
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Hydrogen supply structures
8�GA4

Hydrogen supply structure will most likely require a new way of thinking (e.g. big 
offshore wind farms dedicated to provide hydrogen)
8�GA4�DNG	?0=-C1+��#�M/�87="!W
P< �

Sonne Wind & Wärme 5/2017, S.20 „Oase in der Nordsee“
https://northseawindpowerhub.eu/wp-content/uploads/2017/11/Concept-Paper-3-Hub-as-an-Island.pdf

North Sea Wind Power Hub

6WP��<5@

Project partnerO>��:

TenneT TSO B.V. (NiederlandeE�)

Energinet.dk (Dänemark�Q)

TenneT TSO GmbH (Deutschland,�)

Gasunie (NiederlandeE�)

Port of Rotterdam (NiederlandeE�)

§ Artificial island in the North Sea (6 sqare kilometers)
6W�'&��)13K�
§ Crossroad for offshore wind parks (30 GW installed capacity) and interconnectors for the European 

electricity trading market

W
P< =�$I�� ����F3%L��69<��2( =5@
§ Starting point for delivering either electricity or hydrogen to neighbouring countries
�BJ�/�<�.870
H;

https://northseawindpowerhub.eu/wp-content/uploads/2017/11/Concept-Paper-3-Hub-as-an-Island.pdf


page Wuppertal Institute04/09/2019 26

Hydrogen supply structures
���"�

Hydrogen supply structure will be most likely based on global commodity streams 
making use of low generation costs in sun/wind rich countries
����"���
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��: Robinius 2018
IEK-3: Institute of Electrochemical Process Engineering 62

Worldwide H2 Flow Allocation with Minimized Overall Costs (75% Scenario)
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German H2 import

H2 flow in Mt/a

Germany Japan EU USA Canada China South Korea
Demand in Mt/a (75% Scenario) 3.14 2.05 17.58 30.61 2.55 12.22 1.15
Import LCOH in €/kg (*) 4.66 4.81 4.67 4.34 4.66 4.71 4.77

(*) Import LCOH incl. shipping costs 
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Hamburger Morgenpost | Hamburg

Antwerpen & Rotterdam: Wie gefährlich sind diese Häfen für
den Hamburger Hafen?
Von  Nina Gessner  20.05.15, 15:22 Uhr

Gigantisch: Flächenmäßig ist Antwerpen (links) der größte Hafen Europas.
Für Stückgut ist er sogar der größte der Welt. Er beherbergt zudem den
zweitgrößten Chemieindustriepark nach Houston weltweit. Ungeschlagen:
Rotterdam ist der wichtigste Hafen Europas und der drittgrößte Seehafen der
Welt.
Foto: visum/ hfr

Der Schock sitzt noch immer tief: Die Containertürme im Hafen werden kleiner! 2,3 Prozent betrug das Minus
im ersten Quartal dieses Jahres. (/hamburg/containerumschlag-geht-zurueck-antwerpen-ueberholt-hamburg--
schluss-mit-lustig-im-hafen-781372) Hamburgs Motor schwächelt. Gleichzeitig wird die Konkurrenz immer
stärker. Rotterdam legte um acht Prozentpunkte zu, Antwerpen um zehn und verdrängte die Hansestadt auf den
dritten Platz der wichtigsten Häfen Europas. Verliert Hamburg an Bedeutung?

Strahlend blau leuchten die Brücken des funkelnagelneuen Terminals „Maasvlakte 2“ in Rotterdam. Knapp drei
Wochen ist es her, dass König Willem-Alexander das modernste Terminal der Welt einweihte, das nach seinem
endgültigen Ausbau einmal eine Kapazität von rund fünf Millionen Standardcontainern pro Jahr haben soll und
damit etwa halb so viel wie der Hamburger Hafen.

Dabei ist „Maasvlakte 2“ nur ein kleiner Teil des Rotterdamer Hafens, der 2014 schon vor dem Ausbau 12,3
Millionen Container umschlug. Aber Maasvlakte macht Hamburg schon jetzt zu schaffen. Denn einer der
Gründe für das Minus in Hamburg ist die zunehmende Abwanderung von Feeder-Linien nach Rotterdam.

Der größte Schatz, den die am Nordseeufer künstlich aufgeschüttete Maasvlakte zu bieten hat, liegt allerdings
unter Wasser. Denn dort geht es auf eine Tiefe von mehr als 24 Metern hinab. Selbst die größten Seeschiffe der
Welt können hier problemlos anlegen. In Hamburg liegt der tideunabhängige Tiefgang bei 12,8 Metern.

Auch der flächenmäßig größte Hafen Antwerpen rüstet sich. Die Fahrrinne der Schelde wurde so ausgebaut,

�': Visum.hfr

Hydrogen supply structures 
"��4 
Ports will play important role - existing oil based hubs (e.g. ports) could become a future 
hub for clean fuels embedded in own low carbon strategy
&����=8
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Example: Port of Rotterdam in the Netherlands with direct connection to Germany
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Hydrogen supply structures 
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…and how to support – simply via conversion of existing natural gas grid and extension 
of already existing hydrogen pipeline system 
���� � #	�-,!�
��("+�
��"��$.%'"�-

Pipeline Transmission of Hydrogen --- 3

Copyright:

Pipeline Transmission of Hydrogen --- 4

Copyright:

3. Special structures

River Crossings (culvert): 6 (Rhein, Ruhr, Rhein-Herne-Kanal)

River crossing (on bridge): 1 (Rhein-Herne-Kanal)

Motorway Crossings: 26

Overground Pipelines: approx 21 km

Impact of high capacity CGH2-trailers 
Deliverable 6.4 

 Public 15 

 

in North America [5-6]. Most of the pipelines are located where large quantities of hydrogen are 
consumed in refining and chemical sectors. These include systems in the North of Europe, (covering 
The Netherlands, Northern France and Belgium), Germany (Ruhr and Leipzig areas), UK (Teesside) 
and in North America (Gulf of Mexico, Texas-Louisiana, California, Alberta). Smaller systems also 
exist in South Africa, Brazil, Thailand, Korea, Singapore and Indonesia. Overall, these pipeline lengths 
are tiny when compared to the worldwide natural gas transport pipeline system, which would exceed  
2 000 000 km. 
Figure 1 displays parts of the worldwide H2 pipeline network. For example, the 240 km long pipeline in 
the Ruhr area of Germany (Fig. 1a) acquired by Air Liquide in 1998 has been in operation since 1938.  
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North Rhine Westphalia
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Existing hydrogen pipelines
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Hydrogen supply structures 
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…and how to support – simply via conversion of existing natural gas grid and extension 
of already existing hydrogen pipeline system 
�� � � 6-�CB-#�H'=0A���#0('7E8<0��

Mit Wasserstoff
bringen wir gemeinsam
die Energiewende voran
GETH2 – Initiative für den Aufbau
einer bundesweiten H2-Infrastruktur

Start für die deutschlandweite 
Wasserstoffinfrastruktur
Deutschland hat sich eine Reduzierung der CO2-Emissionen um 80 – 95 % 
(gegenüber 1990) als Ziel gesetzt. Um die Klimaziele mit größtmöglicher 
Effizienz zu erreichen, bedarf es neben dem Ausbau der regenerativen 
Energieerzeugung sowie der Strominfrastruktur weiterer Schlüssel-
technologien. Die Umwandlung von Strom aus erneuerbaren Energien zu 
Wasserstoff (H2) – Power-to-Gas – ist ein solcher Schlüssel 
für eine erfolgreiche Energiewende.

Das Prinzip
B  Strom aus erneuerbaren Energien wird in H2 umgewandelt.

B  Das grüne H2 wird über die Gashochdruckinfrastruktur transportiert

B  In den Sektoren Industrie, Transport, Energie und Wärme wird das 

grüne H2 als CO2-freier Energieträger eingesetzt.

B  Nicht direkt genutztes H2 wird insbesondere für Dunkelflauten in 

Untergrundkavernen gespeichert.

GET H2 verbindet Regionen mit hohem Anteil an erneuerbaren Energien aus Wind und 

Sonne mit einer H2-Erzeugung im industriellen Maßstab. Darüber hinaus hat GET H2 

die Entwicklung einer bundesweiten H2-Infrastruktur im Blick mit der Kopplung aller 

Sektoren und der bestmöglichen Nutzung vorhandener Infrastruktur für Gastransport 

und -speicherung sowie des Stromnetzes. So lösen wir auch das Problem der 

Versorgung mit erneuerbaren Energien für Dunkelflauten und in Winterzeiten.

Über 90 % Industrie und Bevölkerung erreichbar
Vereinfachter Entwurf einer deutschlandweiten H2-Infrastruktur 
unter Nutzung bestehender Gasinfrastrukturen. Für Mobilitäts-
anwendungen werden rund 90 % der Bevölkerung effizient 
erreicht. Standorte von Raffinerien und Eisenhüttenwerken sowie 
der chemischen Industrie als zukünftige Großverbraucher von H2 
sind ebenfalls berücksichtigt. 

Bremen

Hamburg

Berlin

Hannover

Münster

Lingen

Köln

Frankfurt

Stuttgart

Ludwigshafen

München

GetH2 project – consortium (electricity and gas 
utilities, research institutions) set starting point 
to build up a hydrogen infrastructure in 
Germany via conversion of existing natural gas 
grid
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%): www.get-h2.de
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3 PHASE DIAGRAM HYDROGEN

The critical temperature and critical pressure characterise the 
critical point of a substance. For hydrogen the critical point 
is approximately –240°C or 33.15 K and 13 bar. At the 
critical point of a substance the liquid and gas phase merge. 
At the same time, the critical point marks the upper end of 
the vapour-pressure curve in the pressure-temperature phase 
diagram. The critical density at the critical point is 31 grams 
per litre (g/l).

The melting point, at which H2 changes from the liquid to the 
solid state of aggregation, is –259.19°C or 13.9 K under 
normal pressure and is thus slightly lower again than the 
boiling point. This means that only the noble gas helium has 
lower boiling and melting points than hydrogen.

The triple or three phase point of a substance is the point in 
the phase diagram at which all three states of aggregation 
are in thermodynamic equilibrium; for hydrogen this point is 
at –259.19°C and 0.077 bar. The triple point is also the 
lowest point of the vapour-pressure curve. The vapour-pres-
sure curve indicates pressure-temperature combinations at 
which the gas and liquid phases of hydrogen are in equi-
librium. To the left of the vapour-pressure curve hydrogen is 
liquid, to the right it is gaseous. To the right of and above 

During the 1970s, under the impression of dwindling and 
ever more expensive fossil fuels, the concept of a (solar) 
hydrogen economy was developed, with H2 as the central 
energy carrier. Since the 1990s, hydrogen and fuel cells 
have made huge technical progress in the mobility sector. 
After the turn of the century, not least against the background 
of renewed global raw material shortages and increasingly 
urgent questions of sustainability, the prospects for a hydro-
gen economy were considered once again (Rifkin 2002). 

More recently, the focus has increasingly been on hydrogen’s  
role in a national and global energy transition. Within this 
context, the value added of hydrogen (from renewable ener-
gies via electrolysis) in an increasingly electrified energy 
world has also been subject to discussion. Nevertheless, an 
important role is envisaged for hydrogen – especially as  
a clean, storable and transportable energy store – in an 
electricity-based energy future (Nitsch 2003; Ball/Wietschel 
2009).

Almost since its discovery, hydrogen has played an important 
part in contemporary visions of the future, especially in  
relation to the energy industry and locomotion.

As early as 1874, the French science fiction writer Jules Verne 
(1828 – 1905) in his novel “L’Île mystérieuse” (The Mysteri-
ous Island) saw hydrogen and oxygen as the energy sources 
of the future. In his vision, hydrogen would be obtained by the 
breaking down of water (via electrolysis). Water, resp. hydro-
gen, would replace coal, which at the time was the dominant 
energy source in the energy supply industry. 

In the 1960s, the successful use of hydrogen as a rocket 
propellant and of fuel cells to operate auxiliary power units 
in space – especially in the context of the US Saturn/Apollo 
space travel programme – provided further impetus to the  
fantasies surrounding hydrogen. Also in the 1960s, first  
passenger cars were fitted with fuel cells as basic prototypes 
resp. technology demonstrators. 

1.3 PROPERTIES OF HYDROGEN
Under normal or standard conditions, 
hydrogen is a colourless and odourless 
gas. Hydrogen is non-toxic and is not 
causing environmental damage – in that 
respect it is environmentally neutral.

In terms of the properties of substances, a 
distinction is made between physical and 
chemical properties. Physical properties are 
determined by measurement and experi-
mentation, while chemical properties are 
observed by means of chemical reactions. 
One of the most important chemical prop-
erties of energy sources is the behaviour 
of the substance when it is burned (redox 
behaviour), either in a hot conversion 
process or by cold electrochemical com-
bustion. Physical and chemical properties 
of substances influence both the use and 

usefulness of a substance and the way in 
which it is handled; that applies in particu-
lar also to the safe handling and storage of 
energy sources such as hydrogen.

PHYSICAL PROPERTIES

Hydrogen – by which both here and 
below we mean dihydrogen or equilibrium 
hydrogen mixtures (H2) – exists in gaseous 
form under normal conditions. For a long 
time hydrogen was believed to be a 
permanent gas, which cannot be converted 
into either of the other two states of aggre-
gation, i.e. liquid or solid (Hollemann/
Wiberg 2007).

In fact its boiling point is very low, at 
–252.76°C; this is close to the absolute 
zero temperature of –273.15°C and cor-
responds to 20.3 Kelvin (K) on the absolute 

temperature scale. Below this temperature 
hydrogen is liquid under normal pressure of 
1.013 bar, above this point it is gaseous. 

The state of aggregation is dependent not 
only on temperature, however, but also on 
pressure. Gases can thus also be liquefied 
by raising the pressure. However, there is 
a critical temperature above which a gas 
can no longer be liquefied, no matter how 
high the pressure. In the case of hydrogen 
the critical temperature is –239.96°C 
(33.19 K). If hydrogen is to be liquefied, its 
temperature must be below this point. 

Similarly, once it reaches a sufficiently 
high pressure, a gas can no longer be 
liquefied, even by lowering the temperature 
further. This pressure is known as the critical 
pressure, and for hydrogen it is 13.1 bar. 

the critical point, hydrogen becomes a supercritical fluid, 
which is neither gaseous nor liquid. Compared with that 
of methane, the vapour-pressure curve of hydrogen is very 
steep and short – over a small temperature and pressure 
range. As a consequence, liquefaction takes place primarily 
by cooling and less so by compression. By contrast, the 
compressed storage of hydrogen (at 350 or 700 bar) 
always takes place as a supercritical fluid.

In connection with temperature and pressure changes, 
a special feature of hydrogen that has to be taken into 
consideration is its negative Joule-Thomson coefficient: when 
air expands under normal conditions, it cools down – an 
effect which is used in the liquefaction of gases, specifically 
in the Hampson-Linde cycle for the cryocooling of gases. 
Hydrogen behaves quite differently: it heats up when its flow 
is throttled. Only below its inversion temperature of 202 K 
(approx. –71°C) does hydrogen demonstrate a “normal” 
Joule-Thomson effect. By contrast, for the main constituents of 
air, nitrogen and oxygen, the inversion temperature is 621 K 
and 764 K respectively.

Density is a physical quantity that is defined by the ratio 
of mass per volume. Gases have a very low density in 
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1 THE ELEMENT HYDROGEN

'.: BMWi, Die Zeit 2019

Vision of a hydrogen economy is not new
*2-�
#!1�A

Old dream but now in a phase with realistic implementation chances and 
growing political support and public attention
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15.08.19, 15)34Deutschland: Altmaier kündigt Wasserstoffstrategie des Bundes an | ZEIT ONLINE
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Deutschland

Altmaier kündigt Wasserstoffstrategie des

Bundes an

28. Juni 2019, 11:33 Uhr  / Quelle: AFP

Düsseldorf (AFP) Bundeswirtschaftsminister Peter Altmaier (CDU) hat noch für dieses Jahr

eine Wasserstoffstrategie des Bundes angekündigt. Zuvor werde die Bundesregierung in

sogenannten Reallaboren der Energiewende Innovationen im industriellen Maßstab

umsetzen, kündigte Altmaier in der "Wirtschaftswoche" an. "Noch im Sommer werden wir

die ausgewählten Projektideen bekanntgeben." Die technische Realisierung könne dann ab

2020 starten.

 Hinweis

Diese Meldung ist Teil des automatisierten Nachrichten-Feeds der Agence France-Presse (AFP).
AFP ist eine Nachrichtenagentur, die Medien mit selbst recherchierten und formulierten
Meldungen zu aktuellen Ereignissen beliefert.

STA RTS E I T E ›  [h!ps://www.zeit.de/index]

15.08.19, 13*38BMWi - Altmaier verkündet Gewinner im Ideenwettbewerb ‚Reallabore…len bei Wasserstofftechnologien die Nummer 1 in der Welt werden“

Seite 2 von 3https://www.bmwi.de/Redaktion/DE/Pressemitteilungen/2019/2019071…et-gewinner-im-ideenwettbewerb-reallabore-der-energiewende.html

Heute hat Bundeswirtschaftsminister Peter Altmaier die Gewinner im „Ideenwettbewerb Reallabore
der Energiewende“ bekannt gegeben. Mit den Reallaboren der Energiewende werden zukunftsfähige
Energietechnologien unter realen Bedingungen und im industriellen Maßstab erprobt. Zentrales
Thema im Ideenwettbewerb ist CO2-armer Wasserstoff. Seine Nutzung bedeutet keine oder nur
sehr geringe Treibhausgas-Emissionen. Erzeugt werden kann Wasserstoff beispielsweise über
Elektrolyse auf Basis von Strom aus Windkraft- oder Photovoltaikanlagen. Weitere wichtige Themen
der ersten Ausschreibungsrunde des Ideenwettbewerbs sind Energiespeicher und energieoptimierte
Quartiere.

Bundeswirtschaftsminister Peter Altmaier hierzu: „Wir wollen bei Wasserstofftechnologien die
Nummer 1 in der Welt werden. Wasserstofftechnologien bieten enorme Potenziale für die
Energiewende und den Klimaschutz wie auch für neue Arbeitsplätze. Mit den Reallaboren der
Energiewende werden wir neue Wasserstofftechnologien nicht nur in der Forschung, sondern auch
in der Anwendung unter realen Bedingungen und im industriellen Maßstab erproben. Das ist ein
wichtiger Baustein für die weitere Umsetzung der Energiewende. Wir haben daher bundesweit 20
Konsortien als Sieger unseres Ideenwettbewerbs ausgewählt.“

Die Resonanz auf den „Ideenwettbewerb Reallabore der Energiewende“ hat die Erwartungen weit
übertroffen. Insgesamt 90 Vorschläge wurden eingereicht. Einige Projekte sind im bestehenden
Förderregime nicht umsetzbar. Das Bundeswirtschaftsministerium hat deshalb die Erweiterung des
Förderrahmens in die Wege geleitet. Die heute veröffentlichte Liste der Gewinner enthält auch
Projekte, die erst mit einer neuen Förderrichtlinie umgesetzt werden können.

Insgesamt prämiert das BMWi bundesweit 20 Konsortien, die Reallabore planen. Diese ausgewählten
20 Sieger des Ideenwettbewerbs können in den kommenden Wochen und Monaten nun ihre Anträge
für Fördermittel stellen. Dafür stellt das BMWi jährlich 100 Millionen Euro zur Verfügung. Um den
besonderen Stellenwert traditioneller Energieregionen für das Energiesystem der Zukunft zu
unterstreichen, hat das Bundeskabinett in den Eckpunkten für ein Strukturstärkungsgesetz vom 22.
Mai 2019 bereits beschlossen, für Reallabore in Strukturwandelregionen zusätzliche 200 Millionen
Euro zur Verfügung zu stellen.

Bundeswirtschaftsminister Peter Altmaier verkündet die Gewinner des
Ideenwettbewerbs ‚Reallabore der Energiewende‘.

© BMWi/Susanne Eriksson

18.07.2019  VIDEO

Energiewende

 �Startschuss für 20
Reallabore 
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3 PHASE DIAGRAM HYDROGEN

The critical temperature and critical pressure characterise the 
critical point of a substance. For hydrogen the critical point 
is approximately –240°C or 33.15 K and 13 bar. At the 
critical point of a substance the liquid and gas phase merge. 
At the same time, the critical point marks the upper end of 
the vapour-pressure curve in the pressure-temperature phase 
diagram. The critical density at the critical point is 31 grams 
per litre (g/l).

The melting point, at which H2 changes from the liquid to the 
solid state of aggregation, is –259.19°C or 13.9 K under 
normal pressure and is thus slightly lower again than the 
boiling point. This means that only the noble gas helium has 
lower boiling and melting points than hydrogen.

The triple or three phase point of a substance is the point in 
the phase diagram at which all three states of aggregation 
are in thermodynamic equilibrium; for hydrogen this point is 
at –259.19°C and 0.077 bar. The triple point is also the 
lowest point of the vapour-pressure curve. The vapour-pres-
sure curve indicates pressure-temperature combinations at 
which the gas and liquid phases of hydrogen are in equi-
librium. To the left of the vapour-pressure curve hydrogen is 
liquid, to the right it is gaseous. To the right of and above 

During the 1970s, under the impression of dwindling and 
ever more expensive fossil fuels, the concept of a (solar) 
hydrogen economy was developed, with H2 as the central 
energy carrier. Since the 1990s, hydrogen and fuel cells 
have made huge technical progress in the mobility sector. 
After the turn of the century, not least against the background 
of renewed global raw material shortages and increasingly 
urgent questions of sustainability, the prospects for a hydro-
gen economy were considered once again (Rifkin 2002). 

More recently, the focus has increasingly been on hydrogen’s  
role in a national and global energy transition. Within this 
context, the value added of hydrogen (from renewable ener-
gies via electrolysis) in an increasingly electrified energy 
world has also been subject to discussion. Nevertheless, an 
important role is envisaged for hydrogen – especially as  
a clean, storable and transportable energy store – in an 
electricity-based energy future (Nitsch 2003; Ball/Wietschel 
2009).

Almost since its discovery, hydrogen has played an important 
part in contemporary visions of the future, especially in  
relation to the energy industry and locomotion.

As early as 1874, the French science fiction writer Jules Verne 
(1828 – 1905) in his novel “L’Île mystérieuse” (The Mysteri-
ous Island) saw hydrogen and oxygen as the energy sources 
of the future. In his vision, hydrogen would be obtained by the 
breaking down of water (via electrolysis). Water, resp. hydro-
gen, would replace coal, which at the time was the dominant 
energy source in the energy supply industry. 

In the 1960s, the successful use of hydrogen as a rocket 
propellant and of fuel cells to operate auxiliary power units 
in space – especially in the context of the US Saturn/Apollo 
space travel programme – provided further impetus to the  
fantasies surrounding hydrogen. Also in the 1960s, first  
passenger cars were fitted with fuel cells as basic prototypes 
resp. technology demonstrators. 

1.3 PROPERTIES OF HYDROGEN
Under normal or standard conditions, 
hydrogen is a colourless and odourless 
gas. Hydrogen is non-toxic and is not 
causing environmental damage – in that 
respect it is environmentally neutral.

In terms of the properties of substances, a 
distinction is made between physical and 
chemical properties. Physical properties are 
determined by measurement and experi-
mentation, while chemical properties are 
observed by means of chemical reactions. 
One of the most important chemical prop-
erties of energy sources is the behaviour 
of the substance when it is burned (redox 
behaviour), either in a hot conversion 
process or by cold electrochemical com-
bustion. Physical and chemical properties 
of substances influence both the use and 

usefulness of a substance and the way in 
which it is handled; that applies in particu-
lar also to the safe handling and storage of 
energy sources such as hydrogen.

PHYSICAL PROPERTIES

Hydrogen – by which both here and 
below we mean dihydrogen or equilibrium 
hydrogen mixtures (H2) – exists in gaseous 
form under normal conditions. For a long 
time hydrogen was believed to be a 
permanent gas, which cannot be converted 
into either of the other two states of aggre-
gation, i.e. liquid or solid (Hollemann/
Wiberg 2007).

In fact its boiling point is very low, at 
–252.76°C; this is close to the absolute 
zero temperature of –273.15°C and cor-
responds to 20.3 Kelvin (K) on the absolute 

temperature scale. Below this temperature 
hydrogen is liquid under normal pressure of 
1.013 bar, above this point it is gaseous. 

The state of aggregation is dependent not 
only on temperature, however, but also on 
pressure. Gases can thus also be liquefied 
by raising the pressure. However, there is 
a critical temperature above which a gas 
can no longer be liquefied, no matter how 
high the pressure. In the case of hydrogen 
the critical temperature is –239.96°C 
(33.19 K). If hydrogen is to be liquefied, its 
temperature must be below this point. 

Similarly, once it reaches a sufficiently 
high pressure, a gas can no longer be 
liquefied, even by lowering the temperature 
further. This pressure is known as the critical 
pressure, and for hydrogen it is 13.1 bar. 

the critical point, hydrogen becomes a supercritical fluid, 
which is neither gaseous nor liquid. Compared with that 
of methane, the vapour-pressure curve of hydrogen is very 
steep and short – over a small temperature and pressure 
range. As a consequence, liquefaction takes place primarily 
by cooling and less so by compression. By contrast, the 
compressed storage of hydrogen (at 350 or 700 bar) 
always takes place as a supercritical fluid.

In connection with temperature and pressure changes, 
a special feature of hydrogen that has to be taken into 
consideration is its negative Joule-Thomson coefficient: when 
air expands under normal conditions, it cools down – an 
effect which is used in the liquefaction of gases, specifically 
in the Hampson-Linde cycle for the cryocooling of gases. 
Hydrogen behaves quite differently: it heats up when its flow 
is throttled. Only below its inversion temperature of 202 K 
(approx. –71°C) does hydrogen demonstrate a “normal” 
Joule-Thomson effect. By contrast, for the main constituents of 
air, nitrogen and oxygen, the inversion temperature is 621 K 
and 764 K respectively.

Density is a physical quantity that is defined by the ratio 
of mass per volume. Gases have a very low density in 
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1 THE ELEMENT HYDROGEN

'.: Die Zeit, Berliner Morgenpost 2019

Vision of a hydrogen economy is not new
*2-�
#!1�A

Old dream but now in a phase with realistic implementation chances and 
growing political support and public attention
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15.08.19, 15)34Deutschland: Altmaier kündigt Wasserstoffstrategie des Bundes an | ZEIT ONLINE

Seite 1 von 1https://www.zeit.de/news/2019-06/28/altmaier-kuendigt-wasserstoffstrategie-des-bundes-an-20190628-doc-1hy3da

Deutschland

Altmaier kündigt Wasserstoffstrategie des

Bundes an

28. Juni 2019, 11:33 Uhr  / Quelle: AFP

Düsseldorf (AFP) Bundeswirtschaftsminister Peter Altmaier (CDU) hat noch für dieses Jahr

eine Wasserstoffstrategie des Bundes angekündigt. Zuvor werde die Bundesregierung in

sogenannten Reallaboren der Energiewende Innovationen im industriellen Maßstab

umsetzen, kündigte Altmaier in der "Wirtschaftswoche" an. "Noch im Sommer werden wir

die ausgewählten Projektideen bekanntgeben." Die technische Realisierung könne dann ab

2020 starten.

 Hinweis

Diese Meldung ist Teil des automatisierten Nachrichten-Feeds der Agence France-Presse (AFP).
AFP ist eine Nachrichtenagentur, die Medien mit selbst recherchierten und formulierten
Meldungen zu aktuellen Ereignissen beliefert.

STA RTS E I T E ›  [h!ps://www.zeit.de/index]

15.08.19, 15)35Brandenburg will Vorreiter für Wasserstoffwirtschaft werden - Berlin - Aktuelle Nachrichten - Berliner Morgenpost

Seite 1 von 2https://www.morgenpost.de/berlin/article226703139/Minister-Steinbach-will-Wasserstoff-Industrie-vorantreiben.html

Die Wasserstofftechnologie wird für Brandenburg als riesige Chance
gesehen. Das Interesse ist groß. Doch es müssen dafür einige Weichen
gestellt werden.

Von dpa
07.08.2019, 16:57

Potsdam. Brandenburg möchte bundesweit Vorreiterregion für die Wasserstoffwirtschaft werden. "Das
Potenzial ist gewaltig", sagte Landesenergieminister Jörg Steinbach (SPD) am Mittwoch in Potsdam.
Vorgestellt wurde eine Studie des Wasserstoff- und Brennstoffzellenverbandes im Auftrag des Ministeriums.
Allein durch die Ansiedlung von Herstellern, die etwa zehn Prozent des deutschen Marktes bedienten, könnten
in Brandenburg 3500 bis 7000 Arbeitsplätze entstehen, wird in der Studie errechnet. Kosten für notwendige
Investitionen werden allerdings nicht beziffert.

Andere Länder wie China, Japan und Südkorea seien mit der Technik deutlich weiter, sagte Steinbach. Zum
Jahresende startet den Angaben zufolge in Cottbus ein Test mit Bussen aus China, die mit Wasserstoff
betrieben werden.

"Wir würden einen Fehler begehen, wenn wir nicht einsteigen", betonte Steinbach. Es gebe in Brandenburg
einmalige Voraussetzungen.

Bundeswirtschaftsminister Peter Altmaier (CDU) hatte Mitte Juli angekündigt, dass künftig in Deutschland
Zukunftstechnologien wie CO2-armer Wasserstoff und Energiespeicher in "Reallaboren" im industriellen

ENERGIE

Brandenburg will Vorreiter für Wasserstoffwirtschaft
werden

Jörg Steinbach (SPD), Energieminister von Brandenburg. Foto: dpa
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3 PHASE DIAGRAM HYDROGEN

The critical temperature and critical pressure characterise the 
critical point of a substance. For hydrogen the critical point 
is approximately –240°C or 33.15 K and 13 bar. At the 
critical point of a substance the liquid and gas phase merge. 
At the same time, the critical point marks the upper end of 
the vapour-pressure curve in the pressure-temperature phase 
diagram. The critical density at the critical point is 31 grams 
per litre (g/l).

The melting point, at which H2 changes from the liquid to the 
solid state of aggregation, is –259.19°C or 13.9 K under 
normal pressure and is thus slightly lower again than the 
boiling point. This means that only the noble gas helium has 
lower boiling and melting points than hydrogen.

The triple or three phase point of a substance is the point in 
the phase diagram at which all three states of aggregation 
are in thermodynamic equilibrium; for hydrogen this point is 
at –259.19°C and 0.077 bar. The triple point is also the 
lowest point of the vapour-pressure curve. The vapour-pres-
sure curve indicates pressure-temperature combinations at 
which the gas and liquid phases of hydrogen are in equi-
librium. To the left of the vapour-pressure curve hydrogen is 
liquid, to the right it is gaseous. To the right of and above 

During the 1970s, under the impression of dwindling and 
ever more expensive fossil fuels, the concept of a (solar) 
hydrogen economy was developed, with H2 as the central 
energy carrier. Since the 1990s, hydrogen and fuel cells 
have made huge technical progress in the mobility sector. 
After the turn of the century, not least against the background 
of renewed global raw material shortages and increasingly 
urgent questions of sustainability, the prospects for a hydro-
gen economy were considered once again (Rifkin 2002). 

More recently, the focus has increasingly been on hydrogen’s  
role in a national and global energy transition. Within this 
context, the value added of hydrogen (from renewable ener-
gies via electrolysis) in an increasingly electrified energy 
world has also been subject to discussion. Nevertheless, an 
important role is envisaged for hydrogen – especially as  
a clean, storable and transportable energy store – in an 
electricity-based energy future (Nitsch 2003; Ball/Wietschel 
2009).

Almost since its discovery, hydrogen has played an important 
part in contemporary visions of the future, especially in  
relation to the energy industry and locomotion.

As early as 1874, the French science fiction writer Jules Verne 
(1828 – 1905) in his novel “L’Île mystérieuse” (The Mysteri-
ous Island) saw hydrogen and oxygen as the energy sources 
of the future. In his vision, hydrogen would be obtained by the 
breaking down of water (via electrolysis). Water, resp. hydro-
gen, would replace coal, which at the time was the dominant 
energy source in the energy supply industry. 

In the 1960s, the successful use of hydrogen as a rocket 
propellant and of fuel cells to operate auxiliary power units 
in space – especially in the context of the US Saturn/Apollo 
space travel programme – provided further impetus to the  
fantasies surrounding hydrogen. Also in the 1960s, first  
passenger cars were fitted with fuel cells as basic prototypes 
resp. technology demonstrators. 

1.3 PROPERTIES OF HYDROGEN
Under normal or standard conditions, 
hydrogen is a colourless and odourless 
gas. Hydrogen is non-toxic and is not 
causing environmental damage – in that 
respect it is environmentally neutral.

In terms of the properties of substances, a 
distinction is made between physical and 
chemical properties. Physical properties are 
determined by measurement and experi-
mentation, while chemical properties are 
observed by means of chemical reactions. 
One of the most important chemical prop-
erties of energy sources is the behaviour 
of the substance when it is burned (redox 
behaviour), either in a hot conversion 
process or by cold electrochemical com-
bustion. Physical and chemical properties 
of substances influence both the use and 

usefulness of a substance and the way in 
which it is handled; that applies in particu-
lar also to the safe handling and storage of 
energy sources such as hydrogen.

PHYSICAL PROPERTIES

Hydrogen – by which both here and 
below we mean dihydrogen or equilibrium 
hydrogen mixtures (H2) – exists in gaseous 
form under normal conditions. For a long 
time hydrogen was believed to be a 
permanent gas, which cannot be converted 
into either of the other two states of aggre-
gation, i.e. liquid or solid (Hollemann/
Wiberg 2007).

In fact its boiling point is very low, at 
–252.76°C; this is close to the absolute 
zero temperature of –273.15°C and cor-
responds to 20.3 Kelvin (K) on the absolute 

temperature scale. Below this temperature 
hydrogen is liquid under normal pressure of 
1.013 bar, above this point it is gaseous. 

The state of aggregation is dependent not 
only on temperature, however, but also on 
pressure. Gases can thus also be liquefied 
by raising the pressure. However, there is 
a critical temperature above which a gas 
can no longer be liquefied, no matter how 
high the pressure. In the case of hydrogen 
the critical temperature is –239.96°C 
(33.19 K). If hydrogen is to be liquefied, its 
temperature must be below this point. 

Similarly, once it reaches a sufficiently 
high pressure, a gas can no longer be 
liquefied, even by lowering the temperature 
further. This pressure is known as the critical 
pressure, and for hydrogen it is 13.1 bar. 

the critical point, hydrogen becomes a supercritical fluid, 
which is neither gaseous nor liquid. Compared with that 
of methane, the vapour-pressure curve of hydrogen is very 
steep and short – over a small temperature and pressure 
range. As a consequence, liquefaction takes place primarily 
by cooling and less so by compression. By contrast, the 
compressed storage of hydrogen (at 350 or 700 bar) 
always takes place as a supercritical fluid.

In connection with temperature and pressure changes, 
a special feature of hydrogen that has to be taken into 
consideration is its negative Joule-Thomson coefficient: when 
air expands under normal conditions, it cools down – an 
effect which is used in the liquefaction of gases, specifically 
in the Hampson-Linde cycle for the cryocooling of gases. 
Hydrogen behaves quite differently: it heats up when its flow 
is throttled. Only below its inversion temperature of 202 K 
(approx. –71°C) does hydrogen demonstrate a “normal” 
Joule-Thomson effect. By contrast, for the main constituents of 
air, nitrogen and oxygen, the inversion temperature is 621 K 
and 764 K respectively.

Density is a physical quantity that is defined by the ratio 
of mass per volume. Gases have a very low density in 

9

Shell Hydrogen Study

8

1 THE ELEMENT HYDROGEN

Vision of a hydrogen economy is not new
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Old dream but now in a phase with realistic implementation chances and 
growing political support and public attention
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Deutschland

Altmaier kündigt Wasserstoffstrategie des

Bundes an

28. Juni 2019, 11:33 Uhr  / Quelle: AFP

Düsseldorf (AFP) Bundeswirtschaftsminister Peter Altmaier (CDU) hat noch für dieses Jahr

eine Wasserstoffstrategie des Bundes angekündigt. Zuvor werde die Bundesregierung in

sogenannten Reallaboren der Energiewende Innovationen im industriellen Maßstab

umsetzen, kündigte Altmaier in der "Wirtschaftswoche" an. "Noch im Sommer werden wir

die ausgewählten Projektideen bekanntgeben." Die technische Realisierung könne dann ab

2020 starten.

 Hinweis

Diese Meldung ist Teil des automatisierten Nachrichten-Feeds der Agence France-Presse (AFP).
AFP ist eine Nachrichtenagentur, die Medien mit selbst recherchierten und formulierten
Meldungen zu aktuellen Ereignissen beliefert.
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Die Wasserstofftechnologie wird für Brandenburg als riesige Chance
gesehen. Das Interesse ist groß. Doch es müssen dafür einige Weichen
gestellt werden.

Von dpa
07.08.2019, 16:57

Potsdam. Brandenburg möchte bundesweit Vorreiterregion für die Wasserstoffwirtschaft werden. "Das
Potenzial ist gewaltig", sagte Landesenergieminister Jörg Steinbach (SPD) am Mittwoch in Potsdam.
Vorgestellt wurde eine Studie des Wasserstoff- und Brennstoffzellenverbandes im Auftrag des Ministeriums.
Allein durch die Ansiedlung von Herstellern, die etwa zehn Prozent des deutschen Marktes bedienten, könnten
in Brandenburg 3500 bis 7000 Arbeitsplätze entstehen, wird in der Studie errechnet. Kosten für notwendige
Investitionen werden allerdings nicht beziffert.

Andere Länder wie China, Japan und Südkorea seien mit der Technik deutlich weiter, sagte Steinbach. Zum
Jahresende startet den Angaben zufolge in Cottbus ein Test mit Bussen aus China, die mit Wasserstoff
betrieben werden.

"Wir würden einen Fehler begehen, wenn wir nicht einsteigen", betonte Steinbach. Es gebe in Brandenburg
einmalige Voraussetzungen.

Bundeswirtschaftsminister Peter Altmaier (CDU) hatte Mitte Juli angekündigt, dass künftig in Deutschland
Zukunftstechnologien wie CO2-armer Wasserstoff und Energiespeicher in "Reallaboren" im industriellen

ENERGIE

Brandenburg will Vorreiter für Wasserstoffwirtschaft
werden

Jörg Steinbach (SPD), Energieminister von Brandenburg. Foto: dpa
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HAMBURG ENERGIEWENDE

Wasserstoff-Offensive der norddeutschen Bundesländer

Veröffentlicht am 02.05.2019 | Lesedauer: 4 Minuten

Ministerpräsident Daniel Günther (CDU, v.l.), Bürgermeister Carsten Sieling, Ministerpräsidentin Manuela
Schwesig, Bürgermeister Peter Tschentscher (alle drei SPD) ,UV-Nord-Präside . . .

Quelle: dpa

Die Ministerpräsidenten des Nordens wollen die Energiewende vorantreiben und dabei

die Wirtschaft ankurbeln. Der Fokus liegt dabei auf einem Element, von dem sich die

Politik wahre Wunder verspricht.

s ging um die Energiewende, die Wissenschaft und die Industrie im Norden – und

um die Frage, wie sich der zunehmende Einsatz von Wasserstoff positiv auf das

Klima auswirken kann. Die Regierungschefs der fünf norddeutschen Länder trafen sich am

Donnerstag zum Gipfeltreffen im Hamburger Rathaus, um unter anderem eine

norddeutsche Wasserstoffstrategie zu beschließen.

Dabei müsse im Norden eine neue Wertschöpfungskette geschaffen werden, betonte

Hamburgs Bürgermeister Peter Tschentscher (SPD). „Wir haben den Wind, die

Wissenschaft und die Unternehmen, die die Wasserstofftechnologie nach vorne bringen

können. Und dieses Angebot machen wir ganz Deutschland.“

Die fünf Länderchefs, die auch mit den Präsidenten der norddeutschen

Unternehmensverbände berieten, verabschiedeten ein Papier, in dem auch Forderungen

…however Japan and Korea are without any doubt forerunner with regard to 
shaping a hydrogen economy 
06��%�;��+4.
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'/: Die Zeit, Berliner Morgenpost, Hamburger Abendblatt 2019
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Old dream but now in a phase with realistic implementation chances and 

growing political support and public attention
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„The time is right to tap into 

hydrogen’s potential to play 

a key role in a clean, secure 

and affordable energy future.“ IEA 2019
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The IEA has identified four near-term opportunities to boost

hydrogen on the path towards its clean, widespread use. 
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1. Make industrial ports the nerve centres for scaling up the use 

of clean hydrogen. 
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2. Build on existing infrastructure, such as millions of kilometres 

of natural gas pipelines. 
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3. Expand hydrogen in transport through fleets, freight and 

corridors. 
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4. Launch the hydrogen trade’s first international shipping 

routes. 
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