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Introduction
Power-to-Gas (PtG), transforming electrical power into
gaseous energy carriers, makes it possible to store large
quantities of surplus renewable energy and utilize it in
different climate friendly ways, some of which produce
no emissions at all. With Power-to-Gas it is possible to
open up new applications for renewable energy sources
and give additional impetus to their expansion (the keyword here is coupling of energy sectors). Demonstration
of this technology has proceeded rapidly in Germany
over the past few years, the result being that plants with
an approximate output of 21 MW are now in service with
more being planned or under construction.
But these facilities are not yet economically efficient.
The present brochure describes the different routes and
projects for this technology and its potential, and it ends
by taking a look at the companies and research institutes
operating in North-Rhine Westphalia (NRW). The Fuel
Cell and Hydrogen Network NRW supports companies/
SMEs with relevant activities and energizes the discussion
here within the framework of its ‘Power-to-Gas’ and 'H2
System' expert groups.

Power-to-Gas in the energy turnaround
In its narrower sense Power-to-Gas means producing
hydrogen by electrolysis and feeding it into the natural
gas network. In Germany the existing infrastructure is
almost 500,000 km long.

It incorporates storage facilities with a total capacity of
25 billion m³ or 275 TWh when measured in terms of the
upper heating value, equivalent to almost 30% of the
natural gas consumed every year in Germany. If the hydrogen is methanized beforehand using CO2 any required
quantities can be fed in. In addition, Power-to-Gas also
includes uses which involve the application of pure
hydrogen in transport, in industry or for reconversion to
electricity. On account of its high efficiency and lack of
emissions the specific use of hydrogen as a fuel in fuel
cell electric vehicles is especially economical as well as
environmentally and climate friendly. But this pathway
needs its own infrastructures and these can hardly be
financed from self-generated sales in the initial years of
the build-up phase.
Fuel cell electric vehicles operated with hydrogen may be
technically ready today, but they are still more expensive
than conventional technology when introduced into
the market, owing to the lack of mass production. The
construction of the infrastructure is proceeding apace.
By 2023, H2 Mobility Deutschland intends to set up a
nationwide network of 400 hydrogen filling stations –
of which 50 are to be ready by the end of 2016 as part of
the Clean Energy Partnership (CEP) project.
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If hydrogen is decentrally synthesized into liquid fuels by
adding CO2, this is known as Power-to-Liquids or Powerto-Chemicals. Since the production of hydrogen is the
basic step, these routes are also part of the Power-to-Gas
technology. What they all have in common is that they
facilitate the storage and use of very large quantities of
energy which could otherwise not be used in a power
system dominated by wind and sun.
In 2015 the power generated from wind and sun already
made up one quarter of the power consumption in
Germany and the installed capacity exceeded the peak
power demand slightly. In view of the high investment
costs Power-to-Gas paths can, however, only become
economically viable when power is available at low cost
for several thousand hours a year. To ensure this, the
installed capacity of wind and sun in an area restricted
by grid limitations must cover several times the average
power demand. There are already high-wind regions in
coastal areas where half of the usable energy has to be
curtailed by the grid operator. If wind and sun continue
to be expanded as an energy source over the coming
decades this effect will be amplified and will spread. To
be able to use the energy investment in the development
and industrialization of the technology is already essential
today.
In Germany a debate is in progress based on numerous
studies about the roles of storage systems and other
flexibility options in the future energy system. While

a number of researchers see Power-to-Gas as only
economically viable beyond the 80% renewable energy
mark in the power system, others underscore the significance of demand-oriented reconversion to electricity
when there is no power from renewable sources. And
then again others emphasize that the cross-sector use
of renewable energy made possible by Power-to-Gas
would contribute greatly to climate protection and clean
air management at an earlier stage, especially in the
mobility sector.
The estimates of the quantitative potential of Power-toGas differ greatly depending on the approach adopted.
According to the Advisory Council on the Environment
(Sachverständigenrat), there would be a domestic energy
storage requirement of between 0 and 250 TWh if the total
German power demand were to be met with renewable
energy. This would be equivalent to at most half the
current power consumption and depends on the expansion
of the grid and development of pumped storage systems
in Norway. In 2030 half of the surplus could still be used
with one-hour storage systems – in 2050 as little as one
third. On the other hand, a study of the Jülich Research
Centre which adopted a cross-sector approach revealed
that greenhouse gas emissions from German transport
sector could be reduced from 100 million tonnes to a good
18 million tonnes with the same total number of kilometres
driven by means of Power-to-Hydrogen based on surplus
wind energy. Here, 28 million cars, 2 million light commercial
vehicles and just under 50,000 buses would be supplied.
Previously there had been individual successful H2 storage
projects – e.g. Phoebus at the Jülich Research Centre –
but in Germany a start has been made on the intensive
testing of Power-to-Gas only in the last years. This involves
a wide range of project-specific knowledge. The electrical
output of some projects has exceeded the MW threshold.
This demonstrates the technical maturity of the technology
and its capacity for large-scale application. The following
map shows the distribution of more than 30 research
and pilot projects in Germany. More than 15 of these
inject the hydrogen produced directly or after additional
methanization into the natural gas grid. Empty symbols
stand for projects being planned or under construction.

4

Project Examples
Projects with hydrogen feed into the natural gas
grid
In Falkenhagen, Brandenburg, the company Uniper
Energy Storage (formerly E.ON) has been collaborating
with the Swiss partner Swissgas AG since 2013 to operate
a Power-to-Gas plant. This plant produced about 360 m³/h
of hydrogen using an alkaline electrolyzer from Hydrogenics with an input power of 2 MWel. This is fed into the
high-pressure natural gas grid of ONTRAS Gastransport
through a 1.6 km hydrogen pipeline and is available there
for end customers. The product is marketed under the
name 'E.ON WindGas' and has a ratio of 90% natural gas
and 10% renewable hydrogen. In the first year of operation
more than 2 million kWh of hydrogen was fed in.

Power-to-Gas projects in Germany

Hydrogen feed into natural gas grids
	Hydrogen feed into natural gas grids
planned/under construction
Methanization and methane feed in projects
	Methanization and methane feed in projects
planned/under construction
Other hydrogen applications
Conversion to chemical products
Conversion to chemical products
planned/under construction

In Hamburg-Reitbrook Uniper Energy Storage has
operated a further pilot plant since September 2015.
Here the megawatt PEM technology of Hydrogenics is
being used for the first time (picture p. 5). The peak
power is 1.5 MWel with a hydrogen production of 265
Nm³/h.
In Klanxbüll, Schleswig-Holstein,the association
Deutscher Verein des Gas- und Wasserfaches (DVGW)
joined with partners to conduct a field trial up to the
middle of 2015. In a delimited local distribution network
with about 128 gas customers which does not have any
natural gas filling stations hydrogen was injected in
different concentrations up to 9.9 vol.-%. The H2
compatibility of the gas end devices connected was
confirmed and there was no relevant deterioration in
emissions.
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In May 2014 a further PtG plant was put into service on
the Mainova site in Frankfurt am Main. The electrolyzer
used involves PEM electrolysis by the British manufacturer
ITM Power with an input electrical power of 320 kWel. The
plant produces about 60 m³/h hydrogen, which is fed
into the municipal natural gas distribution network at a
pressure of 3.5 bar. The plant provides a negative operating reserve. If there is a surplus supply in the power
grid the electrolyzer starts up and produces hydrogen.
Another demonstration plant is being operated by RWE
in Ibbenbüren, NRW. In the PEM electrolyzer supplied by
ITM Power with an input power of 150 kWel hydrogen is
produced and fed into the public gas grid, the H2 concentration remaining below 1 vol.-%. The enriched natural
gas is used among other things to operate co-generation
(CHP) plant units which can feed the power generated
back into the power grid as required. The heat from the
CHP plant and the waste heat of the electrolyzer are used
for preheating purposes in the natural gas expansion in
the local gas pressure regulation installation. For the first
time in the world an energy utilization rate of 86%
measured in terms of the calorific value is achieved here.

In Essen, also NRW, a further demonstration plant will be
taken into service in 2017. In a network of seven research
institutions, the 'Virtual Institute of Power to Gas and
Heat NRW' it is intended to set up a small-scale plant
consisting of PEM electrolysis, catalytic methanization,
locally limited gas grid feed-in and use in various gas
application technologies (fuel cells, combined heat and
power generation, gas-condensing boilers, etc.) in household size. The aim is to demonstrate as many different
application pathways as possible for renewable gases,
accompanied by examinations into system integration.
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Projects involving hydrogen applications
In eight projects hydrogen is being converted into
electricity or used as a vehicle fuel. With an input electrical
power totalling 9 MW, 1,700 m 3 of hydrogen can be
produced per hour. It is converted back into electricity
in Grazpow, Herten and Prenzlau. On the other hand
in Berlin, Freiburg, Hamburg, Mainz, Prenzlau and
Stuttgart H2 filling stations are supplied, and in Mainz
it is also possible to serve industrial customers and to
feed into the natural gas grid.
In Grazpow, Mecklenburg-Western Pomerania, hydrogen
is used to supply a 140-MW wind farm with operating
power when there is a lack of wind (picture top left).
This is supplied by a 250-kWel internal combustion engine
from the company senergie. The electrolyzer produces
up to 210 m³/h hydrogen with an efficiency of 61% in
relation to the net calorific value. The hydrogen is
compressed for storage with an efficiency of 93% up to
310 bar. Although the cycle efficiency is 'only' 18%, the
operator is convinced by the concept. Preparations are
underway to inject hydrogen into the gas grid as an
alternative use.
The complementary energy system in Herten (NRW)
includes a 150-kW electrolysis plant which produces 30
m³/h of hydrogen. Technically this allows the complete
supply of the office and laboratory building (title picture)

with power and hydrogen using exclusively the power
from a local wind turbine. The hydrogen is stored at
pressures of up to 50 bar in a 115 m³ tank. When there
is no wind a PEM fuel cell installation can be used to
generate 50 kW of electricity.
Grazpow and Herten work with pressurized alkaline
electrolyzers from Hydrogenics and these went into
trial operation in 2013.
Herten has been designed with its generation and load
simulators (picture top right) as an open test centre for
external customers. The opportunity to simulate island
grids is unique in Germany. It has been found that alkaline electrolysis can also effectively track the steep wind
gradients – with certain limits when there is a sudden
shut-down of the wind turbine.
In the Prenzlau hybrid power plant wind energy is
converted into hydrogen by means of a non-pressurized
alkaline 600-kW electrolyzer by McPhy. If required this
can be converted into electricity in a CHP plant in different
mixtures with biogas. This means that it is possible to
provide green electricity on the market with overall
reliability. Furthermore the hydrogen can be drawn from
the plant’s own filling station. In Reußenköge hydrogen
is mixed with biogas and converted into electricity. Here
a PEM electrolyzer from H-TEC Systems is used.
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In Berlin, Freiburg, Hamburg and Stuttgart, filling
stations are supplied by on-site electrolysis. The capacities
are 100, 6, 180 and 60 Nm³/h respectively. At the three
larger filling stations it is also possible to fuel local buses.
The filling station operators are the oil companies Total,
Fraunhofer ISE and the energy utilities Vattenfall and
EnBW.
Energiepark Mainz was put into service in July 2015.
Three PEM electrolyzers, supplied by Siemens, each with
two stacks and a peak output of 6 MWel can generate
1,000 m3/h of hydrogen. This is stored in high-pressure
tanks. The photographs show one of the three electrolysis
units and the hydrogen storage system respectively with
the electrolysis container in the background. There is a
filling station for 200-bar trailers to deliver the hydrogen
to filling stations or industrial customers. But it can also
be fed into the natural gas grid. Preparations are underway
to purchase buses with fuel cell drive. As a first step a
bus line is being fuelled which terminates close to the
Energiepark. The buses of this line travel 200 km every
day. On the power side the installation serves primarily
to use surplus wind power. Furthermore reserve energy
is offered.

Projects involving methanization
In a number of demonstrators the methanization of
hydrogen is being tested. This makes it possible to feed
practically unlimited quantities of energy into the widely
spread natural gas grid and to use it without restrictions.
There is a distinction between thermal and biological
methanization. The latter is said to be highly flexible in
terms of time. Mostly CO2 from biogas plants is used
because this arises anyway during the purification of
untreated biogas to gas grid quality. In addition the waste
heat from methanization can be used in the biogas reactor.
In Stuttgart ETOGAS operates alkaline electrolysis with
250 kWel and thermal methanization. In Werlte vehicle
manufacturer Audi joins with ETOGAS and other partners
to put its experience into practice on an economically
relevant scale. There the hydrogen is produced by McPhy
in three unpressurized alkaline electrolyzers, each with a
capacity of 2.1 MW. The overall efficiency when converting
to methane is 54%. The waste heat is used in the biogas
reactor. The photo shows the reformer tower (p. 8 bottom
left), which takes up less space here than the electrolysis
facility.
Audi supplies the green natural gas to registered customers
via normal CNG filling stations. The vehicles are supposed
to cause lower CO2 emissions in their life cycle than batterypowered vehicles because the CO2 emitted is bound
beforehand. In both cases it is expected that power will
be generated without CO2.
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In Allendorf, a 300-kW PEM electrolysis facility from
Schmack Carbotech has been in operation since March
2015. It is part of a biogas plant belonging to the Viessmann Group, including a biological methanization facility
from MicrobEnergy. The compact electrolysis facility –
on the right in the middle picture – supplies 60 cubic
metres of hydrogen per hour. The methanization uses CO2
from the biogas plant and takes place at higher temperatures in the reactor shown. The containers belonging
to the reactor contain the control system and auxiliary
components (picture bottom right).
The Falkenhagen site is being extended to include a
thermal methanization facility as part of the EU project
Store&Go, which started up recently. This is designed
for an electrolysis capacity of 1 MWel and can therefore
process half the hydrogen produced on the site.

Projects for the production of liquid fuels (PtL)
The first Power-to-Fuel plant in Germany was put into
service in 2015 by sunfire GmbH in Dresden. The plant
works with a self-developed solid oxide electrolysis under
pressure, which is also already in use in closed energy
storage systems on a hydrogen basis. In Dresden, on the
other hand, so-called 'blue crude' is produced, which is
similar to naphtha. The daily capacity is 160 litres (picture
p. 9 bottom right).
In Lünen, NRW, at a coal-fired power plant operated by
STEAG, Mitsubishi Hitachi Power Systems Europe GmbH
are erecting a Power-to-Methanol plant scheduled for
commissioning in 2017. A PEM electrolysis facility from
Hydrogenics with a capacity of 1 MWel and a methanol
reformer from Carbon Recycling International are in use.
The CO2 is recovered from the waste gas of the power
plant using an amine gas treatment developed by the
University of Duisburg-Essen.
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The waste heat from the methanol reformer can be used
in the power plant. The aim is to achieve operation of the
reformer with flexible load. The plant will have a methanol
production capacity of about 1 t/d. It is firmly believed
that it will be possible to produce methanol economically
on a large scale in coal-fired power plants and steelworks
since the opportunity costs for electricity not fed in are
below the marginal costs at which the electrolysis would
still be operated (over 6,000 hours a year).
Finally, thyssenkrupp AG, Thyssen-Krupp Uhde Chlorine
Engineers, as the manufacturer of an alkaline water
electrolysis process, and other partners are conducting
the project Carbon2Chem to convert process gases from
steel production into methanol, urea or other chemical
products. This would be successful in particular if
renewable electricity is abundantly available and it is
not profitable to feed electricity into the grid.
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Prospects
In all, PtG plants with a total capacity of 21 MW are in
operation in Germany. More than ten further projects are
under construction. Of these a number of particularly
innovative projects have been/are being supported from
public funds. Others are being financed by energy suppliers, who want to test the technology under realistic
conditions.
The companies and institutions who have joined together
in the Power-to-Gas strategy platform of the German
Energy Agency (dena) announced in 2014 their goal of
erecting plants with a total capacity of 1 GW by 2022.
The strategy paper for the national innovation programme
NIP2 proposes 1.5 GW as the target for 2025. But to
ensure that Power-to-Gas based on renewable energy
sources can contribute to a reduction in emissions there
are still hurdles to overcome. These include a number of
end consumer charges, regulatory frameworks as well as
the basic preference given to expanding the transmission
network over storage systems and other time-related
flexibility options due to the current market design. This
does not reflect the grid limitations within the existing
price zones and does not support the use of increasing
surpluses due to bottlenecks.

Hydrogen sources

Research is already being conducted in NRW into hydrogen
pipeline networks, including large-scale storage systems
to ensure the efficient supply of hydrogen for the transport
sector. This is supplementary to the trials for Power-toGas technologies. The picture shows a visualisation from
the Jülich Research Centre. Initial calculations yield
costs below the annual expenditure in Germany for oil
imports and confirm that it is worthwhile intensifying
research and addressing questions of a social and
regulatory nature.
Power-to-Gas competence from NRW
The Competence Atlas of the Network at
www.energieagentur.nrw/brennstoffzelle contains large
numbers of companies and institutions.
Special mention should be made of the following
Plant manufacturers:
n	Hydrogenics: PEM and alkaline electrolysis
n	ThyssenKrupp Uhde Chlorine Engineers:
alkaline electrolysis
n Schmack Carbotech: system integration
n I-gas: gas installations, PEM electrolysis
n AREVA H2Gen: PEM electrolysis
Energy suppliers:
n	Uniper, RWE/Westnetz, STEAG

Transmission
HUBs
Distribution Filling
stations Regional
districts

Research institutions:
n	Forschungszentrum Jülich IEK-3: PEM electrolysis,
SOFC/SOEC, alkaline membrane, system analysis
n Gas- und Wärme-Institut Essen (GWI): system test
n H2 Herten: system test
n	Zentrum für BrennstoffzellenTechnik (ZBT):
PEM electrolysis, components
n Ruhr-Univ. Bochum: membranes, catalysts
n	Max-Planck-Institut für Chemische Energiekonversion:
catalysis
n Westfälische Hochschule: PEM electrolysis
n	Virtual Institute 'Power to Gas and Heat NRW':
system-related questions
Component suppliers:
n	MeliCon: power distributors for PEM electrolysis
n	Gräbener: bipolar plates, forming machines
n	Membrasenz: membrane for alkaline electrolysis
The Fuel Cell and Hydrogen Network supports all companies and institutions operating in this field. In the 'Powerto-Gas' and 'H2-System' expert groups the technical and
systemic aspects are discussed intensively.
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