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Short summary
The ultimate objective of energy storage is to help meeting human needs such as lighting, motion,
heating, cooling, transport, information, products, etc. by matching energy supply and demand in
place and time. In order to be secure, reliable, affordable, non-detrimental to the climate and
ecologically friendly, energy supply must be based on renewable energies (RE) on a worldwide scale
until 2050 at the latest. The largest contribution to energy supply can be provided by technologies
converting solar radiation and wind power into electricity which can also be used to cover not only the
demand for electricity, but also for heat, cold and transport by means of heat pumps, cooling devices,
and electrical vehicles.
The maximum instantaneous power, that can be provided by solar and wind power plants, depends
on the weather and is therefore strongly intermittent. Storage is one means among others to match
such intermittent generation to the electricity demand in place and time. Alternative, respectively
complementary options are: (1) grid extension and reinforcement which allow for mutual
compensation of generation and demand variations appearing at the same time, but at different
places, (2) demand side management which changes the electricity demand time-profile in order to
better match with generation, (3) fine-tuning of the generation mix to maximise the mutual
compensation of generation fluctuations, and (4) generation management which consists in overdimensioning of generation facilities and operating them for times of low demand below the nominal
output. Storage and its alternatives are already needed and applied in the conventional energy supply
system, in particular the alternatives (1), (3) and (4), but the need for using all of them in an optimised
combination will be much larger in a RE-based energy system.
Storage where electricity is converted into another form of energy and then back into electricity is
rather the exception. Generally, stores are elements of energy conversion chains which provide a
buffer between two forms of energy and which can very often equally well be used for generation or
demand side management. Stores can also link the main energy vectors electricity, heat, and
gaseous fuels. All these interdependencies need to be taken into account when investigating storage
comprehensively in order to derive conclusions for an overall optimised future energy system.
By mid-2013, RE generation facilities provide about 45% of the total generation power and about 25%
of the electrical energy supply in Germany. Temporarily RE has provided already more than 60% of
the instantaneous power demand. This has completely changed the time-structure of the residual
conventional power generation: the former midday demand peak has been largely “shaved” by
electricity from photovoltaic (PV) plants, hard coal and lignite power stations run more constantly than
ever, and the demand for conventional peak-power generation from gas power stations as well as
pumped hydro storage has considerably decreased.
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Electricity from new wind power plants costs about 8 ct/kWh and electricity from new large PV plants
about 10 ct/kWh in Germany. These are life-cycle costs considering a return on investment of a few
per cent as it is accepted by the large majority of private persons who own the majority of the RE
plants. These costs do not – contrarily to what is often believed – contain any subsidy. The German
Erneuerbare-Energien-Gesetz (EEG; Renewable Energy Act) simply obliges the grid operators to
purchase renewable electricity and pay the operators a remuneration which covers these life-cycle
costs.
However, PV and wind power plants have merely zero marginal costs, because they run without fuel.
For this reason the prices for electricity at the spot and future markets, which depend on marginal
instead of full life-cycle costs, have reached historically low values in the range of 3 to 4 ct/kWh. In the
same way, differences between high and low electricity prices, the arbitrage which is among others
relevant for the cost-effectiveness of stores, have become so small that even the operation of already
existing pumped hydro power stations is questioned due to lacking cost-effectiveness.
With increasing RE share spot market electricity prices will approach zero unless market mechanism
are changed to better allow refinancing investments with merely marginal costs such as PV and wind
power plants – and energy stores. Different proposals for a reform of the European electricity markets
exist, but their closer investigation is beyond the scope of this assessment.
Cross-border exchange of electricity exports these effects also to neighbouring countries. The
consequences are among others that cheap spot market electricity from Germany replaces electricity
from gas power plants, notably in The Netherlands, and helps keeping electricity prices in France low
even during demand peaks in winter. The undesirable effect however, that hard coal and lignite power
stations continue operating while the operation of gas power stations is reduced, thus increasing
carbon-dioxide emissions, is not only a result of the cheap RE electricity from Germany, but also of
the presently very low climate emission certificates price. Reducing the number of the latter on the
market in order to increase their price would increase the share of electricity from gas power plants.
Stopping the German energy turnabout (“Energiewende”) at this stage would notably perpetuate the
strong contribution of hard coal and lignite power plants to the electricity supply and related high
climate gas emissions. It would also keep storage requirements at a very low level. If the energy
turnabout is continued, the residual conventional power supply will develop a more and more
pronounced midday dip, electricity generation from hard coal and lignite will have to be reduced, and
generation from gas power stations will increase. With an increasingly intermittent generation the
need for storage and alternative options to match electricity generation and demand in place and time
will become more important. According to model calculations, significant demand for storage and
alternative flexibility measures will appear once the RE-share of the electricity supply will be higher
than about 50%. Short-term storage will already be needed much sooner because of local grid
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bottlenecks. Long-term storage will only be relevant once the RE-share has passed the 80%
threshold. In terms of stored energy, there will be a much higher demand for long-term energy
storage, about 10% of the annual electricity demand, than for short-term storage.
At present, a market for small battery stores integrated in PV systems is developing in Germany. This
market is driven by the fact that PV electricity from small roof-top plants costs less than 15 ct/kWh,
half of the average household electricity tariff – without any subsidy! This makes self-supply with PV
systems profitable if a high rate of self-supply can be achieved. Batteries are installed to increase the
rate of self-supply. Though batteries are still expensive, the integration of a small battery can already
be cost-effective for house owners. Commercial users of self-generated electricity can achieve much
higher self-supply rates even without storage.
The developing market of PV systems with small battery stores provides one element of short-term
storage. Among the other flexibility options, biogas is about to play a very important role. At present,
the total nominal power of existing biogas plants in Germany is about 3.3 GW. These plants run more
or less constantly. If they were equipped with additional biogas stores, heat stores and a four times
higher CHP electric nominal power, they could provide about 13 GW of fully flexible power generation
capacity. This is to be compared to the electricity demand which varies between 29 and 74 GW.
Alternatively, biogas can be up-graded to bio-methane and fed into the existing natural gas grid for
remote use in CHP, fuel cells or heating systems. Both the more flexible operation of existing biogas
plants, and up-grading and grid feed-in are starting to be applied at large scale in Germany. Further
large potential for adapting electricity generation and demand exists in CHP plants which can be run
in pattern with the electricity demand when being equipped with larger heat stores. A first large-scale
application of this option is implemented by the leading German green electricity supplier.
While a broad range of options for short-term storage exists and can be applied in the short to
medium term, complemented by alternative flexibility options that are equivalent to short-term storage,
only one single long-term (seasonal) electricity storage option can be identified: conversion of
electrical energy into chemical energy of hydrogen via electrolysis of water. The hydrogen can be
admixed to natural gas or bio-methane up to a few per cent. Beyond that, hydrogen can be converted
to substitute natural gas (SNG) by reaction with carbon-dioxide to methane in a Sabatier process.
This power-to-gas (P2G) called long-term storage option is presently developed very quickly in
Germany and a number of pilot and demonstration plants have been set up. The largest plant is an
industrial 6 MW el plant owned by Audi AG. The strong advantage of P2G is that the required stores
already exist. Taking on-going and planned extensions into account, the existing underground natural
gas stores in Germany provide a capacity equivalent to about one quarter of the annual electricity
demand if a reconversion efficiency of SNG to electricity of 50% is assumed.
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Despite of all these developments, low arbitrage at the electricity spot market, still high specific costs,
still little need for, and little attention attributed to, large-scale deployment of storage by the federal
government are presently providing a not optimal framework for the wider application of storage in
Germany. However, the situation is a bit different at local level, where storage can play a role in
overcoming smaller grid bottlenecks.
For that local level, short-term options for actions of different players, investors, regional energy
utilities, and local and regional authorities, have been formulated as conclusions of this assessment.
These options are called non-regret options here because they can be implemented in the short term
without running into the risk to make a big mistake if the development of RE electricity generation,
storage technology and market development, and the development of the political and legal
framework will take another route than estimated today.
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1. Executive summary
1.1 Storage – not an end in itself, but to be seen in a larger context
The ultimate objective of and requirements for energy supply
Energy storage is not an end in itself, but a means to an end. The ultimate objective of energy storage
is to help meeting human needs such as lighting, motion, heating, cooling, transport, information,
products, etc. For that purpose energy is required and depending on the way how these needs are
addressed, the required form of energy might, among others, be electricity. As these needs are
fundamental, the provision of energy must be secure, reliable, and affordable, but also nondetrimental to the climate and ecologically friendly. A broad consensus exists that an energy supply
system that fulfils these criteria must be mainly based on renewable energy sources (RES) on a
worldwide scale by the middle of the 21st century at the latest. An analysis of the potentials of
different RES shows that a suitable mix of renewable energy (RE) technologies will be dominated by
electricity generating technologies making use of the intermittent sources of solar radiation and wind
power. At this point storage comes into play on a larger scale than ever before.
Storage – not limited to renewable energy use and not to electricity
The need for storage does not arise exclusively in the context of RE use, but always when the
optimum operation mode of the main energy supply facilities does not have an output power profile in
pattern with the demand. This applies equally for electricity, heat and transport energy. In the case of
electricity supply from RES which is mainly provided by photovoltaic (PV) and wind power plants, the
optimum operation mode is generally close to the maximum power output, because PV and wind
power plants have merely zero marginal costs. The maximum power output however is dependent on
the solar irradiation and wind speed which are generally not in pattern with the temporal and spatial
profile of the electricity demand. For this reason, a temporal and spatial adjustment of electricity
generation and demand must be achieved. Storage is one, but not the only solution to this end.
It needs to be stressed that the requirement for storage or alternative means to achieve a temporal
and spatial adjustment of electricity generation and demand exists also in the conventional, mainly
fossil fuel and nuclear power-based electricity supply system. Notably, if power plants provide a major
part of the electricity supply whose power output cannot be quickly adjusted and only be varied in a
small power range, i.e. older lignite and nuclear power stations, a strong need exists for balancing
measures to adjust the electricity generation and demand. This is for instance the case in France
where the electricity supply is dominated by nuclear power plants. The balancing measures consist in
significant use of storage hydro power plants in the Alpine space and the Pyrenees, and significant

page 19 of 188

National Frameworks: The case of Germany

cross-border exchange of electricity, notably with Switzerland and Italy and partially passing via the
German electricity grid. A similar situation exists in the east of Germany, where a significant part of
the electricity generation is provided by lignite power stations. The combination of these power
stations with large wind parks in the same area leads to large spatial balancing requirements which
find their expression in very frequent dispatch and re-dispatch measures in the east of Germany.
The need to adjust energy generation and demand does also not exist exclusively in the electricity
sector. In the heat sector, storage is provided by fuel before combustion and by heat stores such as
hot water energy stores. In the transport sector which is at present almost entirely fossil fuel-based,
storage is provided in form of fuel before combustion.
Alternatives to storage
As the central purpose of storage is to match energy generation and demand in place and time,
storage options must be compared to alternative ways to fulfil this purpose. In the electricity sector,
these are notably:


grid extension and reinforcement



demand side management



fine-tuning of the generation mix (investment measures)



generation management (operation measures)

While grid extension and reinforcement contributes to better matching energy generation and demand
in place, but not in time, the other three measures allow for both.
An integrated view on storage
Storage where electricity is converted into another form of energy and then back into electricity is
rather the exception. For this reason, this assessment includes a wider range of storage options
though its focus is on electricity. Basically, energy stores can be divided in four categories:
1. Stores for solid, liquid or gaseous energy carriers such as biomass, biofuel, or biomethane at the first stages of the energy conversion chain;
2. Stores converting electrical energy in another form of energy and back into electrical
energy (batteries, hydrogen, flywheels, pump storage, compressed air storage) which
might be connected to the electric grid or not;
3. Stores for thermal energy converting heat into chemical energy and back into heat (phase
change materials, zeolite, etc.);
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4. Stores for energy in the form in which it will be used, i.e. at the end of the energy
conversion chain. This includes electricity stored in capacitors and inductors, e.g.
superconducting coils; heat stored in hot water tanks, district heating grid lines, etc.; cold
stored in cold storages, freezing warehouses, liquefied gases, etc.; mechanical energy,
e.g. in compressed air for industrial processes; and last but not least any kind of industrial
intermediary or final product.

The whole picture of storage options and their interdependence with energy generation and use is
quite complex. An overview of the most important interdependencies is given in the figure shown
above. The diagram distinguishes notably (1) gas (natural gas, bio-methane, hydrogen and mixtures
of these gases whose physical and chemical properties are within the limits defined by the norms for
natural gas, thus allowing distributing them via the existing natural gas grid; shown in grey colour),
(2) electricity (blue), and (3) heat (red). Conversion facilities that convert energy between these forms
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are indicated by diagonally divided two-coloured squares. Further, solid and liquid fuels, water and
products - all of them also a kind of an energy store - are shown (black).

1.2 Storage – technologies, markets, local future options
Biogas
After a very strong development from 2009 to 2011, biogas plant installations have known a slump
since the beginning of 2012. This is due to rising prices for substrates from energy crops, but also to
the difficulty to comply with the obligation to use at least 60% of the externally available heat (heat not
needed for the biogas plant operation itself) which entered into force on 1 January 2012 and which
was maintained by the EEG amendment in 2012.1,2 This challenging heat use obligation has become
a major motivation for considering alternative options for biogas use, such as the injection in the
existing gas grid and the use as vehicle fuel. The first option is a kind of centralised storage, the
second one a kind of local storage.
At the end of 2012, 107 biogas up-grading plants were in operation in Germany which produce biomethane and distribute the latter via the existing natural gas grid and/ or a new gas line (lines up to
20km exist3). Their cumulated annual gas injection capacity is 580 mio m 3, equivalent to an upper
heating value of 5 TWh (0.64% of the total German natural gas consumption of 787.5 TWh in 20124).
There are about 100,000 natural gas fuelled vehicles in Germany and about 900 natural gas fuelling
stations out of which about 100 offer bio-methane. However most of the bio-methane seems to be
sold for heating and decentralised power and heat generation. An exact statistics of the use of biomethane could not be found in the frame of this assessment.
A strong trend can be observed towards small, specifically set up biogas micro-grids and satellite
CHP, that operate at some distance of the biogas plant. In 2011 already about 20% of the biogas
plant operators were distributing biogas via micro-grids.5

1

Gesetz zur Neuregelung des Rechtsrahmens für die Förderung der Stromerzeugung aus erneuerbaren Energien
(amendment of EEG) of 28 July 2011, valid since 1 January 2012, §27 (4)
2
5. Gesetz für den Vorrang Erneuerbarer Energien (Erneuerbare-Energien-Gesetz – EEG 2012) of 17 August 2012, valid
retroactively since 1 April 2012, §27 (4)
3
Mehr als nur Strom- Fachverband Biogas startet Wärme-Offensive, press release of 16 January 2013 [retrieved on 11
February 2013]
4
AGBE, http://www.ag-energiebilanzen.de/viewpage.php?idpage=62 [retrieved on 19 February 2013]
5
DBFZ, Monitoring zur Wirkung des Erneuerbare-Energien-Gesetz (EEG) auf die Entwicklung der Stromerzeugung aus
Biomasse, FZK 03MAP138, Endbericht zur EEG-Periode 2009-2011, März 2012, download:
http://www.dbfz.de/web/fileadmin/user_upload/Berichte_Projektdatenbank/3330002_Stromerzeugung_aus_Biomasse_Endb
ericht_Ver%C3%B6ffentlichung_FINAL_FASSUNG.pdf [retrieved on 15 February 2013]

page 22 of 188

National Frameworks: The case of Germany

A further trend is extension of existing biogas plants, notably by the installation of further CHP6. In
combination with larger biogas and heat stores, this will allow more flexibly operating individual CHP,
i.e. generation management. As the total power of biogas driven CHP is about 3.3 GW, a more
flexible operation of the existing plants by means of additional biogas and heat stores and a four times
larger electric CHP power would provide about 13 GW of fully flexible renewable electric power
generation capacity. This has to be compared to a power demand that varies between 29 and 74 GW.
A new market segment opened by the amendment of the EEG in 2012 are biogas plants selling
electricity outside the frame of guaranteed feed-in tariffs on the free market, including the market for
balancing energy. The potential of this market segment is more difficult to estimate, but the interest
shown by the operators is very high.7 The most interesting electricity market segment for biogas plant
operators is the negative balancing power market. Operators are paid for stopping the feed-in of
electricity into the grid. The fermenter can continue producing biogas and the produced gas and its
energy content is not lost. A fermenter can usually store the biogas produced within 2-6 hours, but the
periods for which the electricity feed-in is interrupted are much shorter. The price for negative
balancing power can reach 0.40-0.50 €/kWh. However, the profit for operators participating in the
balancing power market can only roughly be estimated. Assumptions exist that predict about 15
periods per year for which negative balancing power is needed.8
Large stores for up-graded biogas and SNG already exist
The natural gas infrastructure in Germany, notably the 22 underground pore and 25 underground
cavern storage facilities with, respectively, 10,438 mio m3 and 9,993 m3 working gas volume, provide
huge storage capacities. The related energy storage capacity of the existing underground gas
storages was about 200 TWh (upper heating value of stored gas) as of 31.12.2011. After
commissioning of presently planned and built new facilities, the total capacity of natural gas storages
in Germany will reach about 320 TWh in terms of upper heating value. This is equivalent to about one
quarter of the German annual gross electricity demand if reconversion efficiency from gas to
electricity of 50% is assumed, and by far much more than the existing or reasonably foreseeable
capacity of any other storage option.
I.E. there will be sufficient stores in Germany, not only for biogas that is fed into the natural gas grid,
but also for substitute natural gas (SNG) from power-to-gas (P2G) conversion processes. This means
that the stores required for seasonal energy storage in a fully RE-based energy supply system exist
already. Simply, most of the RE electricity generation plants and all the conversion facilities still have
to be built.
6

See 5
See 5
8
Geregelte Gewinne, in: neue energie 9/2012, p. 99
7
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Power-to-gas (methane in gas grid)
The P2G conversion technology (methane synthesis from hydrogen and carbon-dioxide) is at present
the only pathway that allows seasonal storage of major amounts of energy by making use of existing
stores. For this reason, it attracts a lot of attention in Germany. A strategic partnership for the
promotion of the P2G technology has been created by 32 companies and institutes under the lead of
the Deutsche Energie-Agentur (DENA; German Energy Agency). Among others, the strategic
partnership operates a central web-portal9 on P2G has which presents core information and latest
news.
The first commercial P2G plant, a 6 MW el plant has been built on behalf of Audi AG by Solar Fuel in
Wertle, Lower-Saxony, and put into operation on 25 June 2013.10 It is the first industrial scale P2G
plant. The targeted efficiency is 54%. Full industrial deployment of 10-20 MW P2G units is planned to
start in 2015.11 The targeted electricity-to-SNG efficiency is 60% without and 75% with residual heat
use.12
Their size and modularity make P2G plants suitable also for local applications. A first application of
interest seems to be bio-methane plants for vehicle fuel production or grid injection in rural areas that
are combined with PV or wind power installations. Here, the P2G plant replaces the biogas upgrading facility and converts the carbon-dioxide contained in the biogas into bio-methane as it has
been successfully demonstrated by the 25 kW P2G pilot plant when it was operated in combination
with biogas plants. If the electricity needed for the hydrogen production is taken from PV and wind
power installations in the vicinity of the biogas plant, the combination of the plants is very flexible and
can respond to a broad range of demand situations.
Power-to-gas (hydrogen in gas grid)
If hydrogen is directly used as storage medium instead of SNG, one energy conversion step, the
Sabatier process13, can be omitted and related energy losses can be avoided. For this reason, this
direct grid feed-in is also investigated by a number of projects in Germany. However, only limited
amounts of hydrogen can be fed into the existing natural gas grid or added to natural gas that is used
as vehicle fuel while SNG is merely identical to natural gas and can even entirely replace the latter in
the forthcoming fully renewable energy economy by using today’s natural gas infrastructure
unmodified.

9

www.powertogas.info [retrieved on 16 April 2013]
Windwasserstoff mit PEM-Membranen, in: Solarthemen n° 403, 4 July 2013, p.6
11
Sonnenspeicher, in: neue energie 06/2013, p. 28 et seqq.
12
http://www.solar-fuel.net/loesung/beta-anlage-wird-gebaut/ [retrieved on 18 January 2013]
13
Sabatier reaction, http://en.wikipedia.org/wiki/Sabatier_reaction [retrieved on 12 February 2013]
10
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The total natural gas market in Germany is about 1,000 TWh in terms of upper heating value
annually. If 1% hydrogen is admixed to that amount, 10 TWh of hydrogen can be fed annually in the
existing natural gas grid.14 Assuming further a reconversion of the hydrogen to electricity in gas
turbines with an efficiency of 50%, hydrogen alone can provide 5 TWh of electricity from seasonal
stores. About 10% of the annual German electricity demand, i.e. some 60 TWh need to be provided
from seasonal stores.15 Hence, some 55 TWh must come from SNG. If the amount of hydrogen
admitted to be admixed to natural gas/ SNG in the gas grids was increased, hydrogen could provide a
larger part of energy from seasonal storage and less SNG would need to be produced in the longterm.
In order to play a significant role as storage medium, hydrogen must be able to be produced by highly
flexible electrolysers that can be switched between full load and zero within very short time-intervals.
For that reason German R&D is focusing on polymer electrolyte membrane (PEM) electrolysers which
have a ramping time of a few minutes.16
There are still only a small number of hydrogen production sites in operation and most of them are
R&D plants. As a result of recent R&D, hydrogen can be produced with a conversion efficiency of
80% at costs of 14 ct/kWh from wind power (8 ct/kWh for wind power and 6 ct/kWh for electrolysis). It
can be reconverted to electricity in fuel cells with a conversion efficiency of 50%.17
Power-to-gas (hydrogen local)
The largest existing demonstration project for hydrogen production from surplus electricity and use as
energy store, the ENERTRAG renewable hybrid power plant in Prenzlau mentioned above, is also a
showcase for local hydrogen production, storage and reconversion into electricity.18 Storage of
hydrogen is experimented among others in low pressure tanks. The low pressure tanks can be
transported on trucks for combustion in a CHP or grid feed-in at distant places.
Among others, pure hydrogen can and is planned to be used as fuel in vehicles which combust
hydrogen in fuel cells for driving electric motors. If such vehicles will become more common, an
important local option will be generation and distribution of hydrogen at fuelling stations.
14

Note in press release of E.ON on pilot plant in Falkenhagen, Brandenburg; http://www.powertogas.info/power-togas/pilotprojekte/pilotanlage-falkenhagen.html [retrieved on 10 July 2013]
The figure of 1,000 TWh is a very rough rounding of the 787.5 TWh cited by AGEB (see 4).
15
The figure is based on the finding of the model calculation for the EU+MENA+Eastern Europe region presented by T.
Thien, R. Alvarez, Z. Cai, P. Awater, M. Leuthold, A. Moser, D. U. Sauer at the IRES 2012, entitled “Storage and grid
expansion needs in a European electricity supply system with a high share of renewable energy”, see: proceedings of IRES
2012, p. 637 et seqq. The model calculation comes to the conclusion that long term energy stores with a capacity of about
10% of the annual electricity demand are needed.
16
See 11
17
Audi fährt auf Wind ab, neue energie 11/2012, p. 54
18
http://www.performingenergy.de/index.php?id=8 [retrieved on 11 July 2013]
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Chemical energy storage
Chemical energy storage comprises here the conversion of heat into chemical energy and vice-versa.
It can be done with materials that absorb water vapour, e.g. zeolite, or involve chemical reactions, e.g.
water bound to burnt lime. The advantage of chemical heat storage is that losses occur only during
charge and discharge, but not in the state of constant charge. A number of zeolite heat storage pilot
and demonstration plants have been set up in Germany, but they are generally designed to optimize
the overall energetic system efficiency and not to provide electricity storage. Zeolite energy storage is
also available on the market e.g. as an element of heating systems and allows improving the overall
energy efficiency. Heat storage in burnt lime has been experienced with, but is not available on the
market.
Compressed air energy storage
Compressed air energy storage (CAES) and advanced compressed air energy storage (ACAES) are
very often cited as potential storage technologies. The technology as such is not new and there is
good reason for assuming that it could be deployed very quickly at large scale – simply this is not
what happens in reality. Only two CAES plants exist presently worldwide. Rather than being used as
a storage technology, CAES can be considered as option for demand side management, because
there is a huge need for compressed air in industry. Operating the compressors in pattern with the
availability of electricity is a good alternative to storage and re-expansion of the air in a turbine.
Cryogenic energy storage
A new, but rarely cited energy storage and/ or demand side management option is cryogenic energy
storage (CES). Air might be liquefied in pattern with the availability of electricity (demand side
management) and can be re-expanded by means of ambient heat and drive a turbine. A
thermodynamic efficiency of up to 80% can be achieved during re-expansion. The technology can be
considered to be at the threshold of commercialisation. Several commercial projects in the 10 MW
range have been announced to be implemented. As the main process steps involve well established
technology and there are no specific risks such as dangerous chemicals involved, the chances for
technological success can be considered to be rather high. Remaining technological risks have to be
seen rather at the level of system integration. The energy storage costs are predicted to range
between 260 and 530 $/kWh (200-400 €/kWh19).

19

http://de.finance.yahoo.com/waehrungen/waehrungsrechner/#from=USD;to=EUR;amt=520 [retrieved on 9 January 2013]
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Pump water storage
There are 36 pump water storage plants in Germany with a total power capacity of 6.6 GW and an
energy storage capacity 37.7 GWh. Several projects for new pump water storage plants with a total
power capacity up to 5 GW are about to be implemented. Most existing and planned pump storage
hydropower plants are not situated in the Alpine space, but in the Central German Uplands. According
to a study established by the Forschungszentrum Jülich (FZJ; Research Centre Jülich), it exists also a
potential for 0.4 GW pump storage capacity in federal waterways, notably in canals and mainly in the
north of Germany close to the main wind power generation sites. The potential for pump water
storage in the Alpine areas of Germany is rather limited. Only smaller plants might be considered to
be constructed. Also the potential for new stored water hydro plants is limited. Pumped water storage
in Scandinavia is often being discussed as a storage option for Germany, but this is not considered
here as a serious option for energy storage in the Alpine space.
Thermal energy storage systems – high temperature
In Germany high temperature thermal energy storage systems (HTTESS) are mainly investigated as
an option for running coal power plants more flexibly. The use of HTTESS in combination with solar
thermal power plants has no potential in Germany because of the high average cloud coverage and
lack of direct solar irradiation.
Thermal energy storage system – low temperature
Different types of low temperature heat storage can be subdivided into sensible heat storage which
goes along with a temperature change of the storage medium (hot water in most cases), and latent
heat storage where heat is stored in a medium that remains at a specific temperature, but changes its
physical phase, e.g. from liquid to solid and vice versa. A major field of application of latent heat
storage in Germany are phase change materials (PCM) which are used in buildings for stabilising the
room temperature within a comfortable range. Applications connected to electricity storage cannot be
identified so far.
A major application of hot water energy storage in the context of matching electricity generation and
demand is linked to cogeneration of electricity and heat in combined heat and power plants (CHP) or
fuel cells. Electricity is not stored, but electricity and heat cogeneration happens in pattern with the
electricity demand. I.E. this option is rather some sort of electricity generation management. This can
be generally said of all cases where electricity and heat are cogenerated in pattern with the electricity
demand and the heat is stored. A form of electricity demand side management involving hot water
stores is done with heat pumps that are driven in pattern with the availability of electricity, e.g. as a
function of variable tariffs.
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According to the Energieeffizienzverband für Wärme, Kälte und KWK e.V. (AGSW; Energy Efficiency
Association for Heat, Cold and CHP) the total potential for balancing electric power introduced by
thermal hot water storage is +3.6 GW/ -18.4 GW (-6.7 GW through decreased electricity feed-in from
CHP, -11.7 GW through auxiliary electric heaters). This is to be compared to the total German power
demand which varies between 29 and 74 GW. One has to note that this potential will decrease when
the energetic performance of the existing building stock will be successively improved, thus lowering
the overall room heating demand. However, the energetic refurbishment of buildings is presumably
the part of the turn towards a sustainable energy supply which will take most of the time. Hence, there
will be a need for non-negligible room heating for two or three decades.
A very ambitious market application of decentralised hot water storage for demand-oriented electricity
generation is the Schwarmkraftwerk (swarm power plant) of the green electricity provider Lichtblick. 20
The aim of Lichtblick is to combine 100,000 gas-fuelled CHP in multi-family houses, companies,
parishes, schools, kindergartens, hotels and public buildings to a single large power plant by means
of a proprietary management and control system. The basic component is a gas-fuelled CHP
produced by Volkswagen AG with an electric power of 19 kWhel and a thermal power of 36 kW th. The
overall efficiency is above 94%. A sufficiently large hot water energy store allows for electricitydemand driven operation. At present the CHP are mainly fuelled with natural gas. However, switching
to biogas or SNG is very simple by choosing a green gas supplier. 700 CHP have been sold by
Lichtblick by mid-2013.
Flywheels
Though flywheels are already integrated as storage devices in uninterruptible power supply (UPS)
and vehicles and offered on the world market, they are not common on the German market and not
available as separate storage devices that could be integrated in electricity supply systems.
Mobile batteries (electric vehicles)
Electrification of the transport sector is currently considered for several reasons:

20



Electric drives are 3-4 times more efficient than combustion engines.



Electric drives do not produce air pollution at the site of use. If the electricity is provided by
renewable energies, air pollution can even be totally avoided.



Electric drives produce much less noise than combustion engines.



If the electrical energy is provided by on-board batteries, the latter can store and dispatch
electrical energy to the grid (vehicle-to-grid systems, V2G). The networked vehicle

http://www.lichtblick.de/schwarm-strom/schwarmkraftwerke/ [retrieved on 22 July 2013]
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batteries can work together and act as one collective battery fleet for matching electricity
generation and demand.
Batteries for vehicles must be light-weight and must have a high energy storage capacity which allows
driving the vehicle over a sufficiently large distance. For this reason, essentially lithium-ion batteries
are considered as candidates for mobile batteries. They must further be safe under normal operation
and in case of a traffic accident. This limits the choice of suitable batteries further to some kinds of
lithium-ion batteries which are proven to be sufficiently risk-free.
The V2G idea is still largely conceptual. All other objectives of transport electrification can also be
achieved without batteries. The main alternative storage technology is hydrogen carried on-board in
pressure tanks that drives a fuel cell which provides the electrical energy for an electric drive. As the
fuel cell technology is advancing very rapidly, lithium-ion batteries will soon have to compete with fuel
cells.21
The presently largest electric car fleet in Germany is operated by the Daimler subsidiary Car2Go, a
car renting company with 250,000 customers that operates 6,000 vehicles in 16 cities in Europe and
North America. The electric car fleet consists of 300 E-Smarts run in Stuttgart.22 Much more quickly
than the sale of electric cars, the sale of e-bikes is rising in Germany: after 200,000 in 2010 and
310,000 in 2011, the number of e-bikes sold per year has been expected to rise to 400,000 in 2012.23
Stationary batteries
An overview of battery storage systems for PV plants, by far the most important application of
stationary battery storage at present, has been established by pv magazine which represents the
German market by mid-2013.24,25 The overview lists 170 systems offered by 38 companies for PV
plants on single family houses and smaller multi-family houses. Prices are very different. The
cheapest system costs 938 € per kWh of storage capacity, the most expensive one 5,270 €/kWh.
Energy storage costs calculated by pv magazine on the basis of life time and useful storage capacity
range between 20 and 70 ct/kWh. If the generation of the PV electricity costs 14 ct/kWh, the present
cost level for small PV systems in Germany, the electricity retrieved from the battery store costs
34 ct/kWh. The higher the direct use of the generated PV electricity is the lower are the average costs
of PV electricity. They are to be compared with average household electricity tariffs of about 29
ct/kWh. I.E. the cheapest battery storage systems allow for cost-effective generation of electricity for
households.
21

Brennstoffzelle oder Batterie?, in: neue energie 11/2012 p. 21
Stuttgart bei Elektromobilen vorne, in: neue energie 1/2013, p. 35
23
Eine Million E-Bikes in Deutschland, in: neue energie 9/2012, p. 31
24
http://www.pv-magazine.de/index.php?id=9&tx_ttnews[tt_news]=11322&cHash=05703d1130cd647ff33a6c154c6ca073
[retrieved on 23 July 2013]
25
Print version of battery storage overview in: pv magazine, n°1, June 2013, p. 66 et seqq.
22
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Because batteries, in particular lithium-ion batteries are regarded as key component of electric
vehicles and as key element for dealing with up-coming local grid bottlenecks caused by a high
concentration of small and medium-size PV plants, the federal German government has set up a
battery support programme that has started on 1 May 2013. Support is given for stationary batteries in
PV plants with a peak power of up to 30 kWp which have been installed after 31 December 2012. A
condition is that the battery allows limiting the peak power of the PV plant to 60% of the nominal
power and further, that an open interface is installed that allows the grid operator to configure the
inverters remotely. The financial support is up to 600 € per kWp of PV nominal power for new and
660 € per kWp for existing PV plants.
Besides use in PV systems, larger batteries are also already installed in Germany for stabilising the
electrical grid. These projects are nevertheless still at pilot and demonstration level. Batteries as
energy stores in telecommunication repeater stations are however a quite common application.

1.3 Comparison of storage and alternative options
Present need for grid extension and reinforcement
At present, the need for grid extension in Germany as a consequence of the rapid switch towards a
mainly renewables-based electricity supply is a matter of strong debate. Investments in the electricity
grid are not solely needed because of the switch towards RE, but also because regular grid
investments were strongly cut from the mid of the 1990s on. On the eve of the liberalisation of the
electricity market and until the end of the first decade of the twenty-first century, the German grid
operators reduced the investments in the grid infrastructure from 3.0-4.0 bn € per year to 1.7-3.1 bn €
per year in order to reduce costs. For this reason, a strong need for grid maintenance and related
investments exists today independently of the energy turnabout.
The Deutsche Energie-Agentur (DENA, German Energy Agency) estimates that extended or
reinforced distribution grids with a total length of 135,000 to 195,000 km and additional 21,000 km of
modified existing grid lines will be needed until 2030 requiring investments between 27.5 and
42.5 bn €. This is equivalent to the average investments in the German electricity grid for 10-20 years,
i.e. a large figure, but not one beyond any imagination. Only a very small portion of this, between 3.6
and 4.2 bn € will be needed for changes in the low voltage distribution grid.26 Though being quite low,
these figures are strongly questioned by several institutes and considered to be estimated too high.
Another criticism is that the existing plans for adapting the German electricity grid for integrating
distributed RE electricity generation are rather designed to connect new hard coal power stations
26

Zu wenig Verteilnetze, in: neue energie 1/2013, p. 55
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close to North Sea harbours and lignite power stations in the east of Germany to the main demand
centres.
Demand side management
Within the German E-Energy R&D and demonstration programme which deals with smart grids, a
strong focus has been on demand side management. It was found for instance that variable electricity
purchase tariffs for households allow shifting about 10% of the demand.27 Presumably the potential
for demand side management in industry and commerce is much larger, but exact estimates are still
missing.
Fine-tuning of the generation mix (investment measures)
Several model calculations have been made to determine the ratio of wind to PV power generation
which minimises the storage requirements. For Germany as a whole, a contribution of 60% from wind
power and 40% from PV plants to the electricity supply leads to the lowest need for storage. In the
north of Germany, the optimum ratio is close to 80:20, while in the south a slightly higher PV share
compared to wind is the optimum. This is perfectly in pattern with the natural potentials. A further
result of these model calculations is that the optimum is not very sharp and deviations from it do not
strongly change the storage needs. Further, the degree to which differences between intermittent
generation and demand are balanced by demand side management or local grids influences strongly
the optimum wind-PV mix.
Generation management (operation measures)
At present, mainly generation management of wind power plants in the north and east of Germany is
applied. In 2011, about 1% of the electricity that could have been produced by wind energy converters
has not been generated because wind converter output was limited to deal with grid bottlenecks.28 In
the case of PV plants, even very little generation management can considerably increase the
maximum power of PV plants that can be connected to the grid and the total share of PV to the
electricity supply. The limitation of the power fed into the grid from PV installations to 70% of the
nominal generator power leads only to a 1-2% lower energy feed into the grid 29, because the
accumulated time for which the PV installation output exceeds 70% of its nominal power is extremely
short. Vice-versa, 1-2% lower generation allows for a 1.4 times higher PV power connected to the
grid. If the available PV energy which cannot be fed into the grid at the time of generation is stored,
even this small loss can be avoided and/ or even more PV power can be connected to the grid.
27

E-Energy ancillary research team, oral communication
Mehr Windmühlen abgeregelt, in: neue energie 1/2013, p. 34
29
J. Schmid, Netze für die Energiewende, in: neue energie 1/2013, p. 52 et seqq.
28
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The exact role of generation management in an electricity supply system with much higher RE share
than today still needs to be evaluated by more comprehensive model calculations than today. For the
time being, it can be assumed that the non-use of a few per cent of the principally available RE
energy from PV and wind power plants is cost-effective compared to storage or grid extension
allowing to avoid a non-use of a few per cent.

1.4 Renewable energy status: sources, supplies, network, market
Renewable electricity generation and economic impact
The total installed electric power generation capacity in Germany was 176.5 GW as of
1 February 2013. Out of this, 74.6 GW (42.3%) were renewable power generation capacity. The
largest generation capacity is provided by PV installations (32.5 GW, 18.4%), followed by wind power
generators (30.3 GW, 17.2%) and hard coal power stations (20.2 GW, 11.4%)30. The most quickly
increasing power capacity sector is PV.31
The so far highest combined power output of PV and wind power plants taken together, 35.9 GW,
was reached on 18 April 2013 at noon, when wind power (16.7 GW) and PV plant output (19.2 GW)
covered more than 50% of the total German power demand. At the same time 6 GW were exported to
neighbouring countries.32 The so far highest share to the domestic electricity supply was reached on
16 June 2013 between 2 p.m. and 3 p.m., when PV plants produced 20.3 GW and wind power plants
9.3 GW, together 29.6 GW, equivalent to 61% of the power demand of 48.5 GW.33 The highest
generation from PV plants was measured on 17 June 2013 when the total power output peaked at
23.1 GW at 1 p.m.34
In terms of energy, the contribution of renewable energies to the total electricity generation was
22.6% in 2012.35 As Germany is a net electricity exporter, RE electricity covered also a small part of
30

Kraftwerksliste Bundesnetzagentur, Stand 1.2.2013, excel file download from:
http://www.bundesnetzagentur.de/cln_1931/DE/Sachgebiete/ElektrizitaetGas/Sonderthemen/Kraftwerksliste/VeroeffKraftwer
ksliste_Basepage.html [retrieved on 12 February 2013]
31
Ökostrom überholt Kohle/ Sonne überholt Windkraft, in: neue energie 12/2012, p. 21
32
Erneuerbare Energien Windkraft- und Photovoltaik übertreffen die vorjährige Erzeugungsspitze um mehr als 10%, FfE
Forschunsstelle für Energiewirtschaft, press release of 19 April 2013; http://www.ffe.de/publikationen/pressemeldungen/453erneuerbare-energien-windkraft-und-photovoltaik-uebertreffen-die-erzeugungsspitze-um-mehr-als-10- [retrieved on 25 July
2013]
33
Rekord: Über 60 Prozent Strom aus Sonne und Wind, pv-magazine online news of 19 June 2013; http://www.pvmagazine.de/nachrichten/details/beitrag/rekord--ber-60-prozent-strom-aus-sonne-und-wind_100011405/ [retrieved on 25
June 2013]
34
Rekordeinspeisung von Photovoltaik im Juni, pv-magazine online news of 4 July 2013; http://www.pvmagazine.de/nachrichten/details/beitrag/rekordeinspeisung-von-photovoltaik-im-juni_100011597/ [retrieved on 25 July 2013]
35
Statistisches Bundesamt;
https://www.destatis.de/DE/ZahlenFakten/Wirtschaftsbereiche/Energie/Energie.html;jsessionid=0A0B66C69A160FE1C6865
B70DD8D4E70.cae4 [retrieved on 27 September 2013]
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the electricity consumption of neighbouring countries, in particular The Netherlands, Austria and
Switzerland.36 The latter leads to a reduction of electricity generation from gas power stations, mainly
in The Netherlands, while hard coal and lignite power stations, mainly installed in Germany, continue
operating.
Strikingly, the four large electricity suppliers owned only 5% of the RE generation capacity by the end
of 2012. By far the largest share of generation capacity is owned by private persons (11% directly
owned by farmers and 35% by other private persons) and predominantly smaller companies (14%).
Project developers own 14% of the generation capacity, smaller energy suppliers 7% and funds and
banks 13%.
Increasingly, RE plants are owned by energy cooperatives whose number has been strongly rising
since 2008. According to an assessment of the Deutsche Genossenschafts- und Raiffeisenverband
(DGRV; German Cooperative and Raiffeisen Confederation) conducted between January and March
201337,38, not only the number of cooperatives is quickly increasing, but also the average number of
their members. By mid-2013, 656 energy cooperatives had 136,000 members, 90% of them private
persons, and had invested about 1.2 bn € in RE plants, mainly medium-size PV plants.
Contrary to investment costs, operation costs of RE power plants are essentially, by almost three
quarters, related to biomass plants. This is due to the fact that biomass plants need fuel contrary to all
other RE electrical generation facilities.
In 2012, the RE sector (electricity, heat and transport fuels) provided 378,000 jobs. Most jobs existed
in the biomass sector and were related to the production of fuels from agriculture and forestry. The
number of jobs has been steadily increasing over the last years, but recently the number of jobs in the
PV sector were rapidly falling as a consequence of the crisis that can be related to very quickly falling
prices and weak government response to this situation, notably the very rapid cuts of the guaranteed
feed-in tariff since the beginning of 2012 and a continued perturbation of the sector through a public
debate about retro-active changes of the EEG and similar measures.

36

Deutscher Exportüberschuss bei Strom steigt weiter, pv-magazine online news of 3 April 2013; http://www.pvmagazine.de/nachrichten/details/beitrag/deutscher-exportberschuss-bei-strom-steigt-weiter_100010707/ [retrieved on 25
July 2013]
37
Großer Zulauf bei Energiegenossenschaften: Bereits 130.000 Mitglieder engagieren sich, AEE press release of 24 July
2013; http://www.unendlich-viel-energie.de/de/detailansicht/article/4/grosser-zulauf-bei-energiegenossenschaften-bereits130000-mitglieder-engagieren-sich.html [retrieved on 25 July 2013]
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Energiegenossenschaften gewinnen an Bedeutung, photovoltaik online news of 24 July 2013;
http://www.photovoltaik.eu/gentner.dll?AID=544984&MID=30021&UIT=TkxfSURFTlQ9MTEwNDcyXzIwMTNfMDdfMjVfMTdf
MTBfMDYmTkxfTUlEPTExMDQ3Mg&DID=C6BDBF5A65D2549440E94EB7C5E4F765B79CE0C889AA0C018D5287F3D79
D34EA35606575E46AEFB6 [retrieved on 25 July 2013]
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Costs and prices of renewable electricity
The Erneuerbare-Energien-Gesetz (EEG; Renewable Energy Act) guarantees operators of RE
electricity plants a minimum price which is to be paid by the grid operator for the electricity generated
and fed into the grid. This minimum price is guaranteed for a certain period, generally 20 years.
However, the minimum price is lowered at least at the beginning of each year, in the case of PV
plants presently at the beginning of each month for new plants that start operation after such a date.
The logic behind the EEG is that the guaranteed feed-in tariff provides sufficient investment security
for a large number of potential investors, including private persons, thus leading to a strong demand,
increased production of RE systems and price reduction as a consequence of mass production.
Market competition exists between different producers of RE components and systems. The effect of
the EEG has been striking notably in the PV sector where system prices and electricity generation
costs were cut by a factor 10 within 13 years (from about 1 €/kWh in 2000 to about 0.1 €/kWh for
large PV plants by mid-2013).
The point where the PV generation costs crossed the average household electricity tariff is called
grid-parity. This point was reached in 2011. From that moment on, PV electricity was cheaper than
electricity purchase for households and it was cost-effective to cover as much as possible the own
consumption by self-generated PV electricity. By mid-2013 electricity from roof-top PV plants costs
less than 15 ct/kWh, i.e. only half of the average household electricity tariff of about 29 ct/kWh. About
one third of the electricity of newly installed PV plants is consumed by the operators themselves. 39
Electricity from new large PV plants costs even only about 10 ct/kWh and electricity from new wind
power plants about 8 ct/kWh. These are life-cycle costs considering a small return on investment.
They do not contain any subsidies. The costs of renewable electricity in Germany are thus among the
lowest in the world. That sounds surprising because neither the solar irradiation, nor the wind speed is
exceptionally high, nor are biomass resources exceptionally large and easy to explore in Germany,
whereas labour costs are among the highest in the world. However, the natural conditions and labour
costs are just two parameters that influence on the production costs of renewable electricity. Other
parameters which are equally decisive are:


Level of competition between companies active in the field of renewables



Interest rate for investments



Familiarity of installers with technology and resulting installation time and costs

39

Eigenverbrauch steigt auf ein Drittel, photovoltaik online news of 22 July 2013;
http://www.photovoltaik.eu/gentner.dll?AID=544422&MID=30021&UIT=TkxfSURFTlQ9MTEwNDcyXzIwMTNfMDdfMjVfMTdf
MTBfMDYmTkxfTUlEPTExMDQ3Mg&DID=C6BDBF5A65D2549440E94EB7C5E4F765B79CE0C889AA0C018D5287F3D79
D34EA35606575E46AEFB6 [retrieved on 26 July 2013]
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All these parameters have very favourable values in Germany. There are a large number of
companies familiar with renewable electricity generation systems in all RE sectors and at all levels of
the value creation chain. In particular, there are a high number of installers already familiar with
renewable energy systems, thus being able to install systems quickly at low costs and for a low price.
The large number of companies active in the same field of activity creates a strong competition
among them which also lowers prices.
Further, interest rates are at historically low note and the majority of the owners of RE plants in
Germany who are private owners accept a return on investment of a few per cent instead of a return
that is targeted by the large electricity suppliers which are quoted on the stock. As can be shown by a
simple example calculation, raising the return on equity, respectively the interest rate on capital from
0 to 10% doubles the life-cycle costs of PV electricity. This strong influence of the capital cost on the
life-cycle costs of electricity is due to the high investment and low operating costs of PV installations.
A similar situation exits for wind power and hydropower plants. In the case of electricity generation
from biomass, the share of operating costs is higher and the influence of the capital costs is less
pronounced.
Need for reform of the European electricity market
The strong increase of renewable electricity generation in Germany has a strong downward effect on
the electricity prices on the market. At first the spot market EEX was affected, but right now also longterm contracts are concluded with historically low electricity prices. On the futures market electricity
costs for large consumers of 3.7 ct/kWh for 2015 and 3.9 ct/kWh for 2019 were already contracted.
Large consumers pay even 40% less for electricity since Germany has definitely decided to phase out
nuclear power generation and stopped the operation of a number of reactors immediately after the
Fukushima nuclear accident in March 2011.40
These developments sound surprising and in fact, the market prices do not reflect the full life-cycle
costs of RE plants, but their marginal costs which are merely zero in the case of PV and wind power
plants. The European electricity markets have been designed for a generation mix where plants with
significant operating costs dominate. In an electricity supply system with a major contribution from
plants with merely zero marginal costs, the market prices are strongly lowered, thus not allowing plant
operators to generate sufficient income to refinance their investments. This calls for an in-depth
reform of the European electricity market mechanisms. A number of proposals have been made at
this regard whose closer presentation is beyond the scope of this assessment.

40

Strom für Großabnehmer bis 2019 so billig wie nie, pv-magazine online news of 12 July 2013; http://www.pvmagazine.de/nachrichten/details/beitrag/strom-fr-groabnehmer-bis-2019-so-billig-wie-nie_100011677/ [retrieved on 26 July
2013]
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Another effect is the strong reduction of the difference between maximum and minimum spot market
price (arbitrage) that happened in the last years. The prices have decreased for each time of the day,
but particularly for midday hours. This can be attributed to the strong increase of PV electricity
generation which occurs mainly around noon. A consequence of the midday peak demand shaving by
PV electricity and the resulting strong reduction of arbitrage at the electricity markets is that already
existing storage facilities such as pumped hydro power stations can no longer be cost-effectively
operated. This situation is counter-productive because storage facilities will certainly be needed again
as soon as the share of RE power generation increases such that the residual generation from
conventional power plants is no longer rather constant, but has a pronounced midday dip.
These effects of the rapid increase of RE power generation in Germany on the European electricity
market show that the latter needs a reform. Further, the carbon-dioxide emission certificate trade
needs to be investigated more closely. Both are necessary for paving the way for a better integration
of large amounts of RE electricity in the market:


A way must be found to ensure that owners of generation facilities with high investment
and merely zero marginal costs, i.e. mainly PV and wind power plants, can refinance their
investments on the market.



Mechanisms must be found to favour quickly reacting power plants over slowly reacting
power plants. An option is to increase the price for carbon-dioxide emission certificates,
thus favouring gas power stations over hard coal and lignite power stations.



The low arbitrage on the electricity market does not permit owners of storage facilities to
refinance their investments on the market. I.E. a way must be found to ensure that the
required storage facilities will be installed.

End consumer prices
The strong decrease of electricity prices at the spot and future markets is largely not reflected by the
end consumer prices for electricity. The latter have been constantly rising over the last decade –
except for large industrial companies which can purchase electricity directly at the electricity
exchange or can negotiate favourable tariffs with large electricity suppliers. Private households which
stand for about one quarter of the overall electricity consumption pay by far the highest electricity
prices – in comparison with enterprises and with households in other European countries.
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Cross-border effects
The net export of electricity from Germany has increased over the last years despite the reduction in
electricity generation from nuclear power plants. The increase can essentially be attributed to the
strong increase in electricity generation from RE. Another reason is that low carbon-dioxide emission
certificate prices allow for lower electricity generation costs of hard coal and lignite power plants
compared to gas power stations.
Notably on early summer afternoons, Germany exports electricity, mainly caused by the high
generation from PV plants. In the exchange with France, strong electricity exports from Germany
were notably observed in February 2012 when the demand in France was high. The exports to The
Netherlands increased strongly in 2012 and led to a decrease of electricity generation from natural
gas in The Netherlands.
The renewable power generation in Germany is presently at a level where it does not yet lead to a
reduction of electricity production from base load plants inside Germany, but to a reduction of peak
and medium load generation in Germany and the neighbouring countries.
The consequence is at first a temporary slight increase in European carbon-dioxide emissions
because on the average the full load hours of hard coal and lignite power stations rise, whereas gas
power stations run less frequently, and second a reduction of the overall storage requirements at
European scale with its present level of renewables generation. This situation can be expected to
change again as soon as the electricity generation from RE will rise further, thereby increasing the
volatility of generation and the need for flexible compensatory generation and for storage. However,
the European integration of electricity grids and markets is extending the duration of the transition
phase with slightly increased carbon-dioxide emissions and lower demand for flexibility options.

1.5 The present and future need for storage and/ or alternative options
in Germany
Present midday peak-shaving and reduced need for storage
At present the PV electricity generation in Germany at midday has reached a level which leads to a
strong offer and subsequent reduction of spot market prices for electricity, thus leading to more
constant residual demand and electricity prices than before, when the demand and spot market prices
peaked at noon. This reduces the need for, and profitability of, pump storage systems and gas power
plants. However, it is obvious that this situation will not persist and pump storage systems, or more
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generally storage systems of any kind, and flexible electricity power plants will be needed very soon
at much larger scale than ever.
Future need for and availability of storage
In 2012, VDE published its study “Energy storage in power supply systems with a high share of
renewable energy sources” which explains that beyond a threshold of 40 % renewable energies
storage systems will be significant for the operation of transmission grids. However, the study gives
little information on storage systems to better manage local bottlenecks in the distribution grids. To be
prepared for a RE penetration of 80 % and beyond, the VDE calls for extensive investigation of
storage technology and deployment.
The VDE study is one among many others which come to a similar result: Storage will not be needed
in Germany until about half of the electricity will be provided from RE sources, even if the major part
of the RE electricity is provided by wind power and PV plants. Long-term (seasonal) storage will even
not be required until the RE-share has reached 80%. However, comprehensive modelling results
which take the whole range of options for adapting RE-based electricity generation to the electricity
demand and taking into account the interdependencies between the electricity, heat, gas and fuel
sector are still largely missing.
One relatively clear result of these studies exists nevertheless: there will be a much larger need for
long-term storage than for short-term storage for which many options and many alternatives (demand
side management, generation management, etc.) exist. The only option for long-term storage at this
stage is conversion of electrical energy into chemical energy of hydrogen and SNG and storage in the
existing underground natural gas stores.

1.6 Regions on the way towards 100% RE
First generation of regions aiming at 100% EE on the average
Germany has already a long tradition of communities and entire regions being dedicated to the aim of
100% EE-supply of their area. In September 2013, the network of 100% EE regions comprised 138
districts, communities and regional agglomerations totalling 21.6 million inhabitants (27% of German
population) and an area of 108.000 km2 (30% of area of Germany).41 Most of these regions are simply
41

100ee-Netzwerk wächst weiter - auch über deutsche Grenzen hinaus, press release of 100% EE network of
24 September 2013; download from: http://www.100ee.de/index.php?id=61&tx_ttnews[pointer]=2&tx_ttnews[tt_news]=444&tx_ttnews[backPid]=212&cHash=fcd477f
64f [retrieved on 22 November 2013]
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aiming at covering 100% of their energy demand on the average (energy autarky), but not at matching
supply and demand exactly in time (power autarky).
The E-Energy programme
From 2007 to 2012, the German Ministry for Economy and Technology (BMWi) has financed the flagship programme „E-Energy: IKT-basiertes Energiesystem der Zukunft“ (“E-Energy: ICT-based energy
system of the future”).42 The aim of this programme was to provide business models and technologies
for smart grids. Six German model regions were supported in developing and testing technical and
commercial elements of smart grids and virtual power systems to supply entire regions with a high
rate of electricity from renewable sources.
The RegModHarz project in the District Harz
One of these model regions has been the District Harz in Saxony-Anhalt with 223,094 inhabitants
(0.28% of German population) on an area of 2,104 km2 (0.59% of area of Germany).43,44 The district’s
annual consumption of electricity amounts to 1.3 TWh (0.22% of German gross electricity
consumption).45 In this region, a consortium of 19 partners, the district administration, power
suppliers, research institutes and others, have implemented the project “RegModHarz - Regenerative
model region of Harz”.46
An assessment of the district’s total RE electricity generation potential revealed that it is ten times
larger than the district’s own energy demand, thus making the district a candidate for providing a
significant share for the RE supply of more densely populated areas with lower RE potential. Further,
the district’s potential for energy stores was assessed. The existing pump storage capacity of 0.6
GWh could be increased to 2.2 GWh, substituting all existing private passenger cars by electric
vehicles would add 1.2 GWh battery storage capacity, and two salt caverns could be used as stores
for renewable methane from power-to-gas plants and provide a storage capacity of 2.8 TWh47, thus
permitting to store enough energy locally to cover the district’s annual electricity demand.
The RegModHarz project has shown that a combination of generation units, stores, flexible
consumers, and the grid can ensure a reliable electric energy supply with a very high rate of RE. More
42

http://www.e-energy.de/en/ [retrieved on 20 November 2013]
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http://www.e-energy.de/en/97.php [retrieved on 20 November 2013]
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specifically, a number of issues such as the forecast of generation and demand, the control of a large
number of decentralised generation units combined to a single virtual power plant (VPP), grid
operation, flexible operation of biogas plants, load management in private households, and different
marketing strategies were studied in detail within simulations and field tests.
Scenario simulations for the District Harz
For the District Harz three scenarios were defined out of which the third scenario considers 100% RE
supply of the district and RE electricity supply of other more densely populated areas with renewable
electricity from the district. It is paramount for the assumption of an efficient electricity supply in the
100% RE scenario that it is closely linked to heat supply. Concretely this implies that electricity and
heat are co-generated whenever possible, and that the gas grid and related stores are used for longterm storage of renewable methane from P2G plants.
Optimisation strategies for regional VPP
Several optimisation strategies were tested by simulation, thereby considering five flexibility options. It
was found that a significant difference exists between a strategy that optimises the balance of
electricity generation and use only at regional level, and a strategy that takes the whole national
market or even trans-boundary markets into account. This point will require deeper investigation in
future, because it sheds light on a general optimisation problem: Should the generation and
consumption of electricity be balanced at the largest possible geographical scale, thus maximising the
mutual compensation of surplus generation and electricity deficits, or should supply and demand be
balanced such that the electricity grid is used in an optimum way?
Optimisation of electricity generation and use at regional level as simulated for the District Harz might
be preferred if a region has a weak connection to the national grid which cannot be improved easily
and at low cost by a grid reinforcement or extension. If the existing grid is sufficiently strong or can be
reinforced or extended easily and at low cost, the balancing of generation and demand at the largest
possible geographical scale, in the limit Europe plus neighbouring countries, provides a solution at
minimum differential costs (i.e. costs incurring from the moment on, when the decision is taken, not
including costs that have incurred in the past for building the existing electricity infrastructure).
In the case of the District Harz, the generation of electricity matching the district’s due contribution to
a 100% RE-supply of Germany which is mapped by the third scenario leads to strong electricity
exports that can only be dealt with by a strong grid reinforcement or by a store with an input power
equal to about one quarter of the maximum power demand in the region, e.g. an electrolyser of a
power-to-gas plant.
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Field tests in the District Harz
Field tests were run to investigate a number of issues in more detail, and for providing evidence for
the feasibility of 100% regional RE supply. A long-term field test of the VPP was run in parallel to the
VPP development from January 2011 to July 2012. Thereby the “plug-in-your-plant” concept was
followed which allows flexibly adding or removing individual plants to and from the VPP. This concept
allows also new plant types to be dealt with which are presently not yet known. Further, measures
were implemented to deal with non-intentional removal of individual plants, e.g. as a consequence of
a disruption of communication. Successively, different power plants and controllable loads (wind
power, CHP, PV, etc.) were connected to the VPP. In the final stage, 25 energy plants were
connected (21 real and 4 simulated; 120 MW generation, 40 MW load). A further and shorter field test
was run from 21 June to 5 July 2012 when exclusively real, renewable, mostly intermittent, and
controllable energy generation units were connected (80 MW generation power, 6 units: 2 wind power
generators, 1 biogas plant, 1 fuel cell).
Generation and demand forecasts
An important role for the field tests played forecasts of load, heat demand and spatially resolved
electricity and heat generation which were provided by forecast information systems that were
modelled as basic energy services. A version of the norm IEC 61970-301 that had been developed
further within another project, the Harz.EE-mobility project, was used as data forecast model.
As part of the project work, historical forecasts and real data were compared and the quality of
forecasts evaluated. A clear result is that the forecast quality for Germany as a whole was much
better than for the district. Another result is that the quality of forecasts decreases with the time
horizon, but the decrease slows down. Thus, forecasts with a time horizon of 3-5 days were only little
worse than forecasts with a time horizon of 2 days.
Plant and energy management
A multi-layered software architecture was developed for supporting the plant and energy
management. This architecture was implemented in form of a VPP and successfully applied during
the field tests. The high number of decentralised generation plants required a low-cost communication
infrastructure. For this reason an IP-based communication was used. It could be shown that a secure
and flexible connection of decentralised electricity generators and consumers can be implemented by
using the established IEC 61850 communication standard. The duration of a full cycle of the energy
management was only two seconds in the final stage of the field test when the maximum number of
installations was connected.
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Grid issues
For investigating grid issues, a grid model was generated which maps more than 2,000 nodes and
more than 2,000 line segments at the 10, 15, 20, 30, and 110 kV level. The model was used for
verifying that the existing grid can support the power flows in scenario 1 and 2. In scenario 2 dynamic
thermal rating is applied to comply with existing norms. In scenario 3 (100% EE supply) the existing
grid in the district is no longer sufficient.
Further, ten phasor measurement units (PMU) were installed in the E.ON Avacon high voltage
distribution grid. The PMU allowed for spatially (GPS) and temporally (1 µs) highly resolved
assessment of the absolute value and phase of voltage and current. The field test has proven that
synchronised measurements and the online control of the 110 kV grid is feasible.
Flexible biogas plant operation
Simulations of the flexible operation of biogas installations shifting electricity generation up to 12
hours were conducted with MatLab Simulink. In a second step flexible operation strategies were
implemented with real biogas plants within the field test. The energy management system generates
daily an optimised operation schedule for the next three days. The relevant parameters are the
temperature and the electricity stock prices. It could be shown that the flexible operation of biogas
plants is demanding, but feasible with state-of-the-art technology.
Load management in households with time-dynamic electricity tariffs
In the first field test phase, from January to October 2011, 46 households were equipped with smart
meters to learn about the inhabitants electricity consumption patterns. In the second phase, from
February to August 2012, 39 out of the 46 test households were equipped with bi-directional energy
management interfaces (BEMI) that could switch two household appliances via radio control in
function of electricity price information and thereby considering stored individual consumption patterns
provided by the internet. Time slots for machine operation could be defined by the users, within which
the BEMI was free to choose the operation periods of washing machines, laundry dryers, and dish
washers. For refrigerators and freezers, temperature intervals instead of time-slots were defined,
within which the internal temperature of the appliances was allowed to vary, thus permitting to shift
cooling processes and related electricity consumption.
A time-dynamic electricity tariff adjustable in nine levels differing by 4 ct/kWh between two
subsequent levels was defined which is based on the day-ahead forecast of the residual load
(regional load not covered by regional renewable electricity generation) and the expected load shifts
implemented by the customers. The tariff rewarded households which shifted their demand to periods
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with a high regional renewable electricity generation. The exact price levels are established and
communicated to the customers at 2 p.m. for the respectively following day. In case of deviations from
forecasts the pool coordinator who acts as electricity supplier for the households buys and sells
electricity on the intra-day market. A lesson learnt is that such a dynamic electricity tariff requires that
it is chosen by a sufficient number of customers and that the contract period is at least one year, thus
allowing for keeping the risk of the pool coordinator within acceptable limits.
Evaluations of the potential for load shifts in industry and commerce have shown that companies with
a high energy demand would require a dynamic tariff with only 1 ct/kWh difference between
subsequent price levels and companies with low to medium energy demand would require 2 ct/kWh
for activating load shift potentials.
Energy market concepts
A further field of research within the project was the investigation of future electricity marketing
concepts. In the frame of the development of the RegModHarz architecture, the role of the energy
plant manager, the pool coordinator and the operator of the market platform were newly defined.
Different marketing strategies were simulated on the basis of the real plant operation data obtained
within the field test. Strategies for day-ahead and intra-day marketing as well as a combined strategy
for the supply of customers with a regional electricity product were implemented. An important result
is the finding that matching electricity demand and supply at regional level instead at a wider
geographical scale, as it is inherent to the combined strategy for the supply of customers with a
regional electricity product, leads to non-efficient use of regional stores.
Concerning the matching of demand and supply in time, the role of forecasts could be quantified:
When wind power was sold on the day-ahead market on the basis of the day-ahead forecasts of the
wind power generation, 14% of the thus generated income needed to be used for paying for the quite
expensive positive or negative balancing energy to bridge the gap between forecasts and actual
generation. If however, the intra-day market was used for corrective actions, only 4% of the generated
income needed to be used for purchasing balancing energy. This means that a shorter time-horizon
for electricity marketing and/ or improved forecasts, can significantly safe costs.
It could further be shown that the transparency of the electricity markets needs to be increased in
order to allow new players to enter the markets. The present framework does not allow any new
business model to be attractive besides the sale of electricity according to the renewable energy act
(EEG).
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1.7 Transition towards 100% RE-based electricity generation
Taking into account the findings of this assessment with regard to storage technologies, possible
alternatives to storage, the deployment of RE electricity generation in Germany, the
interdependencies of the electricity, heat, gas, and fuel sector, and the fact that building refurbishment
is a very effective, but very slowly-to-be-implemented measure, the following steps towards 100% REbased electricity generation in Germany can be drafted:
1. Convert existing biogas plants into flexibly operating plants by adding biogas and heat
stores as well as biogas CHP power.
2. Develop decentralised short-term storage by deployment of small battery stores in PV
systems.
3. Refurbish existing natural gas-driven CHP: add larger heat stores, increase rated power,
remove peak load gas boilers, and add electrical heaters.
4. Operate gas-driven CHP increasingly in pattern with residual electricity demand instead of
heat demand.
5. Increase biogas feed-in in gas grids.
6. Strengthen the introduction of demand side management by flexible tariffs and equivalent
measures.
7. Shut down nuclear, lignite and hard coal power plants (in this order).
8. Replace petrol and diesel-fuelled vehicles by biofuel, gas-fuelled and electric vehicles.
9. Develop the production of renewable hydrogen, thereby providing the base for SNG. Use
renewable hydrogen to replace fossil hydrogen in chemical industry; then add it to natural
gas up to the upper technical limit.
10. Feed CHP increasingly with gases from RE: biogas, hydrogen, SNG.
11. Develop SNG based on renewable hydrogen for fully replacing natural gas in the gas grid.
12. Continue energetic refurbishment of buildings and replace subsequently existing heating
systems, including CHP, by very small back-up heating systems.
The exact order of these steps is of course a subject of debate and might be slightly changed. Some
measures might also be implemented in parallel.

page 44 of 188

National Frameworks: The case of Germany

1.8 Relevant developments of the economic and political framework
Though the German government, and several Länder governments, have decided to put the German
energy supply mainly on a RE base within the next few decades, notably the federal decision is
hampered by the fact that the regular replacement of existing power plants has already started
several years ago and notably many new hard coal power plants are in the planning stage. As the
federal target is not 100% RE electricity generation in 2050, but only 80-95%, these plans are not
waived. The present grid extension plans take these planned conventional power plants, most of them
close to North Sea harbours, still into account though they will probably not be needed, at least not all
of them. The consequent development of a new electric grid design, adequate dimensioning of stores
and measures to improve demand side management is hampered by the unclear position of the
federal government concerning the exact future role of conventional power generation.
Stores are generally a subordinated topic on the agenda of the “Energiewende” and are mentioned
jointly with grid extension as a measure for dealing with the intermittency of renewable electricity
generation. Other alternative measures for contributing to the latter such as demand side
management or VPP consisting only or mainly of renewable generation facilities are not mentioned in
the key papers of the German government on the “Energiewende”.

1.9 Conclusions: Short-term non-regret options for players in Alpine
regions
Measures implemented in AlpStore should ideally have the largest possible leverage effect within the
years 2013-2015. On the basis of the assessment presented in this document, the following
preliminary recommendations can be formulated for regional players in the Alpine space. They are
valid for Germany, but can provide a good base for similar recommendations for the other Alpine
countries. The options are called short-term non-regret options here, because they can be
implemented in the short term without running into the risk to make a big mistake if the development
of RE electricity generation, storage technology and market development, and the development of the
political and legal framework will take another route than estimated today.
Investors


Continue installing renewable electricity generation facilities of all kinds and don’t wait for
better storage systems. In most cases the electric grid is able to accommodate an even
much larger share of RE electricity than it does at present or it might do so after minor
extension or reinforcement.



If you plan to install larger RE electricity generation facilities such as a large wind park,
investigate the option of a connection to the medium-voltage distribution grid or even to the
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high-voltage transmission grid via a separate generation grid installed in parallel to the
existing distribution grid.


If you are located in Germany, make use of the federal support programme for battery
systems connected to PV plants for limiting the maximum power injection of PV plants to
60% of the nominal PV generator power.



If you are not located in Germany, equipping PV systems with battery stores might be an
interesting option if this increases the self-consumption rate of the generated PV electricity
and avoids electricity purchase from a power supplier. This might notably be the case for
small commercial users with a pronounced demand peak during daytime.



Complement large new biogas plants with up-grading facilities wherever it is possible to
inject bio-methane into a nearby gas line.



If you combine a biogas plant with strong intermittent RE electricity generation facilities
such as a large wind park, investigate the option of converting a part of the generated
electricity to SNG. This can be done in a P2G unit that converts the carbon-dioxide fraction
of the biogas into bio-methane, thus replacing the gas washing unit that is usually installed
for up-grading biogas to bio-methane.



Complement existing biogas plants with further CHP and extended biogas storage tanks,
operate the plants in a flexible mode, and sell the electricity via an accredited seller on the
spot and balancing energy market instead of making use of the guaranteed remuneration.



Try to negotiate a financial compensation from the local distribution grid operator if your
investments avoid him extending or reinforcing the electric grid.



Try to sell your RE electricity to a green power supplier who might be interested in buying
RE electricity in pattern with a fixed time-plan which you might guarantee thanks to your
storage facilities.

Regional energy utilities


Invest yourself in RE electricity generation, including PV plants on rented roofs of citizens,
companies and public buildings. This will allow you “keeping a hand on things” even if the
electricity generation becomes much more decentralised than today. Owning generation
plants will allow you more easily monitoring dispersed generation, optimising grid
extension, storage, generation measurement, etc., and better designing suitable variable
tariffs, e.g. for stimulating demand side management.



Optimise the installation of new generation facilities in pattern with the grid extension.



Invest in pilot storage facilities to manage local grid bottlenecks and to gain experience
with different storage technologies.



Bundle electricity generation and demand side management and operate on the electricity
markets.
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Local and regional authorities


Go ahead and invest in renewable energies and energy saving in own buildings and
facilities.



Provide guidance to the regional development by establishing jointly with interested
citizens and relevant regional players an integrated regional energy development plan
based on a thorough assessment of local/ regional renewable energy generation, energy
saving, demand side management and storage options.



Ideally, let calculate a research institute which variants of the regional energy development
plan have which costs and benefits by using a detailed regional model of energy supply
and demand.



Employ an energy change manager for managing the transition to a mainly RE-based
energy supply and for consultation of citizens and companies.



Motivate citizens and companies to invest in the energetic refurbishment of buildings and
the use of renewable energies for hot water preparation, heating, and cooling.



Set up local/ regional support programmes for storage technology, e.g. for battery stores in
PV plants.
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2. Storage technology checklist
2.1 The context of the need and application of storage
2.1.1 Storage and alternative means to match energy generation and demand

The ultimate objective of and requirements for energy supply
Energy storage is not an end in itself, but a means to an end. The ultimate objective of energy storage
is to help meeting human needs such as lighting, motion, heating, cooling, transport, information,
products, etc. For that purpose energy is required and depending on the way how these needs are
addressed, the required form of energy might, among others, be electricity. As these needs are
fundamental, the provision of energy must be secure, reliable, and affordable, but also nondetrimental to the climate and ecologically friendly. A broad consensus exists that an energy supply
system that fulfils these criteria must be mainly based on renewable energy (RE) sources on a
worldwide scale by the middle of this century at the latest. An analysis of the potentials of different RE
sources shows that a suitable mix of RE technologies will be dominated by electricity generating
technologies making use of the intermittent sources of solar radiation and wind power. At this point
storage comes into play on a larger scale than ever before.
Storage – not limited to renewable energy use, nor to electricity
The need for storage does not arise exclusively in the context of RE use, but always when the
optimum operation mode of the main energy supply facilities does not have an output power profile in
pattern with the demand. This applies equally for electricity, heat or motion energy. In the case of
electricity supply mainly provided by photovoltaic (PV) and wind power plants, the optimum operation
mode is generally close to the maximum power output, because PV and wind power plants have
merely zero marginal costs. The maximum power output however is dependent on the solar
irradiation and wind speed which are generally not in pattern with the temporal and spatial profile of
the electricity demand. For this reason, a temporal and spatial adjustment of electricity generation and
demand must be achieved. Storage is one, but not the only solution to this end.
It needs to be stressed that the requirement for storage or alternative means to achieve a temporal
and spatial adjustment of electricity generation and demand exists also in the conventional, mainly
fossil fuel and nuclear power-based electricity supply system. Notably, if power plants whose power
output cannot be quickly adjusted, essentially lignite and nuclear power stations, provide a major part
of the electricity supply, a strong need exists for balancing measures to adjust the electricity
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generation and demand. This is for instance the case in France where the electricity supply is
dominated by nuclear power plants. The balancing measures consist in significant use of storage
hydro power plants in the Alpine space and the Pyrenees, and significant cross-border exchange of
electricity, notably with Switzerland and Italy. A similar situation exists in the east of Germany, where
a significant part of the electricity generation is provided by lignite power stations. The combination of
these power stations with large wind parks in the same area leads to large spatial balancing
requirements which find their expression in very frequent dispatch and re-dispatch measures in the
east of Germany.
The need to adjust energy generation and demand does also not exist exclusively in the electricity
sector either. In the heat sector, storage is provided by fuel before combustion and by heat stores
such as hot water energy stores. In the transport sector which is at present almost entirely fossil fuelbased, storage is provided in form of fuel before combustion.
Alternatives to storage
As the central purpose of storage is to match energy generation and demand in place and time,
storage options must be compared to alternative ways to fulfil this purpose. In the electricity sector,
these are notably:


grid extension and reinforcement



demand side management



fine-tuning of the generation mix (investment measures)



generation management (operation measures)

While grid extension and reinforcement contributes to better matching energy generation and demand
in place, but not in time, the other three measures allow for both.

2.1.2 The need for an integrated view on storage
For putting storage into perspective and for getting a better picture of its role in a mainly renewablesbased energy supply system which will look very different from the present one, it is helpful to
consider in more detail the very basic function of storage: to provide a buffer for stabilising an energy
flow between its source and the facility where it is used for meeting human needs. Examples of such
energy buffers are among others:


Coal, petrol, natural gas, biomass, biogas etc. which are chemically bound energy in a
form that still needs conversion before it can meet a human need. Hence, stores for these
materials are energy stores at the beginning of the conversion chain. Such stores must

page 49 of 188

National Frameworks: The case of Germany

exist for matching the fuel exploitation and their use. For instance fossil fuels are exploited
more or less constantly, and biomass is harvested mainly in summer, but fossil fuels and
biomass are both used mainly in winter.


Hot water tanks, district heating grid lines, etc. which store thermal energy provided by a
heater thus matching the heat generation and use.



Rotating masses in thermal power stations that store huge amounts of energy in form of
rotational energy which serves as spinning reserve for stabilising the frequency of the
electric grid.



Cold storages, freezing warehouses or liquefied gases that store energy services (the
provision of cold).



Compressed air in pressure bottles and tanks is stored mechanical energy which can
directly be used wherever compressed air is needed, e.g. for motion in industrial
processes.



Batteries which convert electrical energy into chemical energy when being charged and
back into electrical energy when being discharged.



Capacitors and inductors in electric equipment which provide a buffer for electrical energy
in electric circuits.

This list shows that examples of storage where electricity is converted into another form of energy and
then back into electricity are rather the exception. For this reason, this assessment includes a wider
range of storage options though its focus is on electricity. Basically, energy stores can be divided in
four categories:
1. Stores for solid, liquid or gaseous energy carriers such as biomass, biofuel, or biomethane at the first stages of the energy conversion chain;
2. Stores converting electrical energy in another form of energy and back into electrical
energy (batteries, hydrogen, flywheels, pump storage, compressed air storage) which
might be connected to the electric grid or not;
3. Stores for thermal energy converting heat into chemical energy and back into heat
(phase change materials, zeolite, etc.);
4. Stores for energy in the form in which it will be used, i.e. at the end of the energy
conversion chain. This includes electricity stored in capacitors and inductors, e.g.
superconducting coils; heat stored in hot water tanks, district heating grid lines, etc.;
cold stored in cold storages, freezing warehouses, liquefied gases, etc.; mechanical
energy, e.g. in compressed air for industrial processes; and last but not least any kind
of industrial intermediary or final product.
The whole picture of storage is even more complex as the same store can be used in different ways.
Compressed air stores can for instance just be used for increasing the existing compressed air buffer
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capacity in industrial facilities, thus allowing for more flexibly operating the compressors and for
making use of arbitrage if the compressor capacity is also increased. This case falls in the category of
demand side management measures and is normally not considered as storage. However, it is not
much different from the case where (a part of) the compressed air is re-expanded to operate a turbine
that drives a generator.

Figure 1: Energy conversion and use pathways with energy storage
© B.A.U.M.

Hydrogen for instance can be produced from natural gas, through gasification of biomass or through
electrolysis of water. The last pathway is the most interesting one in the context of this assessment
because it represents a way for seasonal storage of the most abundant, but intermittent RE, solar
radiation and wind power. Once generated, hydrogen can be admixed up to a certain level to natural
gas/ bio-methane, it can be used to produce bio-methane, and it can be directly used as fuel in mobile
or stationary fuel cells to cover motion or transport needs or to provide electricity in times of electricity
shortages.
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The examples of compressed air and hydrogen show that the whole picture of storage options and
their interdependence with energy generation and use is quite complex. An overview of the most
important interdependencies is given in Figure 1. The diagram distinguishes notably (1) gas (natural
gas, bio-methane, hydrogen and mixtures of these gases whose physical and chemical properties are
within the limits defined by the norms for natural gas, thus allowing distributing them via the existing
natural gas grid; shown in grey colour), (2) electricity (blue), and (3) heat (red). Conversion facilities
that convert energy between these forms are indicated by diagonally divided two-coloured squares.
Further, solid and liquid fuels, water and products - all of them also a kind of an energy store - are
shown (black).
Figure 1 illustrates that an overall optimisation of the energy system requires an integrated view of the
different energy sources, use cases and vectors, notably the grid-bound energy vectors electricity,
heat, and gas. This is reflected by the development of integrated models for the German energy
system which are about to produce the first insights that have been taken into account in this
assessment.

2.2 Market and local future options
2.2.1 Biogas digesters and storage tanks
In the context of biogas production through anaerobic digestion of organic matter, the following
technical storage options must be distinguished:
1. Local storage of biogas: Biogas is essentially a mixture of CH4 (methane) and CO2 (carbon
dioxide)48 and presents a form of chemically bound energy. It might be stored at atmospheric
or higher pressure in suitable recipients before further conversion into other forms of energy.
This might be tanks which are installed close to the digester and close to the facilities which
make use of the biogas for electricity and/or heat generation, e.g. a combined heat and power
plant (CHP), a motor-generator without heat use, a biogas burner for cooking, a hot water
boiler or a room heating device. The consumption equipment might be connected to the
biogas storage via specifically installed biogas pipes of a length up to a few kilometres. Such
local storage and use of biogas is the most wide-spread option realised in Germany today and
among these the use in a CHP for combined electricity and heat production is the most widespread use case. The buffer store then serves generally to smooth out little temporal
differences between biogas production and local consumption.
The construction of a larger local biogas store is a suitable option if the local consumption of
biogas is widely not in pattern with the production, and the alternative of up-grading the biogas
48

Biogas, http://en.wikipedia.org/wiki/Biogas [retrieved on 8 April 2013]
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is not suitable because the biogas plant is not situated in the vicinity of the existing natural gas
grid or is not big enough to allow for economically viable up-grading of biogas to bio-methane
(almost pure CH4). Larger biogas buffer stores permit for instance to operate a CHP more
flexibly with stronger electricity and/or heat output variations. A higher CHP nominal power can
be chosen in connection with a larger biogas store because the store allows supplying the
CHP temporarily with a biogas input rate above the digester’s biogas output rate.
An alternative to installing a single CHP with higher nominal power is cascading of two or
more smaller CHP. This alternative bears the advantage that each CHP can be operated close
to its point of maximum efficiency even if the total power output is strongly fluctuating (usually,
the efficiency of a CHP is close to its nominal power and decreases with decreasing power
output49). Already today, biogas plants are often equipped with more than one CHP. In the
Erneuerbare-Energien-Gesetz (EEG; Renewable Energy Act) monitoring study of the
Deutsches Biomasseforschungszentrum (DBFZ; German Biomass Research Centre)50 it was
found that 1-5 CHP are installed per biogas plant, the average being 1.6 CHP per plant.51 In
2011, 70% of all newly installed biogas CHP were installed at existing biogas plants.52 I.E. the
extensions at existing biogas plants in Germany provide already the grounds for a more
flexible operation that goes hand in hand with larger storage requirements.
2. Local storage of heat produced by a biogas-fed CHP: If the biogas is used for fuelling a CHP,
a heat store is usually installed for buffering differences between the heat generation and
demand. If the CHP is now run in the electricity-led mode and the electricity production is
strongly fluctuating, e.g. because the CHP produces balancing energy to stabilize the grid, not
only a larger biogas buffer store, but perhaps also a larger heat buffer store is required in
order to ensure that sufficient heat is supplied even if the CHP output is low because of
lacking electricity demand.
The heat buffer store does not necessarily need to be larger when the CHP operation is
electricity-led compared to the usual operation at more or less constant power (i.e. in the base
load mode; see further below in this section: electricity production from biogas). In the latter
case, a sufficiently large heat buffer store is needed anyway because heat is produced often
at times when there is no need for it.
An alternative to enlarging the heat buffer store is decoupling and varying the ratio of
electricity and heat production. This leads however to a lower overall CO 2 reduction because
the electricity production per unit of biogas is no longer maximised and renewable heat avoids
49

H.-J. Kampmann, Gas-Otto-Motor oder Zündstrahl-Gas-Motor für Nutzungsmöglichkeiten und deren Einordnung,
http://biogas-infoboard.de/pdf/H_Kampmann.pdf [retrieved on 18 February 2013]
50
DBFZ, Monitoring zur Wirkung des Erneuerbare-Energien-Gesetz (EEG) auf die Entwicklung der Stromerzeugung aus
Biomasse, FZK 03MAP138, Endbericht zur EEG-Periode 2009-2011, März 2012, download:
http://www.dbfz.de/web/fileadmin/user_upload/Berichte_Projektdatenbank/3330002_Stromerzeugung_aus_Biomasse_Endb
ericht_Ver%C3%B6ffentlichung_FINAL_FASSUNG.pdf [retrieved on 15 February 2013]
51
See 50, p.56
52
Dto.
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less CO2 than renewable electricity as long as the power plant mix is still dominated by fossil
power plants.
3. Local storage of up-graded biogas (bio-methane): Biogas can be up-graded to bio-methane
through almost complete removal of all other gases than CH4, notably removal of CO2. Biomethane can then be stored in suitable recipients at atmospheric or higher pressure close to
the digester and close to the facilities which make use of the bio-methane. This option is only
of interest if the use case requires the almost complete removal of all other gases than CH4.
This is necessary for use as transport fuel in vehicles with a suitably adapted gasoline engine
or if consumer devices are used which are not adapted to biogas. While the latter is rather the
exemption, the former is one of the most important forthcoming applications for biogas. In both
cases no connection to the electricity grid exists and the storage has no role in the electricity
grid management.
4. Storage of up-graded biogas (bio-methane from biogas) in the natural gas infrastructure:
Storage of bio-methane in the existing natural gas grid and gas stores after pressurising and
injection into the grid. This option is the most suitable one if the local production of biogas is
much higher than the amount of biogas that can be used locally for electricity and/ or heat
production. In such a case of a rather large biogas plant, it is often also possible and
economically viable to install a new biogas pipe to the existing natural gas grid even if the
latter is at some distance away.
This storage option allows considerably increasing the flexibility of the electricity grid operation
because of the huge gas stores within in the German natural gas infrastructure. Their energy
storage equivalent amounts to 200 TWh (upper heating value of stored working gas, that is the
total stored gas minus the cushion/base gas) at present and is about to be extended to 320
TWh53, i.e. about half of the annual German gross electricity generation, thus allowing for
comfortably balancing even seasonal fluctuations. The potential for biogas production in
Germany is however not large enough to fill these stores and to balance photovoltaic (PV) and
wind power fluctuations at seasonal scale (see further below in this section: electricity
production from biogas). For this reason, the huge storage capacity of the German natural gas
infrastructure is mainly discussed in the context of synthetic methane production from PV and
wind power (see section 2.2.2).

53

Untertage-Gasspeicherung in Deutschland, in: Erdöl Erdgas Kohle, 11/2012, p.412 et seqq.
download from: http://www.lbeg.niedersachsen.de/portal/live.php?navigation_id=797&article_id=898&_psmand=4 [retrieved
on 13 February 2013]
In the article the storage capacity is indicated by the working gas volume (total gas volume minus cushion/base gas volume;
3
3
20.4 billion m as of 31.12.2011 and 33 billion m including planned and being built facilities). It is further specified that
3
volumes are converted into energy content by using an upper heating value of 9.77 kWh/m . Multiplying the indicated
volumes with this heating value provides 199 TWh of present and 322 TWh of future storage capacity. As only the working
gas volume has entered into the calculation instead of the total gas volume of the storages, the calculated energy values
represent the effective maximum charge/discharge capacity.
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For all these storage options, many examples exist in Germany and often several storage options are
combined (see below in this section). While the bio-methane storage in the national gas grid and
stores has a great potential which will be relevant at national and international scale from 2020
onwards, the first two options are already relevant today and can help to overcome already existing
electric grid bottlenecks at regional scale.
One must further distinguish up-graded biogas from synthetic methane that is derived from
electrolysis of water to H2 (hydrogen) and O2 (oxygen) and subsequent synthesis of the hydrogen
fraction with CO2 to CH4 and H2O (water) in a Sabatier process54. Chemically and physically there is
merely no difference between up-graded biogas and synthetic methane and between either of them
and natural gas.55 If the electricity for the electrolysis has been generated from renewable energies,
the produced synthetic methane can also be called bio-methane, though no organic matter was used
for its production. Hence, up-graded biogas and synthetic methane are both considered as renewable
natural gas which is a subset of synthetic natural gas or substitute natural gas (SNG). Contrary to
renewable natural gas the latter might also be derived from fossil hydro-carbons instead of renewable
energy.
Independently of its production process, the produced bio-methane/ renewable natural gas/ SNG can
be used for vehicle fuelling or can be injected in, and distributed via, the existing natural gas grid. This
bears considerable cost advantages in the transition phase towards a fully renewable energy based
economy and avoids a chicken-and-egg problem: most of the required storage and distribution
infrastructure already exists.
A combination of the two mentioned pathways to renewable natural gas, biogas generation and
synthetic methane production with renewable electricity, is also possible and has successfully been
tested (see section 2.2.2): H2 produced by electrolysis with renewable electricity is mixed with biogas
instead of being mixed with pure CO2, and reacts with the CO2 fraction of the biogas in a Sabatier
process, thereby enhancing the CH4 content in the biogas. The final product is again bio-methane
with chemical and physical properties close to those of natural gas.
The pathways to renewable natural gas involving electrolysis of water to hydrogen, at least for a part
of the produced fuel, and the related storage issues are discussed in sections 2.2.2 to 2.2.4. This
section focuses on storage options for biogas or bio-methane derived entirely from organic matter
through anaerobic digestion as first process step. This relates them closely to agricultural activities
and applications in rural areas.

54
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Sabatier reaction, http://en.wikipedia.org/wiki/Sabatier_reaction [retrieved on 12 February 2013]
Renewable natural gas, http://en.wikipedia.org/wiki/Renewable_natural_gas [retrieved on 12 February 2013]
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To complete the overview given here, it is necessary to mention that a further pathway exists for
renewable natural gas production: gasification of biomass to a gas mixture consisting mainly of H 2
and CO (carbon monoxide) and synthesis of these two components to CH4 via a variant of the
mentioned Sabatier process56. This pathway is interesting because it offers an option for making use
of abundantly available ligno-cellulosic biomass which can be used without running into major
conflicts with food production. However, this pathway is usually investigated for producing synthetic
liquid hydrocarbons for use as diesel, kerosene or gasoline substitutes in transport engines by using
the Fischer-Tropsch synthesis57 instead of the Sabatier process. The thus obtained fuels are called
second generation biofuels.58 This pathway is not considered here in greater detail, because it is of
minor importance for the production of SNG in Germany and of minor importance for electricity grid
management and storage issues.
Market availability / number of units in operation

Electricity production from biogas
The total number of biogas plants in Germany reached an estimated 7,589 at the end of 2012. This
corresponds to a total nominal power of 3.179 GW el (see Figure 2)59 and to 1.8% of German total
power plant capacity of 176.5 GW as of 1 February 2013.60
The number of biogas plants in Germany exceeds by almost a factor four the total number of biogas
plants in all other European countries taken together (about 2,000). However the average size of
biogas plants in Germany (420 kW el) is much smaller than in Great Britain or Italy for instance. Almost
all plants have a size below 500 kW el and a significant part even below 150 kW el. For this reason, the
total nominal power is just about twice as high as in the rest of Europe (about 1.6 GW el).61 German
biogas plants produced estimated 21.88 TWhel62 in 2012, 3.55% of the national gross electricity
generation of 617 TWh63 and 4.37% of the national gross electricity consumption of 595 TWh64.
56

This variant is described in the German version of the Wikipedia article, but not in the English, French and Italian versions;
see: Sabatier Prozess, http://de.wikipedia.org/wiki/Sabatier-Prozess [retrieved on 25 March 2013]
57
Fischer-Tropsch process, http://en.wikipedia.org/wiki/Fischer-Tropsch_synthesis [retrieved on 14 February 2013]
58
Second generation biofuels, http://en.wikipedia.org/wiki/Second_generation_biofuels [retrieved on 12 February 2013]
59
Fachverband Biogas e.V., Branchenzahlen 2011 und Prognose der Branchenentwicklung 2012/2013,
http://www.biogas.org/edcom/webfvb.nsf/id/DE_Branchenzahlen/$file/12-11-29_Biogas%20Branchenzahlen%202011-20122013.pdf [retrieved on 11 February 2013]
60
Kraftwerksliste Bundesnetzagentur, Stand 1.2.2013, excel file download from:
http://www.bundesnetzagentur.de/cln_1931/DE/Sachgebiete/ElektrizitaetGas/Sonderthemen/Kraftwerksliste/VeroeffKraftwer
ksliste_Basepage.html [retrieved on 12 February 2013]
61
Märkte in Europa, in: neue energie 1/2013, p. 59; based on figures provided by the European Biogas Association (EBA)
and the Fachverband Biogas (German Biogas Association)
62
See 59
63
Statistisches Bundesamt, Bruttostromerzeugung in Deutschland für 2010 bis 2012,
https://www.destatis.de/DE/ZahlenFakten/Wirtschaftsbereiche/Energie/Erzeugung/Tabellen/Bruttostromerzeugung.html
[retrieved on 14 February 2013]
64
AGEB, Primärenergieverbrauch 2012, up-date of 22 March 2013, pdf.-file for download;
http://www.ag-energiebilanzen.de/viewpage.php?idpage=62, [retrieved on 27 March 2013]
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Figure 2: Cumulated number (blue columns and left vertical axis) and power (red line and right vertical
axis) of biogas installations in Germany
Source: Fachverband Biogas e.V., see 59

Division of the electricity production from biogas in 2012 by the average nominal power of biogaspowered generators in 2012 provides the number of full load hours: 7,085 in 2012. If one takes the
own electricity consumption of biogas plants for the stirring unit, pumps, etc. into account which
amounts to 7.8% of the CHP’s electricity generation65, the number full load hours was 7,685 on the
average in 201266. Thus, the average number of full load hours of biogas plants is higher than the
number of full load hours of lignite power stations (6,640 in 2007) and close to that of nuclear power
stations in Germany (7,710 in 2007).67 I.E. biogas plants are almost entirely operated like base load
plants at present though their technology is very similar to that of natural gas power plants which use
to be run as very flexible dispatchable power plants to cover peak-load demand and to provide
balancing energy.

65
66
67

See 50, p.58

ଶଵǤ଼଼Ǥெ ௐ 
(ଷǤଵଽାଶǤଽଽ)ெ ௐ Ȁଶ

= 7085 ℎ; 7085 ℎ⁄(1 − 0,078) = 7685 ℎ

BDEW, http://www.bdew.de/internet.nsf/id/DE_Energiedaten [retrieved on 18 February 2013]
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The DBFZ monitoring study has shown that the average number of operating hours was even 8,058
in 2011, and the average number of operating hours of biogas CHP installed after 2009 was even
higher than 8,500.68 This underlines that biogas plant operators tend to make fully use of the
generation capacity of their plants. The difference between the number of full load hours and the
reported operating hours is presumably due to CHP power reduction as a consequence of a
temporarily lower biogas production in the fermentation tank. Besides regular maintenance of, and
problems with CHP, problems with feeding the substrate into the fermenter are the most frequent
reasons for power reduction or stop of CHP in biogas plants.69 The latter leads to a lower biogas
production and, if not to a full stop, CHP part load operation, thus reducing the number of full load
hours without reducing the number of operating hours.
Heat production from biogas
Use of heat from biogas plants has been a key issue of the biogas sector for the last decade. Heat is
produced in the biogas fermentation tank and by the CHP. However, the heat produced in the
fermentation tank is generally even not sufficient for maintaining an optimum operation and a part of
the heat from the CHP needs to be used to keep the fermentation tank at an optimum temperature.
The heat input in the fermentation tank is about 30% of the heat produced by the CHP on the
average.70 However, the specific heat demand is strongly varying from one plant to another and it is
higher for smaller plants than for larger ones (see Figure 3). The latter is due to the fact that smaller
digesters are more frequently fed with manure which has high water content. Smaller digesters have
also a higher surface-to-volume ratio which goes along with higher heat losses.71
If the remaining, externally available heat from the CHP can be used, the overall efficiency of the
biogas plant is increased. If it further replaces heat generated from fossil energy sources, the climate
gas mitigation achieved by the biogas plant is increased. For this reason, the German legislation
aimed at increasing the use of heat generated by biogas plants (see chap. 7 for general overview;
specific regulations concerning biogas are presented in the following).

68

See 50, p.57
See 50, p.75
70
See 50, p.59
71
See 50, p.60
69
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Figure 3: Percentage of heat generated by biogas plants needed for maintaining the optimum
temperature in the fermentation tank for different plant size classes (average values are indicated by red
squares)
Source: Source: DBFZ, see 50, p.60

Figure 4: Use rate statistics for externally available heat
Source: DBFZ, see 50, p.62
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The use of the externally available heat from biogas plants has been fostered via the EEG by means
of a specific CHP bonus of 0.02 €/kWhel for biogas plants commissioned between 1 July 2004 and 31
December 200872 (EEG 2004), and by a CHP bonus of 0.03 €/kWhel for biogas plants commissioned
between 1 January 2009 and 31 December 201173 (EEG 2009). Since then the bonus which had
revealed to be not as efficient as desired74 has been dropped and the external use of the generated
heat has been made mandatory for plant operators who wish to profit from the provisions of the EEG,
except if the mass percentage of the substrate used is at least 60% manure. The law defines a
minimum cogeneration rate of 60% from the second year onwards. The cogenerated heat must be
used for one of the applications shown on a positive list in annex 2 of the EEG. For satisfying this
condition, a flat rate amount of heat equivalent to 25% of the generated electricity can be accounted
for heat required by the plant itself.75,76 Assuming an electric efficiency of 38% and a heat efficiency of
45% of the CHP these provisions are equivalent to an obligation to use approximately 39% of the total
generated heat externally77, i.e. for applications mentioned on the positive list.
In 2011, 80% of all plant operators obtained the CHP bonus78 according to EEG 2004 or EEG 2009.
Taking the electricity generation from biogas of 19.5 TWhel in 2011 as a basis and assuming that the
average electric efficiency of the operating CHP was 38%, the heat efficiency 45%, and the average
external heat use 45%, the external heat provided by all biogas plants was estimated at 7.3 to 8.3
TWhth. However, these figures are based on the information provided by plant operators about the
heat use and it is assumed that the real figures lower.79

72

1. Gesetz für den Vorrang Erneuerbarer Energien (Erneuerbare-Energien-Gesetz – EEG 2004) of 21 July 2004, valid
since 1 August 2004, §8 (3)
73
2. Gesetz für den Vorrang Erneuerbarer Energien (Erneuerbare-Energien-Gesetz – EEG 2009) of 25 October 2008, valid
since 1 January 2009, last changed on 28 July 2011, §27 (4)
74
See 50, p.57
75
Gesetz zur Neuregelung des Rechtsrahmens für die Förderung der Stromerzeugung aus erneuerbaren Energien
(amendment of EEG) of 28 July 2011, valid since 1 January 2012, §27 (4)
76
5. Gesetz für den Vorrang Erneuerbarer Energien (Erneuerbare-Energien-Gesetz – EEG 2012) of 17 August 2012, valid
retroactively since 1 April 2012, §27 (4)
77
The total generated electricity is 38% and the total generated heat is 45% of upper heating value of biogas. The obligation
of at least 60% cogeneration is equivalent to saying that 60%·45%=27% of the upper heating value of the biogas must be
used to cover heat demand in pattern with the positive list. The flat-rate fraction of the total generated heat that is considered
to be used in the plant itself is 25%·38% = 9.5% of upper heating value of biogas. The balance of 17.5% of upper heating
value of the biogas can be used as external heat. This is equivalent to 17.5% / 45% = 39% of total generated heat. For CHP
with other electricity and heat efficiencies this figure is different.
78
See 50, p.50
79
See 50, p.59
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Table 1:

Average external heat use rate vs electrical generation capacity

Source: DBFZ, see 50, p.63

Installed electrical
generation capacity [kWel]
< 70
71-150
151-500
501-1000
> 1000

Average external
heat use rate
44.1
43.1
39.9
51.3
64.1

Figure 4 shows the frequency (vertical axis) of different ranges for the rate of externally available heat
use (horizontal axis) and Table 1 the average heat use rate for different ranges of electrical
generation capacity of biogas CHP in 2011. It can be seen that roughly one half of the existing plants
comply with the heat use obligation formulated by EEG 2012 for new biogas plants. I.E. the other half
of the existing plants would not be eligible for a guaranteed feed-in tariff if it had been put into
operation after 1 January 2012.
Plants with nominal CHP power in the range between 150 and 500 kW el have the lowest use rates.
Smaller plants achieve better use rates because less heat is available for external use, and for large
plants the implementation of a specifically developed heat use concept is easier.80 As plants are
mostly located in rural areas where the heat demand is low, making use of the externally available
heat is generally a challenge. To respond to this, operators have increasingly developed heat use
concepts beyond the classic case of room heating and hot water preparation for the agricultural
enterprise itself. In 2011 already 14% of the biogas plant operators were feeding heat in local district
heating grids and 27% were using the heat for drying of wood, cereals, and the fermentation residues
from the digester. The larger the plant, the more heat is also used for public and even industrial
buildings.
The difficulty to make a reasonable use of the externally available heat of biogas plants, and the
difficulty to comply with the external heat use obligation, is one reason for the slump of new biogas
installations since 2012, and a major motivation for considering alternative options for biogas use,
such as the injection in the existing gas grid and the use as vehicle fuel – and both options provide
opportunities for storage. See details below in: Market development.
80

See 50, p.62
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Location of biogas plants

Figure 5: Location of biogas plants in Germany; the circle diameter indicates the number of plants in
the same neighbourhood
Source: Source: DBFZ, see 50

As Figure 5 shows biogas plants are spread all over Germany, but the density is the highest in the
north-east and in the south of Germany. More telling is the ratio of installed biogas CHP nominal
power to agricultural area which is shown in Figure 6 at district level. It is clearly visible that the very
high concentration of biogas plants is limited to a few districts only and the map suggests that a large
untapped potential remains notably in the centre-west of the country.
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Figure 6: Biogas generator nominal power per acreage
Source: Source: DBFZ, see 50

Market development (biogas plants and peripheral equipment)
After a very strong market and installation of annually more than 1,000 plants from 2009 to 2011,
stimulated by the amendment of the Erneuerbare-Energien-Gesetz (EEG; Renewable Energy Act) in
2009 and to be compared with 171 and 102 plants installed, respectively, in 2007 and 2008 (see
Figure 2, the market collapsed in 2012. The number of employees in the sector is expected to have
dropped from 58,000 at the end of 2011 to 41,000 at the end of 2012.81 The reasons of the market
collapsed are multi-faceted according to the Fachverband Biogas e.V. (FvB; German Biogas
Association): suppliers of facilities could not cope with drastic changes in the priorities set by the EEG
2012, rising prices for substrates, and new approval and security requirements.82 Notably, the rising
prices for agricultural products have changed the cost-effectiveness of biogas plants.83

81

D. Koop, Umgepflügt, in: neue energie 1/2013, p. 58-61
Eurotier-Pressekonferenz: Fachverband Biogas e.V. korrigiert Prognosezahlen für 2012 nach unten, press release of the
Fachverband Biogas e.V. of 14 November 2012; http://www.biogas.org/edcom/webfvb.nsf/id/DE_PM-2912?open&l=DE&ccm=030020 [retrieved on 28 March 2013]
83
Gemeinsame Stellungnahme des Fachverbandes Biogas und des Bundesverband BioEnergie zum Thesenpapier des
Bundesumweltministeriums zum 2. EEG-Dialog: „Potenzial und Rolle von Biogas“ am 4. Februar 2013;
http://www.biogas.org/edcom/webfvb.nsf/id/DE_Gemeinsame-Stellungnahme-des-Fachverband-Biogas-e-V-und-desBundesverbandes-Bioenergie-e-V-zum- [retrieved on 10 April 2013]
82

page 63 of 188

National Frameworks: The case of Germany

Nevertheless, the market drop in 2012 is comparable to the market drop in 2007 and 2008 and the
general development of biogas plant installations has known a rather strong though unsteady growth
for the last 20 years (see Figure 2).

Figure 7: Number (columns) and nominal electric power (red line) of biogas plants broken down to
different size classes
Source: DBFZ, see 50

A new market segment, which has been opened in 2012, but is still developing very modestly, are
small manure-fed biogas plants with a nominal electrical generator power of up to 75 kW el on livestock
farms. Their potential is estimated at 55,000 (corresponding to 2.75 GW el) if the number of suitable
farms with 100 to 400 livestock units is taken as a base, but considerably smaller if the profitability is
taken into account. The estimated number of installations in 2012 is about 100.84
Concerning engine technology, about 75% of the installed CHP which have been installed until 2011
are adapted Otto motors, 25% are igniting beam engines. In only a very few cases, micro-turbines
have been installed.85
84
85

See 81, p.60
See 50, p.56
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As a consequence of the obligation to use a certain amount of the cogenerated heat, a strong trend
can be observed towards small, specifically set up biogas micro-grids and satellite CHP that operate
at some distance of the biogas plant were the heat can be used. In 2011 already about 20% of the
biogas plant operators were distributing biogas via micro-grids.86 The installation of such grids is
promoted by the federal Marktanreizprogramm (MAP; Market Stimulation Programme).
Market development (electricity from biogas)
A new market segment opened by the amendment of the EEG in 2012 are biogas plants selling
electricity outside the frame of guaranteed feed-in tariff on the free market, including the market for
balancing energy. The potential of this market segment is more difficult to estimate, but the interest
shown by the operators is very high. According to the FvB, 10% of the plants, i.e. about 700, are
selling electricity outside the frame of guaranteed feed-in tariff on the free electricity market.
According to the biogas system supplier PlanET Biogas GmbH, 100 of the plants constructed by the
company have moved to the free electricity market in 2012 out of which 15 are selling balancing
energy. Extrapolating this figure 1.5% of all biogas plants in Germany, that are about 100 plants are
already selling balancing energy. A bottleneck represents the need for bundling the power production
of several plants in order to achieve a sufficient power for participating in the balancing energy
market.87 The bundling and sale of the balancing energy is usually done by a service provider who is
different from the operators. Only 17% of plant operators confirmed to plan making use of the
flexibility premium88. However, many economic and legal issues were not yet solved when the plant
operators were questioned.
The most interesting electricity market segment for biogas plant operators is the negative balancing
energy market. The operators are paid for stopping the feed-in of electricity. The fermenter can
continue producing biogas and the produced gas and its energy content is not lost. A fermenter can
usually store the biogas produced within 2-6 hours, but the periods for which the electricity feed-in is
interrupted are much shorter. The price for negative balancing energy can reach 0.40-0.50 €/kWh.
However, the profit for operators participating in the balancing energy market can only roughly be
estimated. Assumptions exist that predict about 15 periods per year for which negative balancing
energy is needed. The income from selling negative balancing energy in these periods has to be
compared to costs for communication and controlling infrastructure, respectively the remuneration of
the service provider who sells the balancing power on behalf of the biogas plant operator.89
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See 50, p.57
See 81, p.61
88
See 50, p.54
89
Geregelte Gewinne, in: neue energie 9/2012, p. 99
87
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Local storage of biogas
As mentioned above, one market trend is the extension of existing biogas plants, notably by the
installation of further CHP90. In combination with larger biogas stores, this will allow more flexibly
operating individual CHP. However, no statistics could be found about extensions of biogas stores.
Biogas up-grading to bio-methane
According to the DBFZ monitoring study, 83 biogas up-grading facilities with a bio-methane
production capacity of about 460 mio m3/a (52,500 m3/h) bio-methane were in operation at the end of
2011, corresponding to an upper heating value of 4.0 TWh91, if one uses the median of the upper
heating value of natural gas, 8.7 kWh/m3, for the conversion from m3 to TWh92. This is equivalent to
0.49% of the German natural gas consumption in 2011 (2.911 PJ or 809 TWh).93 The BDEW
indicates an only slightly lower value of 449 mio m3/a for the bio-methane grid injection capacity for
2011 (see Figure 8)94. This implies that merely all the bio-methane is also injected into the natural gas
grid and only little is sold for directly fuelling natural gas vehicles. At the end of 2012, 107 biomethane plants were injecting bio-methane into the German gas grid, at the end of 2013, 169 plants
are expected to inject bio-methane, thus doubling the injected amount of gas from 449 mio m 3/a to
900 mio m3/a within two years only (see Figure 8).95 As consumption of natural gas did not change
much in 2012 (2,953 PJ or 820 TWh96) and can be expected to further remain roughly stable, this
implies a doubling of the bio-methane content of the consumed gas to about 8 TWh upper heating
value, respectively 1% of the German natural gas consumption.

90

See 50, p.33
See 50, p.72
92
According to the German Wikipedia article “Erdgas”, the upper heating value of natural gas is in the range of 8.2-11.1
3
3
3
kWh/m , the lower heating value 10% less, i.e. between 7.4 and 10.0 kWh/m . Hence, the median is 8.7 kWh/m . This value
must have been used by DBFZ. See: http://de.wikipedia.org/wiki/Erdgas [retrieved on 19 February 2013]
The Wikipedia articles on natural gas in other languages indicate similar partially differing values for the upper and lower
heating values or do not make a distinction between them.
Other sources in German indicate also other heating values for natural gas. E.G. the DVGW-Arbeitsblatt G 260/I indicates a
3
range for the upper and lower heating value of 8.4-13.1 kWh/m for methane-rich gases (both gas categories are
distinguished essentially by the different Wobbe index ranges which takes the density into account in addition to the heating
value: http://www.iwsr.de/infoservice/begriffe/info15.html [retrieved on 9 April 2013]
93
AGBE, Primärenergieverbrauch Jahr 2012, up-date of 22 March 2013, excel file for download;
http://www.ag-energiebilanzen.de/viewpage.php?idpage=62 [retrieved on 28 March 2013]
94
BDEW, Folien-Satz zur Energie-Info, Erneuerbare Energien und das EEG: Zahlen, Fakten, Graphiken (2013), download:
http://www.bdew.de/internet.nsf/id/17DF3FA36BF264EBC1257B0A003EE8B8/$file/Foliensatz_Energie-Info-EE-und-dasEEG2013_31.01.2013.pdf [retrieved on 15 February 2013]
95
Dto.
96
See 93
91

page 66 of 188

National Frameworks: The case of Germany

Figure 8: Development of number of bio-methane feed-in facilities and their cumulated injection
capacity into the natural gas grid
Source: BDEW, see 94
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Market development (bio-methane)
Bio-methane is distributed via the existing natural gas grid and/ or a new gas line (lines up to 20km
exist97). Once, injected into the existing gas grid, bio-methane is physically distributed and also stored
in the same way as natural gas. Commercially, it can be sold to specific customers who use it for
heating, heat and power generation or as vehicle fuel. Cost-effectiveness can only be reached by
plants with at least 1 MW el power. The bio-methane market is presently hampered by very favourable
provisions for natural gas used in CHP. To compensate for this, the FvB requests a biogas feed-in law
similar to the EEG in order to further stimulate the bio-methane production and feed-in into the
existing gas grid.98

Figure 9: Location and capacity of biogas up-grading plants
Source: Source: DBFZ, see 50

97

Mehr als nur Strom- Fachverband Biogas startet Wärme-Offensive, press release of 16 January 2013 [retrieved on 11
February 2013]
98
Erdgas macht Biomethan Konkurrenz, in: neue energie 1/2013, p.60
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Figure 9 shows the location of biogas up-grading facilities and their size. The facilities are distributed
all over Germany, but very large plants are located exclusively in East Germany at present.
Local storage of up-graded biogas (bio-methane)
There are about 100,000 natural gas fuelled vehicles in Germany and about 900 natural gas fuelling
stations out of which about 100 offer bio-methane99. According to calculations of the FvB, about 1.5
mio vehicles could be fuelled with bio-methane from bio-waste in Germany. 100 This corresponds to
3.5% of the about 43 mio passenger cars that existed in Germany at the beginning of 2012.101
Bio-methan needs to be compressed up to 250-300 bars in order to allow rapid fuelling of vehicles (25 min compared to 5-7 hours if fuelled at low pressure).102 Hence, there are two local stores
connected to bio-methane fuelling stations: one or more low pressure biogas stores before the upgrading unit and a high pressure buffer store after the up-grading unit.
In order to be used as vehicle fuel, bio-methane must comply with the norm DIN 51624.103 It can be
counted for the compulsory rate of biofuels.104
The first bio-methane fuelling station in Germany was commissioned in June 2006 in Jameln/ Lower
Saxony. It is owned and operated by the Raiffeisen Warengenossenschaft eG Jameln, a distributor of
agricultural equipment.105 This fuelling station was initiated by the Region Aktiv Wendland-Elbetal
e.V., an association gathering entreneurs, municipalities, professional associations and others.106 The
biogas is produced by a fermentation unit commissioned in December 2005 that is fed with 6,000 tons
of maize, forage rye, and clover-grass annually produced by 40 farmers. 90% of the biogas is used to
operate a 600 kW el CHP, 10% is up-graded to bio-methane. The bio-methane is connected to the
fuelling station by a 1,000 m long pipe.

99

Detailed information, including a map and list of all fuelling stations can be found on: http://www.erdgas-mobil.de [retrieved
on 9 April 2013]
100
Biomethan als Kraftstoff – Fachverband Biogas informiert auf der Grünen Woche über den alternativen Kraftstoff, press
release of 18 January 2013, http://biogas.org/edcom/webfvb.nsf/id/DE_PM-02-13/$file/13-01-18_PM_Kraftstoff-IGW.pdf
[retrieved on 11 February 2013]
101
Statistisches Bundesamt, Fahrzeugbestand;
https://www.destatis.de/DE/ZahlenFakten/Wirtschaftsbereiche/TransportVerkehr/UnternehmenInfrastrukturFahrzeugbestand
/Tabellen/Fahrzeugbestand.html [retrieved on 10 April 2013]
102
M. Beil, C. Mischkowsky, FhG-IWES, Nutzung von Biomethan als Kraftstoff – Stand der Technik, Kosten, KTBL/TFZ
Fachgespräch, 20-21 March 2013, Straubing
103
Zehnte Verordnung zur Durchführung des Bundes-Immissionsschutzgesetzes (Verordnung über die Beschaffenheit und
die Auszeichnung der Qualitäten von Kraftstoffen - 10. BImSchV), 8 December 2010, BGBl. I S. 1849, §8(1): „Erdgas und
Biogas dürfen nur dann gewerbsmäßig oder im Rahmen wirtschaftlicher Unternehmungen als Kraftstoffe gegenüber dem
Letztverbraucher in den Verkehr gebracht werden, wenn sie den jeweiligen Anforderungen der DIN 51624, Ausgabe Februar
2008, genügen.“ http://www.gesetze-im-internet.de/bimschv_10_2010/BJNR184900010.html [retrieved on 10 April 2013]
104
See 102
105
RaiffeisenWarengenossenschaft eG Jameln,http://rwgjameln.jd-partner.de [retrieved on 9 April 2013]
106
Region Aktiv Wendland-Elbetal e.V., http://www.wendland-elbetal.de/index.php?start [retrieved on 9 April 2013]
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Figure 10: Bio-methane fuelling station on the car service area in Dannenberg
Source: Horst Seide, Kraft und Stoff Dannenberg GmbH & Co. KG, www.biogastankstelle.de

A further biogas plant was set up by Kraft und Stoff Dannenberg GmbH & Co. KG in an industrial
estate at the border of the City of Dannenberg. The 690 kW el CHP was commissioned in May 2007.
Again, the biogas is mainly used to operate a CHP and a smaller fraction is up-graded to biomethane. The heat required for the up-grading process (130°C) is taken from the CHP. The remaining
heat is distributed via a district heating grid (80°C). The bio-methane is partly sold as vehicle fuel on
the car service area in Dannenberg (see Figure 10) and partly fed into the natural gas grid. Both biomethane plants are exceptional because of their small size. The overall economic viability is achieved
through the intelligent poly-generation concepts which make optimum use of the cogenerated heat.
Storage of up-graded biogas (bio-methane from biogas) in the natural gas infrastructure
The natural gas infrastructure in Germany, notably the 22 underground pore and 25 underground
cavern storage facilities with, respectively, 10,438 mio m3 and 9,993 m3 working gas volume, provides
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huge storage capacities. The related energy storage capacity of the existing underground gas
storages was about 200 TWh (upper heating value of stored gas) as of 31.12. 2011. One further pore
storage and 22 further cavern storage facilities were planned or under construction at the end of
2011.107 After commissioning of these new facilities, the total capacity of natural gas storages in
Germany will reach about 320 TWh, half of the German annual gross electricity demand and by far
much more than the existing or reasonably foreseeable capacity of any other storage option.
Internationally, Germany ranks on position 4 with regard to gas storage capacity (see Table 2). Three
other alpine countries, Italy, France, and Austria are on positions 5, 7 and 8, respectively. The
average storage size is 4.15 TWh what represents an enormous energy compared to other storage
options. Compared to other alpine states and notably compared to Russia and Ukraine, the average
gas storage capacity is nevertheless small. Only the USA and Canada have smaller average gas
storage capacities among the leading eight gas storing nations. Figure 11 shows the location of
underground storage facilities for natural gas in Germany.

Table 2:

Gas storage facilities in eight countries with largest cumulated capacity

Source: Untertage-Gasspeicherung in Deutschland, Erdöl Erdgas Kohle, 11/2012, p. 420; calculation of energy data
done by the author

Number of
storage
facilities

Working gas
volume [mio m3]

Energy charge/discharge
capacity (upper heating
value of gas) [TWh]

Average storage
size [TWh]

USA

419

121,400

1,186

2.83

Russia

22

95,620

934

42.46

Ukraine

13

32,780

320

24.64

Germany

48

20,400

199

4.15

Italy

12

17,440

170

14.20

Canada

56

16,680

163

2.91

France

16

12,370

121

7.55

Austria

10

7,450

73

7.28

Country

107

Untertage-Gasspeicherung in Deutschland, in: Erdöl Erdgas Kohle, 11/2012, p. 412 et seqq.
download from: http://www.lbeg.niedersachsen.de/portal/live.php?navigation_id=797&article_id=898&_psmand=4 [retrieved
on 13 February 2013]
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Figure 11: Underground pore (circles) and cavern (ellipses) storage facilities for natural gas in operation
3
(red) or planned/ being built (yellow), figures indicate storage volume in mio m
Source: Untertage-Gasspeicherung in Deutschland, Erdöl Erdgas Kohle, 11/2012, p. 412
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Biogas potential
According to the FvB, there is still a huge potential for biogas production from manure and bio-waste
in Germany whose use could avoid methane emissions into the atmosphere which are particularly
detrimental to the climate108. The exploitation of this potential would not require further acreage, thus
avoiding conflicts of food and energy production. If the potential for biogas storage was exploited and
plants be run accordingly, the biogas sector could provide 13-20 GW dispatchable power, equivalent
to 26-40 gas power stations of 500 MW each by 2025.109
If one assumes that the biogas or bio-methane-fed CHP run only at 2,500 full load hours per year 110
due to their use for compensatory electricity generation instead of base-load electricity generation that
is still common today, they could provide 32.5 - 50 TWhel annually, 5.3 - 8.1% of the German gross
electricity generation in 2012.
A lower estimate of 26.4 TWhel is underlying the three long-term scenario variants for the deployment
of renewable energy use in Germany established by the Deutsches Zentrum für Luft- und Raumfahrt
(DLR; German Aerospace Centre), the Fraunhofer-Institut für Windenergy und Energiesystemtechnik
(FhG-IWES; Fraunhofer Society Institute for Wind Energy and Energy System Technology), and the
Ingenieurbüro für neue Energien (IFNE; Engineering Office for New Energies) on behalf of the
Bundesministerium für Umwelt, Naturschutz und Reaktorsicherheit (BMU; Federal Ministry for
Environment, Nature Protection and Reactor Safety).111 These recent scenario variants differ among
each other principally in the price assumptions for different energy carriers and technologies, but not
in the level of biogas production and use. They are up-dates of a series of target-oriented scenarios
established for the BMU for several years already. The scenarios are no forecasts, but models how
the objectives of the German Federal Government with regard to renewable energies can be
achieved. I.E. the real development might turn out to be more modest or, as it rather used to be the
case in the past, more dynamic than anticipated. Nevertheless, these scenarios combine a number of
facts, know-how and reflection at a very high degree and are for this reason regarded as very serious
reference in this assessment study.

108

The stronger climate effect of CH4 is taken into account by giving CH4 a stronger weight than CO2 in climate effect
calculations. The relevant legislative European document, the Renewable Energy Directive, stipulates in Annex V that
produced or avoided CH4 should be accounted 23 times when calculating climate savings of renewable energy use. See:
Directive 2009/28/EC of the European Parliament and of the Council of 23 April 2009 on the promotion of the use of energy
from renewable sources
109
Fachverband Biogas e.V. zur EEG-Dialogkonferenz Biogas von Umweltminister Altmaier, press release of 4 February
2013, http://www.biogas.org/edcom/webfvb.nsf/id/DE_PM-05-13
110
This value is chosen for instance by the FvB in 83
111
Langfristszenarien und Strategien für den Ausbau der erneuerbaren Energien in Deutschland bei Berücksichtigung der
Entwicklung in Europa und global, Schlussbericht, BMU – FKZ 03MAP146, established bei Arbeitsgemeinschaft DLR, FhGIWES and IFNE, 29 March 2012, download from: http://www.erneuerbare-energien.de/fileadmin/eeimport/files/pdfs/allgemein/application/pdf/leitstudie2011_bf.pdf [retrieved on 14 February 2013]
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The up-dated DLR/FhG-IWES/IFNE long-term scenarios are based on the assumption that 100% of
fermentable organic residues (160 PJ/a or 44.8 TWh/a upper heating value) can be used for biogas
production. In the scenario description it is indicated that 62% of all organic residues are already used
today, but no specification is given which percentage of the fermentable organic residues is already
used. It is further supposed that 45% of the acreage available for energy crops (1.9 mio ha out of 4.2
mio ha that can be sustainably used if ecologic criteria are specifically observed112) can be used for
stationary heat and for combined heat and power production in overall optimised scenario variants.
Out of the 1.9 mio ha acreage for energy crops, 1.0 mio ha are foreseen for energy crops for biogas
production. 80% of this area is already used for this purpose today. The FvB assumes that the
acreage available for energy crops for biogas production could even be 2 mio ha. For ecologic
reasons, it is assumed that increasingly alternative energy crops such as wild plant mixtures will be
grown.113
Local future options

One can summarise that the major part of the biogas production potential in Germany is already
exploited today, but there is still some scope for further increase, thus contributing a further few
percentage points to the overall electricity generation. When the limit for the biogas production will be
reached, the limit for the electrical energy output will also be reached – but not the limit for the electric
power capacity. As almost all biogas plants are operated in the base-load mode today, there is a
tremendous potential for increasing the electric power capacity of the biogas plants by using them
essentially for compensatory electricity production to smooth out differences between PV and wind
power generation and electricity demand.
Further to local combustion in CHP which will be more and more electricity demand-led thus
compensating fluctuating renewable power generation from wind power and PV installations, the upgrading of biogas to bio-methane will increasingly be important. It offers the option of local use as
vehicle fuel as well as the option of injection into the existing natural gas grid. The latter allows using
the generated bio-methane flexibly for electricity and/ or heat generation or use as transport fuel far
away from its place of production.
For exploring the full range of these options, larger local biogas stores than today, heat stores close to
the CHP using biogas or bio-methane, and local stores for compressed bio-methane will be needed.
The largest stores however, underground gas stores linked to the national gas grid, exist already.

112

C. Barthel, M. Fischedick, F. Merten, Ökologisch optimierter Ausbau der Nutzung erneuerbarer Energien in Deutschland,
Forschungsvorhaben im Auftrag des Bundesministeriums für Umwelt, Naturschutz und Reaktorsicherheit, FKZ 901 41 803,
March 2004, download from http://www.ifeu.de/landwirtschaft/pdf/Oekologisch_optimierter_Ausbau_Langfassung.pdf
[retrieved on 14 February 2013]
113
See 83, p.5
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2.2.2 Power-to-Gas (methane in gas grid)
The power-to-gas (P2G) conversion technology, more precisely power-to-substitute natural gas
(SNG) technology, is at present the only pathway that allows seasonal storage of major amounts of
energy by making use of existing stores. For this reason, it attracts a lot of attention in Germany. A
strategic partnership for the promotion of the P2G technology has been created by 32 companies and
institutes under the lead of the Deutsche Energie-Agentur (DENA; German Energy Agency). Among
others, the strategic partnership operates a central web-portal114 on P2G has which presents core
information and latest news.
Efforts to promote P2G include the promotion of SNG and of hydrogen as energy stores and fuels
because the production of hydrogen from renewable power is the first step of the P2G process to
SNG. While the standard enthalpy of combustion, ΔcH°, is -890.3 kJ/mol for methane115, it is only
-286 kJ/mol for hydrogen116. As for gases the volume is proportional to the number of moles, the
volumetric energy density of SNG (essentially methane) is about three times higher than for
hydrogen. However, hydrogen has an about eight times lower molar mass than methane and
therefore its gravimetric energy density is about two and a half times higher than the gravimetric
density of SNG: 33.5 kWh/kg compared to 13.8 kWh/kg.117 I.E. hydrogen is more suitable than SNG if
the mass needs to be kept low, e.g. for transport applications, notably in aerospace, but SNG is more
suitable if the storage volume is limited.
The strongest advantage of SNG compared to hydrogen however is, that it easily fits with the existing
norms for natural gas relevant for fuelling vehicles and for transport and storage within the existing
natural gas infrastructure. As the energy transfer capacities of gas pipelines are an order of
magnitude larger than electrical power lines, the conversion of electrical energy into chemical energy
in form of SNG does further not only allow for energy storage, but also for much more efficient energy
transport.118
Though being technologically at its infant stages, the importance attributed to P2G has encouraged a
number of legal provisions that pave the way for its wider deployment. Bio-methane produced through
up-grading of biogas has been explicitly included in the EEG from the version onwards that entered
114

www.powertogas.info [retrieved on 16 April 2013]
Standard enthalpy change of combustion, http://en.wikipedia.org/wiki/Enthalpy_of_combustion [retrieved on 18 January
2013]
116
Hydrogen, http://en.wikipedia.org/wiki/Hydrogen [retrieved on 18 January 2013]
117
Energieträger der Zukunkt – Potenziale der Wasserstofftechnologie in Baden-Württemberg, study established by ZSW
and WBZU GmbH on behalf of the Landesagentur für Elektromobilität und Brennstoffzellentechnologie Baden-Württemberg
GmbH, 2012; www.e-mobilbw.de/Resources/12054_Studie_Wasserstoff_Innenteil_RZ_NEU_Einzelseiten_72.pdf [retrieved
on 17 April 2013]
118
M. Sterner, bioenergy and renewable power methane in integrated 100% renewable energy systems, doctoral thesis
submitted on 23 September 2009, published in: J. Schmid (ed.), renewable energies and energy efficiency vol. 14, 2009,
ISBN 978-3-89958-798-2, http://www.uni-kassel.de/upress/online/frei/978-3-89958-798-2.volltext.frei.pdf [retrieved on 18
January 2013]
115
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into force on 1 January 2012: “’Biomethane’ biogas or other gaseous biomass which has been upgraded and injected into the natural gas grid.”119 In the version of the EEG retroactively valid since
1 April 2012, the term “Speichergas” (storage gas) was added: “’Storage gas’ every gas that is not
renewable energy, but is produced exclusively with electricity from renewable energies for the
purpose of intermediate storage of electricity.”120
Existing pilot and demonstration plants

Research and technology development (RTD) on SNG production with P2G technology is led in
Germany by ETOGAS GmbH (formerly Solar Fuel Technology GmbH)121. The company was founded
in November 2007 in Salzburg, Austria, as Solar Fuel Technology GmbH & Co. KG.122 It develops the
P2G technology in Germany through ETOGAS GmbH, Stuttgart, jointly with ZSW, Stuttgart, and
IWES, Kassel. The aim of the development is to provide a long-term storage option for electricity and
a pathway for conversion of renewable electricity into fuels for vehicle engines.123 The concept goes
back on developments undertaken at the Johannes Kepler Universität Linz, Austria.124 ZSW has
further developed the concept since 2007 and has put into operation a 25 kW el pilot P2G plant for
SNG production jointly with ETOGAS GmbH in Stuttgart-Vaihingen in November 2009 125. The plant
produces SNG through electrolysis of water and a subsequent reaction of the hydrogen from the
electrolysis with carbon dioxide to methane. The carbon dioxide is taken from the air, but other
sources such as biogas plants can equally be used. The produced SNG fulfils the relevant norms for
natural gas and is used for fuelling natural gas vehicles. This first plant achieved conversion efficiency
for electricity to SNG of 40%.
The 25 kW pilot plant was fit into two containers and was set up at different locations to demonstrate
the operation subsequently with different carbon dioxide sources (pressurised CO 2 steel bottles,
biogas plant, CO2 off-gas from pressure swing adsorption (PSA) gas separation processes) at
different locations. From October 2012 on, it was connected to a small biogas plant at the Hessisches
Biogas-Forschungszentrum (HBFZ; Hesse Biogas Research Center) in Bad Hersfeld. The CO 2 in the
raw biogas and the hydrogen react to bio-methane without preceding separation of the CO 2 from the
biogas. The achieved final methane content was above 90%.126
119

See 75, §3 (2c)
See 76, §3 (9a)
121
Solarfuel heißt jetzt ETOGAS, press release of 29 April 2013, http://www.etogas.com/nc/aktuelles/ [retrieved on 3 May
2013]
122
http://www.chemie.de/firmen/24038/solar-fuel-technology-gmbh-co-kg.html [retrieved on 18 January 2013]
123
®
See e.g.: U. Zuberbühler, M. Specht et al., ZSW, Power-to-gas (P2G ): construction and start-up of a 250 kWel research
plant, in: proceedings of IRES 2012, p. 1770 et seqq.
124
http://www.solar-fuel.net/solarfuel-gmbh/ [retrieved on 18 January 2013]
125
http://www.solar-fuel.net/loesung/alpha-anlage-laeuft/ [retrieved on 18 January 2013]
126
Power-to-Gas läuft auch an kleinen Biogasanlagen – Pilotversuch am Hessischen Biogas-Forschungszentrum zur
direkten Methanisierung erfolgreich abgeschlossen, FhG-IWES, press release of 16 January 2013;
http://www.iwes.fraunhofer.de/de/Presse-Medien/Pressemitteilungen/2013/power-to-gas-laeuft-auch-an-kleinenbiogasanlagen.html [retrieved on 16 April 2013]
120
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Since 2012, ZSW has been planning and setting up larger plants in swift succession. Each of them is
used for investigating another specific issue. On 30 October 2012, a 250 kW el plant went into
operation in Stuttgart-Vaihingen127. It was jointly developed by ZSW, IWES and ETOGAS and was the
largest operating plant of its kind worldwide at the beginning of 2013. The focus is on the electrolyser
whose conversion efficiency is crucial for the overall storage efficiency. The investigated type is a
pressurised alkaline electrolyser which operates at a pressure of 6-11 bars. Its hydrogen production
rate is up to 65 norm m3 per hour. The methanation is done in two fixed-bed reactors at a temperature
of 250-500°C and a pressure of up to 16 bars. The plant can produce up to 300 m 3 methane per day
at a targeted purity higher than 95%. The design efficiency for the electricity to SNG conversion is
61.6%. 11.7% of the energy are useful heat at a temperature above 200°C, 26.7% are lost. The plant
will be used for getting more experience and further improving the technology and operation
processes, including dynamic and intermittent operation.

Figure 12: 250 kW power-to-gas plant at ZSW in Stuttgart-Vaihingen
Source: ZSW

127

Weltweit größte Power-to-Gas Anlage zur Methan-Erzeugung geht in Betrieb, ZSW press release of 30 October 2012,
http://www.zsw-bw.de/infoportal/presseinformationen/presse-detail/weltweit-groesste-power-to-gas-anlage-zur-methanerzeugung-geht-in-betrieb.html [retrieved on 17 January 2013]
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The further development towards larger commercial plants is done jointly by ETOGAS, ZSW and
ENERTRAG.128 The new commercial partner ENERTRAG is a company which is mainly active in the
field of wind power park planning and operation. It has its headquarters in Dauerthal, Brandenburg
close to the Polish boundary. A compact 300 kW el pressurised alkaline electrolyser with larger contact
areas and higher gas production rate than its predecessor set up in the vicinity of the 250 kW el plant in
Stuttgart-Vaihingen. The power is planned to be extended to 1 MW el at a later stage. Further, a new
1 MW AC-DC converter, an innovative electrode coating, and a modular design of the entire plant will
be realised and tested. The development project runs for three years and is supported by the Federal
Ministry for Environment, Nature Protection and Reactor Safety (BMU).
Another RTD and demonstration project is conducted by juwi technologies GmbH, Reiner Lemoine
Institut gGmbH (RLI), RWE Deutschland AG, ETOGAS GmbH and ZSW in the Morbach Energy
Landscape, a renewable energy surplus region in the Municipality of Morbach in RhinelandPalatinate. In the area more electricity is generated than consumed, but nevertheless, electricity is still
imported when the generation from local renewable energy facilities is lower than the local demand.
After the mobile 25 kW pilot P2G plant (see above) has already been tested with biogas as CO 2
source in the Morbach Energy Landscape in 2011129, P2G is now investigated as an option to store
renewable electrical energy locally, thus moving further towards real local energy autarky. The project
focuses on the integration of P2G technology in regions with high renewable energy generation. It
includes a modelling of the regional energy flows, simulations and an optimisation of the P2G
technology integration as well as the set-up of a P2G demonstration plant which will be operated
under real demand and generation conditions.130
Further pilot and demonstration plants at different stages of implementation, including plants that
produce hydrogen, but not SNG, are shown in Table 3. In total some 20 pilot and demonstration
projects are ongoing in Germany by June 2013.131
Market availability / number of units in operation

The first commercial P2G plant, a 6 MW el plant has been built on behalf of Audi AG by Solar Fuel in
Wertle, Lower-Saxony, and put into operation on 25 June 2013. 132 It is the first industrial scale P2G
plant. The targeted efficiency is 54%.
128

ZSW entwickelt Power-to-Gas-Elektrolyse im Megawatt-Maßstab, ZSW press release 01/2013 of 8 January 2013,
http://www.zsw-bw.de/infoportal/presseinformationen/presse-detail/zsw-entwickelt-power-to-gas-elektrolyse-im-megawattmassstab.html [retrieved on 17 January 2013]
129
Stromspeicherung – Ökostrom zu Methangas, http://www.energielandschaft.de/energie/stromspeicherung/ [retrieved on 3
May 2013]
130
Neues Forschungsprojekt: Sauberen Strom als Gas speichern, juwi press release of 30 April 2013,
http://www.juwi.de/presse_termine/presse/detail/neues_forschungsprojekt_sauberen_strom_als_gas_speichern.html?tx_dfn
ews_pi1[filterPage]=&cHash=33c662382adcc5d197a4ea65be84da5d [retrieved on 3 May 2013]
131
Sonnenspeicher, in: neue energie 06/2013, p. 28 et seqq.
132
Windwasserstoff mit PEM-Membranen, in: Solarthemen n° 403, 4 July 2013, p.6
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Full industrial deployment of 10-20 MW P2G units is planned to start in 2015. 133 The targeted
electricity-to-SNG efficiency is 60% without and 75% with residual heat use.134 Residual heat cannot
be avoided because the reaction of hydrogen and carbon dioxide to methane is exothermic (4 H 2 +
CO2 -> CH4 + 2 H2O (g); ΔHR° = - 165 kJ/mol) and takes place at a temperature of 250-400°C.135
However, the synergies can be achieved by using the produced heat for the electrolysis or for
meeting other process heat demand. If the electrolysis is done with high temperature electrolysers,
less electricity is needed because water vapour is chemically split instead of water. The heat required
for the process could be provided by the Sabatier process step within the same P2G plant, thus
increasing considerably the overall efficiency. 136
The projected capex costs of industrial P2G plants are 300 €/kW el for the electrolyser and
1,000 €/kW el for the entire plant.137 The future cost effectiveness of P2G plants will depend on several
further aspects:


Sale of oxygen



Use of cogenerated heat

Worldwide 100 mio tons of oxygen is produced annually, mainly by energy intensive fractional
distillation of liquefied air.138 Oxygen which is produced jointly with hydrogen in the electrolysis step of
the P2G process can be sold on this market, thus improving the economic balance of the P2G plant.

133

See 131
http://www.solar-fuel.net/loesung/beta-anlage-wird-gebaut/ [retrieved on 18 January 2013]
135
See 118
136
Herr Altmaier, so geht’s, in: Photon October 2012, p.14 et seqq.
137
See 123
138
Emsley, John (2001). "Oxygen". Nature's Building Blocks: An A-Z Guide to the Elements. Oxford, England, UK: Oxford
University Press. pp. 297–304. ISBN 0-19-850340-7, cited in: Oxygen, in: Wikipedia,
http://en.wikipedia.org/wiki/Oxygen#Reference-idEmsley2001 [retrieved on 3 May 2013]
134
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Local future options

The size of existing pilot and demonstration plants and the modularity of forthcoming commercial units
make P2G plants entirely suitable for local applications. A first application of interest seems to be biomethane plants for vehicle fuel production or grid injection in rural areas that are combined with PV or
wind power installations. Here, the P2G plant replaces the biogas up-grading facility and converts
also the CO2 contained in the biogas into bio-methane as it has been successfully demonstrated by
the 25 kW P2G pilot plant when it was operated in combination with biogas plants at the HBFZ and in
Morbach. If the electricity needed for the hydrogen production is taken from PV and wind power
installations in the vicinity of the biogas plant, and the plants are operated as a Kombikraftwerk
(renewable combined power station), they can jointly provide a valuable grid services.

Figure 13: 25 kW power-to-gas pilot plant fit into two containers
Source: ZSW
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Table 3:

Overview of power-to-gas projects in Germany

Source: DVWG

Location

139

, status of autumn 2012; up-dated by B.A.U.M. in 2013

Initiator/ operator/
projekt lead

DVGWForschungsstelle am
Karlsruhe Engler-Bunte-Institut
(BW)
des Karlsruher Instituts
für Technologie (KIT)

Electric
power
[kW]

-

H2 prod.
rate
[m3/h]

Use
made
of H2

Source for
CO2

SNG prod.
rate [m3/h]

Use
made of
SNG

gas grid
feed-in

Royal Institute of
Technology KTH, Cortus
AB, KUT-EBI, IDS
GmbH, KIC InnoEnergy
SE

planned

operating

experimentation

40

methanation

1 + 5 (fixed
bed
methanation)

gas grid
feed-in

FhG-ISE, KIT-EBI, h-tec
GmbH, Outotec GmbH,
EnBW AG, IoLiTec
GmbH
ZSW, FhG-IWES

wood gasifier

10

Karlsruhe
(BW)

Karlsruher Institut für
Technologie (KIT)

-

4

biogas, heating
metha- plants, biomass
nation
gasification,
industry

Stuttgart
(BW)

Solar Fuel GmbH

25

6

metha- air + biogas for
nation proof of concept

1.5

vehicle
fuel

Stuttgart
(BW)

ZSW

250

50

metha- pressure bottles,
nation
etc.

12.5

-

60

vehicle
fuel

Stuttgart
(BW)

139

EnBW

400

Status

Partners involved

-

-

-

Solar Fuel GmbH, FhG- experimentation
IWES

-

under
construction

www.dvgw.de/fileadmin/gat/bilder/2012/infografik_P2G_demoanlagen.pdf [retrieved on 19 April 2013]
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Table 3: Overview of power-to-gas projects in Germany (cont.)
Source: DVWG

Location

140

, status of autumn 2012; up-dated by B.A.U.M. in 2013

Initiator/
operator/
projekt lead

Electric
power
[kW]

H2 prod.
rate
[m3/h]

Use made
of H2

Source
for CO2

SNG prod.
rate [m3/h]

Use
made of
SNG

Status

Partners involved

Freiburg
(BW)

FhG-ISE

40

6

vehicle fuel

-

-

-

-

operating

Freiburg
(BW)

FhG-ISE

40

6

vehicle fuel

-

-

-

-

operating

Graben
(BY)

Erdgas Schwaben
gmbh

1,000

240

methanation

biogas

60

gas grid
feed-in

Thüga AG

planned

1

gas grid
feed-in or
fuel cell

-

innoZ, Vattenfall Europe Innovation
GmbH, Schneider Electric GmbH,
etc.

planned

120

CHP,
vehicle fuel,
gas grid
feed-in

-

Vattenfall Europe Innovation
GmbH, Total Deutschland GmbH,
Deutsche Bahn AG

operating

Berlin

NBB Netzgesellschaft BerlinBrandenburg
mbH & Co. KG

Prenzlau ENERTRAG AG
(BB)

140

6

500

-

-

-

-

www.dvgw.de/fileadmin/gat/bilder/2012/infografik_P2G_demoanlagen.pdf [retrieved on 19 April 2013]
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Table 3: Overview of power-to-gas projects in Germany (cont.)
Source: DVWG

Location

141

, status of autumn 2012; up-dated by B.A.U.M. in April 2013

Initiator/ operator/
projekt lead

FalkenE.ON AG
hagen (BB)

Hamburg

Vattenfall Europe
Innovation GmbH

Rostock
(MV)

WTI e.B. – Wasserstoff,
Brennstoffzellen,
Elektromobilität in
MecklenburgVorpommern

Grapzow
(MV)

WIND-projekt Gruppe

Electric
power
[kW]
2,000

2.500 kVA

3

1,000

H2 prod.
rate
[m3/h]
360

Use made of
H2
gas grid feed-in

2 x 60

vehicle fuel

1

vehicle fuel and
CHP

200

co-fuel in 650
kW el CHP,
vehicle fuel, gas
grid feed-in

SNG
prod. rate
[m3/h]

Source
for CO2
-

-

-

-

-

Use
made
of SNG
-

-

-

-

Status

Partners involved

E.ON gas Storage GmbH,
test run
E.ON edis AG, HGC-Hamburg successful
142
Gas Consult GmbH, E.ON
finished
New Build & Technology

-

Shell Hydrogen, BMVBS, experimentation
Hamburger Hochbahn, etc.

-

Hydyne GmbH Schwerin,
IEE Ingenieurbüro
Energieeinsparung GmbH,
Dr. Sandlaß Berlin

planned

NOW GmbH

under
construction

-

141

www.dvgw.de/fileadmin/gat/bilder/2012/infografik_P2G_demoanlagen.pdf [retrieved on 19 April 2013]
Power-to-Gas-Anlage speist erstmals Wasserstoff ins Erdgasnetz ein, press release, http://www.powertogas.info/service/aktuelle-meldungen/wasserstoffeinspeisung-gestartet.html
[retrieved on 10 July 2013]
142
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Table 3: Overview of power-to-gas projects in Germany (cont.)
Source: DVWG

Location
Werle
(NDS)
Herten
(NRW)

Dortmund
(NRW)

Leverkusen
(NRW)

143
144

143

, status of autumn 2012; up-dated by B.A.U.M. in 2013

Initiator/
operator/
projekt
lead

Electric
power
[kW]

H2 prod.
rate
[m3/h]

Use made of
H2

Source
for CO2

SNG
prod. rate
[m3/h]

Use
made
of SNG

Audi AG

6,000

1,300

methanation

biogas

325

gas grid
feed-in

City of Herten

Dortmunder
Energie- und
Wasserversor
-gung GmbH

Bayer
Technology
Services
GmbH

165

30

vehicle fuel and fuel cell

-

-

Status

Partners involved

EWE AG, SolarFuel GmbH, FhG-IWES,
ZSW
Evonik Industries AG, Westfälische Hochschule

operating
144

under
construction

feasibility
-

100

-

flexible

-

chemical base
material

-

-

-

-

-

-

-

study
ongoing

Bayer Material Science AG, RWE Power
AG, Siemens AG, Invite GmbH, CAT
Catalytic Center, RWTH Aachen, Maxunder
Planck-Institut Magdeburg, Fritz-Haber- construcInstitut Berlin, Liebniz-Institut für Katalyse
tion
e.V. an der Univ.Rostock, Ruhr-Universität
Bochum, TU Dortmund, TU Dresden, Univ.
Stuttgart, KIT, TU Darmstadt

www.dvgw.de/fileadmin/gat/bilder/2012/infografik_P2G_demoanlagen.pdf [retrieved on 19 April 2013]
Audi testet 6 MW große Power-to-Gas-Anlage, in: Solarthemen n° 403, 4 July 2013, p. 7
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Table 3: Overview of power-to-gas projects in Germany (cont.)
Source: DVWG

Location

145

, status of autumn 2012; up-dated by B.A.U.M. in 2013

Initiator/
operator/
projekt
lead

Morbach
(RLP)

juwi
technology
GmbH

t.b.d.

ThügaGruppe/
Thüga AG

Hamburg
146

E.ON

Electric
power
[kW]

H2 prod.
rate
[m3/h]

Use made of
H2

Source
for
CO2

SNG
prod. rate
[m3/h]

Use
made
of SNG

t.b.d.

t.b.d.

Methanation

Biogas

t.b.d.

t.b.d.

60

Gas grid feedin; option for
CHP and
vehicle fuel

-

-

-

some 10 partner enterprises of the Thüga
group

planned

???

Gas grid feedin

-

Hydrogenics, SolviCore, E.ON, City of
Hamburg, DLR, FhG-ISE, NOW, PTJ

under
construction

320

1 MW

147

-

-

Partners involved

Status

Reiner Lemonie Institut gGmbH (RLI), RWE planned
Deutschland AG, ETOGAS GmbH, ZSW,
Morbacher Energielandschaft

145

www.dvgw.de/fileadmin/gat/bilder/2012/infografik_P2G_demoanlagen.pdf [retrieved on 19 April 2013]
Power-to-Gas bei E.ON Hanse in Hamburg: Konsortium aus Wissenschaft und Technik startet Innovationsprojekt, press release of 8 April 2013;
http://www.eon-hanse.de/pages/eha_de/Presse/Pressemitteilungen/Aktuelle_Presse/Pressemitteilung.htm?id=1492574 [retrieved 10 July 2013]
147
See 131
146
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2.2.3 Power-to-Gas (hydrogen in gas grid)
If hydrogen is directly used as storage medium instead of SNG, one energy conversion step, the
Sabatier process148, can be omitted and related energy losses can be avoided. For this reason, this
direct grid feed-in is also investigated by a number of projects a few of which are listed in Table 3.
However, only limited amounts of hydrogen can be fed into the existing natural gas grid or added to
natural gas that is used as vehicle fuel while SNG is merely identical to natural gas and can even
entirely replace the latter in the forthcoming fully renewable energy economy by using today’s natural
gas infrastructure unmodified.
Worldwide about 600 bn m3 of hydrogen (54 million tons) are produced annually. In Germany
20 bn m3 (1.8 million tons) are needed every year.149 At present, most of the hydrogen is used as
chemical base material or reactant in chemical processes and sources for hydrogen are essentially
fossil hydrocarbons: 48% mineral oil fractions, 30% natural gas, and 16% coal. The remaining 6%
come from other chemical processes such as the chlor-alkali electrolysis and the alkaline water
electrolysis. 150 I.E. the production of hydrogen as energy storage medium within the electricity supply
sector plays a negligeable role (see figures in Table 3), while the hydrogen used by the chemical
industry represents a huge amount of energy (71 TWh of upper heating value that could be converted
into 28.4 TWh of electricity with PEMFC - about 5% of the annual German gross electricity
consumption151).
The total natural gas market in Germany is about 1,000 TWh in terms of upper heating value
annually. If 1% hydrogen is admixed to that amount, 10 TWh of hydrogen can be fed annually in the
existing natural gas grid.152 Assuming further a reconversion of the hydrogen in gas turbines with an
efficiency of 50%, hydrogen alone can provide 5 TWh of electricity from seasonal stores. About 10%
of the annual German electricity demand, i.e. some 60 TWh need to be provided from seasonal
stores153. Hence, some 55 TWh must come from SNG. If the amount of hydrogen admitted to be
admixed to natural gas/ SNG in the gas grids was increased, hydrogen could provide a larger part of
energy from seasonal storage and less SNG would need to be produced in the long-term.
148

See 54
See 117, p.18
150
See 117, p.20
151
3
3
See 117, p.18, 20 and 36, as well as footnote n°64; 3.55 kWh/Nm multiplied by 20 bn m makes 7.1 TWh in terms of
upper heating value. If the hydrogen is converted in PEMFC with a system efficiency of 40%, this provides 28.4 TWh of
electricity, 5% of the 595 TWh of gross electricity consumption in 2012
152
Note in press release of E.ON on pilot plant in Falkenhagen, Brandenburg; http://www.powertogas.info/power-togas/pilotprojekte/pilotanlage-falkenhagen.html [retrieved 10 July 2013]
153
The figure is based on the finding of the model calculation for the EU+MENA+Eastern Europe region presented by T.
Thien, R. Alvarez, Z. Cai, P. Awater, M. Leuthold, A. Moser, D. U. Sauer at the IRES 2012, entitled “Storage and grid
expansion needs in a European electricity supply system with a high share of renewable energy”, see: proceedings of IRES
2012, p. 637 et seqq. The model calculation comes to the conclusion that long term energy stores with a capacity of about
10% of the annual electricity demand are needed.
149
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In the same way as for power-to-gas (P2G), an initiative exists for promoting hydrogen from
renewable energies, the “performing energy - Bündnis für Windwasserstoff” (performing energy alliance for hydrogen from wind power).154 The initiative was founded in 2011 and gathers 15 partners
from industry, RTD and environmental associations who jointly promote the use of hydrogen as
storage medium for renewable energy, notably from wind power, or as intermediate step towards
P2G. The Bündnis für Windwasserstoff has signed a cooperation agreement with the P2G initiative on
9 April 2013 on the Hanover Trade Fair.155
The strategy platform “power-to-gas” has assessed the potential of raising the presently low maximum
values for the hydrogen content in gases for various applications:156 The working sheet G260
“Gasbeschaffenheit” (gas quality) of the Deutsche Vereinigung des Gas- und Wasserfachs e.V.
(DVGW; German Association for Gas and Water) which serves as norm for gas transported in the
German gas grid, set the upper limit of the hydrogen content at 5%. The DVGW working sheet G262
sets the same upper limit for gas appliances in households. For gas used as fuel in vehicles,
DIN 51624 sets the upper limit at 2%. According to the German automobile industry, the latter could
be raised in the mid-term and recent research results show that gas appliances could even deal with
a hydrogen content of up to 20%. Equally, existing gas power stations could be modified and be
supplied with gas containing a two-digit share of hydrogen.
Storing hydrogen in the gas grid means mainly storing hydrogen in one of the many natural gas
storages that exist already. However, new storages will be needed and existing ones need to be
investigated for their suitability as hydrogen storage. For instance, the storage of hydrogen from wind
power in a salt mine at a pressure of 200 bar is about to be tested by the company IVG Caverns
GmbH in the salt mine Etzel, close to Wilhelmshaven at the North Sea coast.157,158 The company has
already leached 59 caverns with a total of 35 mio m3 in the investigated salt mine for storing brute oil
and natural gas and manages one of Europe’s largest natural gas storages. The technology of
leaching salt mine caverns with sea water used for these underground storages will now be applied to
hydrogen storage. The company has recently joined the wind power-to-hydrogen initiative
(Windwasserstoff-Initiative).
In order to play a significant role as storage medium, hydrogen must be able to be produced by highly
flexible electrolyzers that can be switched between full load and zero within very short time-intervals.

154

Performing energy, Bündnis für Windwasserstoff, http://www.performingenergy.de [retrieved on 16 April 2013]
Gemeinsam Power to Gas vorantreiben, joint press release of DENA and initiative „performing energy – Bündnis für
Windwasserstoff“, 9 April 2013; http://www.dena.de/presse-medien/pressemitteilungen/gemeinsam-power-to-gasvorantreiben.html [retrieved 16 April 2013]
156
Strategieplattform Power to Gas, Thesenpapier: Technik und Technologieentwicklung, 3 November 2011;
http://www.powertogas.info/thesen.html [retrieved on 16 April 2013]
157
http://www.kavernen-informationszentrum-etzel.de [retrieved on 10 December 2012]
158
Windwasserstoff in Salzkavernen, in Solarthemen 387 of 8 November 2012, p. 6
155
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For that reason R&D is focusing on polymer electrolyte membrane (PEM) electrolyzers which have a
ramping time of a few minutes.159
Existing pilot and demonstration plants

Existing pilot and demonstration plants for hydrogen gas grid feed-in are shown in Table 3 joinly with
SNG gas grid feed-in projects. The largest and most comprehensive operating demonstration plant is
run by ENERTRAG AG in Prenzlau, Brandenburg (see Figure 14 and Figure 15).

Figure 14: Renewable hybrid power plant of ENERTRAG with hydrogen storage
Source: ENERTRAG

159

See 147
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Figure 15: Largest operating electrolyser in April 2013
Source: ENERTRAG

Market availability / number of units in operation

There are still only a small number of hydrogen production sites in operation and most of them are
R&D plants. As a result of recent R&D, hydrogen can be produced with a conversion efficiency of
80% at costs of 14 ct/kWh from wind power (8 ct/kWh for wind power and 6 ct/kWh for electrolysis). It
can be reconverted to electricity in fuel cells with a conversion efficiency of 50%.160
However, the economic profitability is still not sufficient for many investors. E.g. two months after
announcing the construction of a hydrogen production plant in Suderburg in Lower Saxony,
Greenpeace Energy cancelled the plan after a critical review of the economic risks (this is why they
are not shown in Table 3).161

160
161

Audi fährt auf Wind ab, neue energie 11/2012, p. 54
Power-to-Gas-Projekt gestoppt, in: neue energie 1/2013, p. 63
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Local future options

In the same way as SNG, hydrogen produced from surplus electricity will become a suitable future
option also at local scale. First areas with potential for hydrogen from surplus electricity are regions
with weak electric grids and high wind power generation. The hydrogen can either be fed into an
existing gas grid or stored locally and be reconverted into electricity.

2.2.4 Power-to-Gas (hydrogen local)
The largest existing demonstration project for hydrogen production from surplus electricity and use as
energy store, the ENERTRAG renewable hybrid power plant in Prenzlau mentioned above, is also a
showcase for local hydrogen production, storage and reconversion into electricity.162 Storage of
hydrogen is experimented among others in low pressure tanks (see Figure 14). The low pressure
tanks can be transported on trucks for combustion in a CHP or grid feed-in at distant places.
Apart from stationary use of hydrogen, its use as transport fuel is an important option which has been
subject to R&D in Germany for many years. However, the number of hydrogen vehicles and fuelling
stations is still very small.
Market availability / number of units in operation

Apart from the projects shown in Table 3 no specifically local hydrogen project could be identified that
serve for electricity storage. However, a number of projects exist that focus on hydrogen use as
transport fuel. They use hydrogen from a number of sources and are not specifically storage projects.
At present, no series-produced hydrogen fuelled vehicles can be purchased, but the introduction in
the market is foreseen for 2014/15. The existing hydrogen vehicles are usually operated within R&D
and demonstration projects. A map of fuelling stations is given on a website of Ludwig-BölkowSystemtechnik (LBST) a major player in the field of hydrogen technology in Germany. 163 The proven
technology for storage of hydrogen in vehicles is storage in high pressure tanks. All other options,
liquid hydrogen and storage in metals have been ruled out in the course of the R&D done in the last
decades.164

162

http://www.performingenergy.de/index.php?id=8 [retrieved on 11 July 2013]
http://www.netinform.net/h2/H2Stations/Default.aspx [retrieved on 15 July 2013]
164
Wuster, LBST, oral communication
163
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Local future options

Hydrogen technology is a major transition element on the way to a fully renewables-based economy.
If added to natural gas or SNG up to a fraction of a few percent, it can be used as fuel component
within the existing natural gas infrastructure. Local future options comprise first of all local projects for
hydrogen production and grid injection. If the distance to the existing grid is too large, transport of
hydrogen in high-pressure tanks on trucks to the location of use is equally an option.
Among others, pure hydrogen can and will be used as fuel in vehicles which combust hydrogen in fuel
cells for driving electric motors. If such vehicles will become more common, an important local option
will be generation and distribution of hydrogen at fuelling stations.

2.2.5 Chemical energy storage (zeolite etc.)
Chemical storage systems involve the storage and release of thermal energy through reversible
chemical processes. For example, zeolites are micro-porous aluminosilicate, adsorbent minerals that
can be deployed to store thermal energy at high temperatures (60°C – 250°C165) which can later be
recovered when water is added to the mineral. When heat is applied to the zeolite, the process is
reversed and the water is released. Hence, zeolites can be used for process heat storage. Indirectly
they can be used for electricity storage when being combined with an electricity and heat
cogeneration unit for instance.
Existing pilot and demonstration plants

A number of zeolite heat storage pilot and demonstration plants have been set up in Germany, but
they are generally designed to optimize the overall energetic system efficiency and not to provide
electricity storage. An example is an experimental zeolith storage system designed to provide a heat
store for a brewery.166 The system allows running a cogeneration plant in a continuous mode though
the wort boiling process in the brewery is highly discontinuous (1h boiling in 6 hours).
Market availability / number of units in operation

Zeolite energy storage is available on the market e.g. as an element of heating systems and allows
improving the overall energy efficiency. The heating system producer Vaillant for instance offers a

165

H. Schreiber, B. Klitzing, F. Lanzerath, A. Gebhardt, A. Bardow, Institute of Technical Thermodynamics, RWTH Aachen,
Integrating cogeneration and heat storage for an energy-efficient industrial batch process, Proceedings of IHRES 2012, p.
1909 et seqq.
166
See 165
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combined heat pump/solar thermal collector/zeolite store system. It announces that the zeolite store
allows improving the overall energy efficiency by 33%.167
Local future options

Zeolite energy stores and similar chemical energy storage fall in the category of heat stores and can
only play an indirect role for electrical energy storage which is the core subject of this study. Solutions
for indirect electricity storage in cogeneration systems with zeolite heat stores have a potential for
local application, notably wherever process heat is required.

2.2.6 Burnt lime chemical heat storage
The Deutsches Zentrum für Luft- und Raumfahrt (DLR, German Aerospace Centre) has put a pilot
plant for heat storage into operation that makes use of the chemical energy of burnt lime.168 For
charging the storage, hot air at a temperature of 600°C is led into the reactor vessel filled with calcium
hydroxide (Ca(OH)2, slaked lime or hydrated lime) which is transformed into calcium oxide (CaO,
burnt lime or quick lime) and water vapour. The storage is discharged by letting water vapour flow into
the reactor vessel which reacts with the calcium oxide to calcium hydroxide, thereby releasing heat.
The process is similar to zeolite energy storage. The difference consists in the degree of binding
between water and the absorbent. While water is only bound to zeolite by weak chemical bonds that
do not alter the water molecules, it is a full chemical reaction partner in the case of burnt lime
chemical heat storage.
The advantage of this storage process is that no energy losses occur once the store is charged and
cooled down again to ambient temperature. The losses consist only in heat losses during charging
and discharging. This makes the option interesting for long-term heat storage. Further, the energy
density is five times higher than that of a classical hot water heat storage tank.

2.2.7 Compressed air energy storage
Compressed air energy storage (CAES) consists of compressing air with electric compressors
(charging) and releasing the compressed air via a turbine (discharging). The discharge can be
combined with natural gas or biogas combustion in a turbine. The compressed air replaces air
compressed by the turbine itself, thus reducing the amount of gaseous fuel needed for a certain
electric power output.

167

http://www.vaillant.de/Produkte/Waermepumpe/Zeolith-Gas-Waermepumpe/produkt_vaillant/Zeolith-GasWaermepumpe_zeoTHERM.html [retrieved on 16 July 2013]
168
Kalk als Wärmespeicher, in: neue energie 1/2013, p. 33
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A disadvantage of CAES is the energy loss in form of heat that is generated during the compression
without being available for re-expansion if it is not stored. The concept of adiabatic compressed air
energy storage (ACAES) includes storage of the heat released by the compressed air in the charging
phase and its use for heating up the expanding air in the discharge phase. However, no ACAES
systems have been commercialised so far due to cost and heat storage challenges. Nevertheless, a
number of commercial projects are in the planning phase in Germany.
A conceptual design study conducted by GE Global Research169 has shown that ACAES plants in the
100 MW / 600 MWh range can be built using off-the-shelf or near-commercial components with a lead
time of approximately one year from the order. The round-trip efficiency is predicted to reach more
than 60%, the specific investment costs 1,070 – 1,200 $/kW (816-915 €/kW170). Incremental energy
storage costs are estimated at 30 $/kWh (23 €/kWh).
Existing pilot and demonstration plants

At present only two commercial stage compressed air energy storages (CAES) exist worldwide. One,
the first one worldwide built in 1978, is situated in Huntdorf, Lower-Saxony, Germany the other one in
McIntosh, USA. It is located on a salt dome containing two caverns at 600 and 850 m depth with a
volume totalling 300,000 m3, in which compressed air is stored. The compressor power requirement is
about 68 MW. For rapid responses to power shortages, the air is expanded, mixed to natural gas and
channelled to a conventional gas turbine which drives a generator whose capacity was increased
from 290 to 321 MVA in 2006. It feeds electricity into the 21 kV grid. The full output can be reached
within six minutes.171
The Huntdorf plant belongs to the first generation of CAES which achieves only 41% storage
efficiency172 due to the loss of energy in form of sensible heat of the compressed air which is heated
up during the compression. During expansion, the air cools down and needs to be reheated. In
Huntsdorf this is achieved through mixture with combusting natural gas.

169

See 172
http://de.finance.yahoo.com/waehrungen/waehrungsrechner/#from=USD;to=EUR;amt=1070 [retrieved on 10 January
2013]
171
E-ON, Huntdorf Power Plant, http://www.kraftwerkwilhelmshaven.com/pages/ekw_en/Huntorf_Power_Plant/Overview/index.htm [retrieved on 10 January 2012]
172
S. Freund, R. Schainker, R. Moreau, Commercial concepts for adiabatic compressed air energy storage, in: proceedings
of IRES 2012, p. 558 et seqq.
170
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Market availability / number of units in operation

CAES and ACAES are very often cited as potential storage technologies. The technology as such is
not new and there is good reason for assuming that it could be deployed very quickly at large scale –
simply this is only happening on paper, but not in reality.
It is to be noted that the first step of CAES, simple air compression, is a very wide spread industrial
process. If existing compressor power and compressed air store volumes were increased, air
compression could be used for load management in industry. The technology exists and the
modifications to be done in existing air compression units are simple. Compared to CAES and
ACAES which include reexpansion of the compressed air for driving a turbine, the overall energy
losses are not much higher than the energy losses in existing air compression units.
Local future options

CAES and ACAES are storage options also at local scale. The same applies for air compression
processes included in load management schemes.

2.2.8 Cryogenic energy storage
A new form of energy storage developed by Highview Power Storage, Leeds, United Kingdom 173,
cryogenic energy storage (CES), is relevant in the context of this assessment which covers only the
German case, because Highview Power Storage has concluded a strategic partnership with Messer
Group, Bad Soden, Germany174, to commercially explore the CES technology.175
In the CES concept176 electricity is used to liquefy a gas (e.g. air or nitrogen) which can be stored in
insulated steel tanks under ambient pressure at low loss rates of about 5% per 100 days (case of
2,000 tons tanks, corresponding to 200 MWh stored energy; losses are lower if the tanks are larger).
The energy stored in liquefied nitrogen is high (620 kJ/liter177) compared to existing commercial
concepts for large energy storage (pump water storage: 1 kJ/liter at 100 m head178). For discharging,
the liquefied air is expanded with ambient or waste heat and drives a set of turbines operating at
different pressures and driving an electricity generator. Due to the very low bottom temperature of the
173

www.highview-power.com
www.messergroup.com
175
Messer Group GmbH, Energiespeicherung durch Luftverflüssigung, press release of 5 July 2012,
http://messergroup.com/de/Presse/wpresse/050712_cooperation-highview/index.html [retrieved on 9 January 2013]
176
Highview Power Storage, in: proceedings of IRES 2012, p. 540 et seqq.
177
T. Fox, Storing electricity using cryogenic technology in a UK policy context, presentation given at 2012 Energy Storage
Symposium, Lenfest Center for Sustainable Energy at the Earth Institute, Columbia University,
http://energy.columbia.edu/sitefiles/file/Tim%20Fox%20Day%201.pdf [retrieved on 9 January 2013]
178
See 177
174
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cycle, the ideal (Carnot) efficiency of the cycle is very high. If ambient heat is used for the expansion,
it reaches 72%, if waste heat at 100°C is used 80%. I.E. typically 56% of the waste heat is converted
into electricity. If a Ranking cycle is used to convert heat at 100°C into electricity, the Carnot efficiency
is only 25%. The total CES cycle efficiency is predicted to range between 40% and more than 90%
depending on the exact configuration and temperature of waste heat used.
Taking into account the availability of main components and materials on the market, the CES
concept allows storing energy in the range of a few tens MWh to a few GWh and is suitable for
storage times ranging from several hours to several weeks. For longer storage periods, larger storage
tanks will be needed that go along with lower losses.

Figure 16: CES pilot plant
Source: Messer GmbH, See 175
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Advantages of the concept are the use of an abundant storage medium (air) available without cost,
the use of established technology (gas liquefaction, transport and storage of liquefied gases; gas
turbines), the potential to integrate first applications into existing industry sites where cold liquids are
produced and/ or used, thereby making use of existing infrastructure, overall low safety risks (low
pressure used, no dangerous chemicals involved, no combustion risk, etc.), absence of geographical
and geological constraints (above-ground installations), and potential synergies with other industrial
processes, including the use of waste heat and the provision of cold.
Existing pilot and demonstration plants

A 300 kW/ 2.5 MWh pilot plant hosted by Scottish and Southern Energy, fully integrated into the local
distribution network is operating since April 2010.
Market availability / number of units in operation

The technology can be considered to be at the threshold of commercialisation. Several commercial
projects in the 10 MW range, including a first 5 MW plant to be set up jointly with Messer have been
announced to be implemented. As the main process steps involve well established technology and
there are no specific risks such as dangerous chemicals involved, the chances for technological
success can be considered to be rather high. Remaining technological risks have to be seen rather at
the level of system integration. The energy storage costs are predicted to range between 260 and 530
$/kWh (200-400 €/kWh179).
Local future options

CES is clearly an option to deal with fluctuating electricity availability which falls in the area of storage
as well as load-management: Liquefied gases are produced in industry anyway. If the liquefaction rate
is modulated as a function of available electricity, this falls within the category of load-management. If
a part of the liquefied gas is re-expanded via a series of turbines for producing electricity, it falls into
the category of storage.
Given the size of liquefaction units and the synergies that can be achieved by integration in existing
liquefaction plants at industrial sites, this storage technology is rather suitable for industrialised
regioins than for local application in rural areas.

179

http://de.finance.yahoo.com/waehrungen/waehrungsrechner/#from=USD;to=EUR;amt=520 [retrieved on 9 January 2013]
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2.2.9 Pump water storage (regional in Alpine Space)
Regional water pump storage systems refer to using dams in nearby, higher altitude valleys, to store
excess solar or wind power, or to manage and utilise hydropower harnessed from two lakes with
different heights or artificial water storages, within the regional context of settlements. Water is
pumped using excess or low-priced electricity - the potential gravity energy is maintained with little
loss. The stored water is released to drive turbines, to dispatch power to meet peak demands.
Market availability / number of units in operation

There are 36 pump water storage plants in Germany with a total power capacity of 6.6 GW and an
energy storage capacity 37.7 GWh (see Table 4). Several projects for new pump water storage plants
with a total power capacity up to 5 GW are about to be implemented. The largest project is the Atdorf
pump water storage plant with a power of 1.4 GW and an energy storage capacity of 13 GWh.

Table 4:

Existing pump water storage plants in Germany

Source: Wikipedia, http://de.wikipedia.org/wiki/Liste_von_Pumpspeicherkraftwerken
Pos.

Name

Federal state

Power
[MW]

Capacity
[MWh]

Year of construction/
commissioning

1 Pumpspeicherwerk Goldisthal

Thüringen

1.060,0

8.480

2003

2 Pumpspeicherwerk Markersbach

Sachsen

1.050,0

4.018

1970–1981 / 1979

BadenWürttemberg

980,0

6.073

1975

3 Schluchseewerk: Kraftwerk Wehr
4 Pumpspeicherwerk Waldeck II

Hessen

480,0

3.428

1969–1974

Schluchseewerk: Kavernenkraftwerk Bad
5 Säckingen

BadenWürttemberg

370,0

2.064

1967

6 Pumpspeicherwerk Hohenwarte II

Thüringen

320,0

2.087

1956/1963, 1966 in Betrieb

7 Pumpspeicherwerk Erzhausen an der Leine

Niedersachsen

220,0

940

1964

BadenWürttemberg

220,0

626

8 Schluchseewerk: Kraftwerk Witznau

1939–1950 (vollständige
Inbetriebnahme 1950)

9 Pumpspeicherkraftwerk Happurg bei Nürnberg

Bayern

160,0

900

1956–1958

BadenWürttemberg

160,0

402

1951

Bayern

160,0

950

1976

NordrheinWestfalen

153,0

590

1989

12 Koepchenwerk (neu) in Herdecke
13 Pumpspeicherwerk Waldeck I

Hessen

140,0

478

1933

14 Pumpspeicherwerk Rönkhausen in Finnentrop

NordrheinWestfalen

140,0

690

1969

15 Kraftwerksgruppe Jansen an der Pfreimd mit

Bayern

135,0

404

1951–1961

10 Schluchseewerk: Kraftwerk Waldshut
Pumpspeicherkraftwerk Langenprozelten bei
11 Gemünden am Main (Franken)

page 97 of 188

National Frameworks: The case of Germany

Pos.

Name

Federal state

Power
[MW]

Capacity
[MWh]

Year of construction/
commissioning

Pumpspeicherwerk Tanzmühle 25,2 MW
Pumpspeicherwerk Reisach 98,3 MW
und Ausgleichswerk Trausnitz
16 Pumpspeicherwerk Niederwartha in Dresden

Sachsen

120,0

591

1930

17 Pumpspeicherkraftwerk Geesthacht

Schleswig-Holstein

120,0

600

1958

BadenWürttemberg

90,0

463

1931

18 Schluchseewerk: Kraftwerk Häusern
19 Pumpspeicherwerk Glems in Metzingen-Glems

BadenWürttemberg

90,0

560

1964–1969

20 Pumpspeicherwerk Bleiloch

Thüringen

80,0

753

1926–1932

21 Pumpspeicherwerk Wendefurth (Harz)

Sachsen-Anhalt

80,0

523

1967

22 Pumpspeicherwerk Hohenwarte I

Thüringen

62,8

795

1936–1942 / 1959

Bayern

49,0

550

1983 (before„I old“ 24 MW
since 1929)

24 Leitzachwerk II

Bayern

44,0

550

1960

25 Schwarzenbach-Kraftwerk in Forbach

BadenWürttemberg

44,0

198

1926

14
(plus 25
thermisch)

?

1957/1986

NordrheinWestfalen

7,44

?

1926–1935

Rheinland-Pfalz

6,18

?

1913/1956 (seit 1995 nur
Speicherkraftwerk)

4,72

?

1992

Thüringen

3,3

?

1933–1939

Hessen

2,3

?

1923 (seit 1978
Speicherkraftwerk)

32 Pumpspeicherwerk Mittweida

Sachsen

1,7

?

1926 / 1928 (außer Betrieb)

33 Höllbachkraftwerke

Bayern

1,5

?

1909/1961

Wasserkraftwerk Kirchentellinsfurt (Ortsteil
34 Einsiedel)

BadenWürttemberg

1,3

?

1926

35 Kraftwerk Kanzem

Rheinland-Pfalz

1,2 (2,3)

?

1986

0,65

1,5 (?)

1958–61 constructed, 1971
extended; today only used as
run-of-the-river plant.

rd. 6.565

rd. 37700

~ 2005

23 Leitzachwerk I (neu)

26 Ruselkraftwerke (Pumpspeicherwerke Oberberg I
und II) in Deggendorf

27 Sorpekraftwerk

Bayern

28 Dhrontalsperre (Dhronkraftwerk)
29 Pumpspeicherkraftwerk Oberstdorf Warmatsgund Bayern
30 Pumpspeicherwerk Wisenta
31 Nidderkraftwerk

Bayern
36 Kraftwerk Eibele / Werk III
Gesamtleistung (ohne Mittweida)

Deutschland
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Most existing and planned pump storage hydropower plants are not situated in the Alpine Space, but
in the Central German Uplands. The maximum potential is estimated at 10 GW and 60 GWh.180 I.E.
the total potential will be more or less exploited when the presently planned plants will be
commissioned. Further, the construction of new plants is very often subject to controversy debate and
several plants are rejected by the surrounding inhabitants or by ecologists because of to their
landscape implact. For this reason, new concepts for pump water storage are explored.
According to a study established by the Forschungszentrum Jülich (FZJ, Research Centre Jülich), it
exists a potential for 0.4 GW pump storage capacity in existing federal waterways, notably in canals
and mainly in the north of Germany close to the main wind power generation sites. The study
considers the potential energy difference between water in canals and rivers at different levels. The
volume of water that might be circulated between different levels is estimated by considering storage
lamellas, i.e. thin layers of water which correspond to the tolerable water level fluctuations in the
considered canal and river pounds.
The study follows the indications of the Wasser- und Schifffahrtsverwaltung des Bundes (Federal
Water and Shipping Administration) and absolute priority is given to shipping, thus assuming only very
small fluctuations, e.g. 25 cm, to be tolerable. It is further assumed that only 50% of the storage
lamellas can be effectively used for pump water storage. Multiplying 50% of the storage lamella
thickness, the length and width of the smallest canal or river pound considered in a specific situation
with each other gives the storable water volume. From that and the difference of the height levels of
the pounds the storable energy is derived. The potential storages are small to medium size plants.
Their advantage is that infrastructures such as reservoirs, and partially pump stations, already exist.
For exploring this storage potential, high efficient pump-turbines for low head (7-38 m) and medium
water volumes (10,000 – 1,000,000 m3) are required. 181
Local future options

The potential for pump water storage in the alpine areas of Germany is rather limited. Only smaller
plants might be considered to be constructed. Also the potential for new stored water hydro plants is
limited.

180

H.-M. Henning, A. Palzer, 100% Erneuerbare Energien für Strom und Wärme in Deutschland, FhG-ISE, Freiburg,
12 November 2012, p.15
181
P. Stenzel, Ewgenij Kossi, Pumped hydro storage in federal waterways, in: proceedings of IRES 2012, p. 521 et seqq.
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Figure 17: Federal waterways in Germany
Source: Wasser- und Schifffahrtsverwaltung des Bundes
182

182

http://www.wsv.de/wasserstrassen/gliederung_bundeswasserstrassen/karte/index.html [retrieved on 9 January 2013]
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2.2.10 Pump water storage (Scandinavia etc.)
These water pump storage systems are in principle similar to those above but are linked in a wider
spatial context, such as using Norwegian storage capacity for Danish or Dutch wind power. Though
being discussed frequently, they are not considered here as a serious option for energy storage that
is relevant for the alpine space.

2.2.11 Thermal energy storage systems – high temperature
Thermal energy storage systems can be combined with every source of heat if the temperatures
match. Storage materials can be solid or liquid, for example concrete, stones, sand, water or
combinations with salt. In the context of this study, only thermal energy storage systems linked to
electricity generation and use are considered that allow for better matching electricity generation to
electricity demand. This option exists notably where electricity and heat are cogenerated. Interest in
thermal energy storage in this context is due to its low costs compared to electricity storage.
The high variation of thermal energy storage options made it useful to split up the different types of
thermal energy storage systems. This section is on term high temperature thermal energy storage
systems (HTTESS). HTTESS is experimented with as an option for storing heat generated from
excess electricity in combustion power plants, thus allowing for more flexibly operating base and
medium load conventional power plants and biomass power plants. During discharge, the heat is
used for pre-heating the combustion air and the fuel demand of the plant is decreased. The saving
can be specified by a heat-to-fuel conversion efficiency. In the case of coal power plants, a heat-tocoal conversion efficiency of more than 60% and an electricity-to-electricity efficiency of more than
30% were calculated in design studies to be achievable. 183
In Germany, HTTESS is mainly interesting as an option for running hard coal and lignite power plants
more flexibly. Effectively, the storage medium is coal. This is questionable in a context were much
more environmentally friendly gas power stations can no longer be operated cost-effectively due to
high gas and low coal prizes and a “shaving of the mid-day peak” of the demand in Germany by PV
electricity. I.E. HTTESS offers an option for widening the scope of using a very questionable
technology, hard coal and lignite power plants, to the detriment of much more environmentally friendly
options that will be needed as transition technologies for a fully RE-based economy (gas power
stations that are fuelled with natural gas in the beginning, but increasingly with biogas, admixed
hydrogen and SNG). The use of HTTESS in combination with solar thermal power plants has no
potential in Germany because of the high average cloud coverage and lack of direct solar irradiation.

183

P. Schicktanz, M. Stenglein, G. Schneider, H. Maier, enolcon gmbh, Electricity to be stored in a high-temperature thermal
energy storage system and be added to the combustion air of a conventional power plant, in: proceedings of IRES 2012, p.
1115 et seqq.
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Market availability / number of units in operation

HTTESS is not yet available on the German market.
Local future options

There is little potential for local application of HTTESS in Germany, notably in an increasingly REbased economy. In countries with a much higher rate of direct solar irradiation, i.e. southern Europe,
North Africa, Middle East, etc., HTTESS is an interesting technology that can be used as storage
option for solar thermal power plants.

2.2.12 Thermal energy storage system – low temperature
Different types of low temperature heat storage can be subdivided into sensible heat storage which
goes along with a temperature change of the storage medium, and latent heat storage where heat is
stored in a medium that remains at a specific temperature, but changes its physical phase, e.g. from
liquid to solid and vice versa. The medium used for sensible heat storage is hot water in most the
cases. The range of applications of hot water heat storage is so huge that this option is described
separately in the next section. Here, the focus is on latent heat storage whose main advantage
compared to sensible heat storage is the lower mass and volume of material required for storing the
same amount of energy.
The reason behind is that the heat required to change the phase of a material, e.g. from solid to liquid,
to say for melting/ fusion, is usually much larger than the heat required to raise the temperature of the
same material by a certain number of degrees. In the case of water, the heat of fusion is 332.5 kJ/kg
and the specific heat capacity, a measure for the heat required to raise the temperature, of the liquid
phase is only about 4.2 kJ/kg/K.184 This means that melting 1 kg of ice to water requires the same
amount of heat as raising the temperature of 1 kg of water from 0°C to about 80°C. In the case of
paraffin wax, the heat of fusion is between 200 and 220 kJ/kg and the specific heat capacity between
2.14 and 2.9 kJ/kg/K.185 Hence, the heat absorbed by paraffin when being melted is 8-9 times higher
than the energy absorbed when the temperature is raised by 10°C.
The main disadvantage of latent heat storage is that usually one of the phases is solid thus allowing
mainly for inefficient heat conduction for heat transfer as opposed to the much more efficient heat
convection that is only possible in gases and liquids. This limits the speed at which heat can be stored
and retrieved, i.e. the storage power.

184
185

Eigenschaften des Wassers, http://de.wikipedia.org/wiki/Eigenschaften_des_Wassers [retrieved on 3.1.13]
Paraffin wax, http://en.wikipedia.org/wiki/Paraffin_wax [retrieved on 3.1.13]
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Further in latent heat storages, most of the heat can been stored only at a well-defined temperature or
within a small temperature range that depends on the material chosen as storage medium. Ice at
atmospheric pressure melts exactly at 0°C and ice/water is a suitable phase change material only if
the required temperature is about 0°C. If salt is added the melting temperature is lowered to a few
degrees minus zero, but it remains very sharp. Hence, possible applications are restricted to very few
cases of cooling and freezing.
Paraffin waxes however, melt typically at temperatures between 46°C and 68°C, but the melting
interval can be fairly well adjusted to the desired application case. Paraffin waxes can therefore store
heat at temperatures that are required for room heating or hot water preparation.186 As paraffin waxes
use to be mixtures of alkanes that melt at different temperatures, the phase change does normally not
happen at a sharply defined temperature, but within a temperature interval, thus further broadening
the range of possible application cases.
At the Fraunhofer Institute UMSICHT in Oberhausen, North Rhine-Westphalia, research is done on
phase change slurries (PCS), dispersions of paraffin wax in water that combine the advantages of
both materials: high heat capacity at temperatures required for frequent applications due to phase
change (paraffin), good heat transfer due to convection (water), and a broad temperature interval
within which the phase change takes place. Further, PCS are ecologically harmless substances. The
challenge, which is in principal already solved, is to provide a stable dispersion of paraffin wax in
water. This is achieved by adding an emulsifier that avoids the about 1-10 µm large paraffin wax
droplets to coagulate and that holds them suspended in the water. The paraffin wax blend used by the
institute UMSICHT melts at about 21°C and the latent heat of fusion is 130 kJ/kg. The average
specific heat capacity of the dispersion is between 50 and 120 kJ/kg/K within the phase change
temperature interval. The heat transfer through natural convection between PCS and a thin tube heat
exchanger of the kind that is typically used in heat storages is as good for PCS as in water.187
The concept of PCS promises to overcome difficulties encountered with heat transfer in the case of
PCM enhanced storage concepts. These make typically use of larger PCM elements such as
capsules with a diameter of a few millimetres or tubes with about 1-2 cm diameter and a length of up
to 1 meter.188 The advantage of PCS is the much larger contact surface between the PCM and water
compared to PCM capsules or tubes. This allows for higher charging and discharging powers.

186

See 185
T. Kappels et al., Convective heat transfer of phase change slurries, IRES 2012, p. 193
188
T. Nuytten et al., Comparative analysis of domestic thermal energy storage concepts using phase change materials, in:
proceedings of IRES 2012, p. 225
187
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Market availability / number of units in operation

PCM are produced by a number of companies in Germany. The companies which are member of the
PCM quality association are BASF, DÖRKEN, EMCO, RUBITHERM, Salca, SASOL and SGL
GROUP.189
A major field of application of PCM in Germany are buildings where they are used for stabilising the
room temperature within a comfortable range, but no application connected to electricity storage can
be identified so far.
Local future options

The application of PCM in buildings are also suitable for local use – but not in the context of electricity
storage. No concrete applications can be identified for the latter case at present. However, PCM are
in principle suitable to complement low temperature heat storage with hot water which is described in
the next section.

2.2.13 Thermal energy storage systems – hot water
A major application of hot water energy storage in the context of matching electricity generation and
demand is linked to cogeneration of electricity and heat in combined heat and power plants (CHP).
Electricity is not stored, but electricity and heat cogeneration happens in pattern with the electricity
demand. I.E. this option is rather some sort of electricity generation management. This can be
generally said of all cases where electricity and heat are cogenerated in pattern with the electricity
demand and the heat is stored.
The CHP can be of very different size, ranging from units supplying single family houses to units
supplying entire city quarters via district heating systems (DHS). Depending on the size of the CHP,
the size of the hot water storage ranges from a few cube meters to several 1,000 cube meters. Very
large hot water stores can even serve as seasonal heat storage. Thermal storage allows for more
flexible operation of CHP, especially to reduce fuel intensive frequent starting processes. Nowadays,
hot water storage is generally used to reduce the need for peak load boilers. Existing and recently
planned heat storage projects have an installed thermal capacity of 10-40% of the DHS peak load.
The design range is expected to increase to 30-50% in the future. Depending on the generation
technology, an increase of 150 to 970 MW and a decrease of 570 MW electricity generation can be

189

http://www.pcm-ral.de/en/homepage.html [retrieved on 17 July 2013]
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achieved per 1,000 MW installed heat storage capacity.190 The source does not reveal if the size of
the thermal store in terms of energy plays a role and, if yes, how important it is.
Electricity generation-demand matching with hot water energy storage can also be done with heat
pumps which have a sufficiently large heat store. It can further be done with fuel cells which
cogenerate electricity and heat, and it can even be done with simple electric hot water heaters. The
latter option is presently gaining importance in Germany, because it is extremely simple to implement
and it is a reasonable option to make use of surplus electricity.
CHP electricity generation has increased from 76 TWh to 90 TWh, respectively from 13.9% to 15.3%
of the electricity demand, between 2002 and 2011 in Germany, thus providing a large potential for
electricity generation-demand matching. However, the existing heat stores installed with CHP are
usually not large enough. New or increased heat stores coupled to larger CHP can be realised within
2-3 years. In the case of small CHP, installation times are much shorter. Smaller hot water heat stores
can store heat for 4-24 hours with 95% efficiency (heat to heat), larger ones can even store heat for
several months. The resulting investment costs are 640 €/kW el for positive and 120-350 €/kW el for
negative electric balancing power and stores have a life-time of 40-60 years.
Electric heaters in DHS can further increase the potential for electricity generation-demand matching
through thermal energy storage. According to the Energieeffizienzverband für Wärme, Kälte und KWK
e.V. (AGSW; Energy Efficiency Association for Heat, Cold and CHP) the total potential for balancing
electric power introduced by thermal hot water storage is +3.6 GW/ -18.4 GW (-6.7 GW through
decreased electricity feed-in from CHP, -11.7 GW through auxiliary electric heaters). This is to be
compared to the total German power demand which varies between 29 and 74 GW. The public
acceptance of hot water energy storage is good. Nationwide total investment cost related to full
exploitation of the balancing potential range between 1.4 and 2.2 bn €.191
In a study of the Zentrum für Luft- und Raumfahrt (ZLR; German Aerospace Centre), the potential for
DHS has been estimated under the perspective of using the latter as heat stores. Assuming an
ambitious energetic building refurbishment strategy until 2050 and wide-spread use of electricity
demand-led CHP systems, a need of 2-4 PJ (0.56-1.11 TWh) heat storage is identified for buffering
the heat produced by CHP. Considering that DHS usually have hot water storage capacity ranging in
between a few 100 and a few 1,000 cube meters, there is potential for the installation of many new
DHS simply for the purpose of providing hot water storage even if the long-term decrease of the heat
demand resulting from ambitious building refurbishment is taken into account. Against this
background, the Kreditanstalt für Wiederaufbau (KfW; Reconstruction Loan Corporation) is providing
190

M. Wünsch, N. Thamling, F. Peter, F. Seefeldt, Prognos AG, and J. Kühne, AGFW, The contribution of heat storage
facilities to the integration of RE, in: proceedings of IRES 2012, p. 1275 et seqq.
191
AGFW, in: proceedings of IRES 2012, p. 1281 et seqq.
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financial support for new district heating grids and hot water storage systems. The support can be up
to 100 €/m grid and 250 €/m3 of hot water storage.192
Market availability / number of units in operation

District heating systems
For the context of (solar) DHS, various long-term storage technologies have been developed during
the last two decades. A recent example is the reuse of very large buildings for energy storage such as
a 57 m long, 57 m broad and 42 m high 2nd World War flak bunker in Hamburg-Wilhelmsburg whose
outer shell had withstood an attempt of the allies to burst the building in 1947. Within this bunker a
2,000 m3 large hot water buffer reservoir has now been installed as part of a DHS for 3,000
households. The network is supplied by a 2 MW wood chip heating plant which provides 50% of the
overall heat demand, industrial waste heat contributing another 18%, a bio-methane-fired gas boiler
further 17%, a solar thermal plant 3%, and a peak-load natural gas-fired boiler supplying the rest of
heat demand. The storage allows reducing the heat generation power from 11 to 6.5 MW. The bunker
is owned by the City of Hamburg and the storage system is owned and operated by the new utility
Hamburg Energie that was established in 2009 as a subsidiary of the municipal utility Hamburg
Wasser.193
As a pilot project that combines the refurbishment of a large historic industrial-type building, the
establishment of a historical information centre with a cafeteria, and the installation of a heat storage
tank had above-average costs totalling at 26.7 million €, out of which 11.7 million € were for the DHS
grid, and the storage and energy management system. The replication potential is high: There are
further 700 bunkers in the City of Hamburg alone where hot-water storage tanks could be installed.
The storage tank in the ancient bunker in Hamburg-Wilhelmsburg is not designed to buffer larger
amounts of heat from electricity demand-led CHP, but it could be used for that purpose. The reduction
of the thermal power that it allows for, illustrates the buffer capacity. If the same storage was used for
buffering heat from CHP, a gap of similar magnitude between electricity supply and demand could be
closed.
A further hot water storage tank with a volume of 4,000 m3 is operated in Hamburg since autumn
2011. It is used to buffer the heat produced by a waste combustion plant and solar surplus heat from
solar collectors of a solar settlement.194
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Wärme und Strom zusammendenken, in: Energiekommune 1/2013, p. 7
Martialischer Wärmelieferant, in: neue energie 10/2012, p. 54
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Wärme und Strom zusammendenken, in: Energiekommune 1/2013, p. 7
193

page 106 of 188

National Frameworks: The case of Germany

In Münster, the local utility is operating a hot water storage system consisting of four steal tanks with a
volume of 2,000 m3 each since 2005. The system has been set up in an old coal store.195
Swarm power plant
A very ambitious market application of decentralised hot water storage for demand-oriented electricity
generation is the Schwarmkraftwerk (swarm power plant) of the green electricity provider Lichtblick. 196
The aim of Lichtblick is to aggregate 100,000 gas-fuelled CHP in multi-family houses, companies,
parishes, schools, kindergartens, hotels and public buildings to a single large power plant by means
of a proprietary management and control system.
The basic component is a gas-fuelled CHP produced by Volkswagen AG with an electric power of 19
kWhel and a thermal power of 36 kW th. The overall efficiency is above 94%. A sufficiently large hot
water energy store allows for electricity-demand driven operation. The CHP are owned by the
customers, the operation can be done by the owners themselves or by Lichtblick. The generated
electricity is basically consumed by the CHP operators themselves and/ or sold to neighbours. The
surplus electricity is generally sold by Lichtblick on different sections of the electricity market.
Depending on the local demand, the consumption and sale scheme is adapted individually.
At present the CHP are mainly fuelled with natural gas. However, switch to biogas or SNG is very
simple by choosing a green gas supplier. 700 CHP have been sold by Lichtblick by mid-2013.
Heat pumps
The market for heat pumps is rapidly increasing in Germany, but even the Bundesverband
Wärmepumpe (BWP, Federal Association Heat Pumps) cannot provide reliable numerical data on the
size of heat stores linked to heat pumps. The BWP estimates that 60-70% of all heat pumps have
buffer stores and recommends to install at least a store with 30 liters of water per kW heating
power.197

195

Wärme und Strom zusammendenken, in: Energiekommune 1/2013, p. 6
http://www.lichtblick.de/schwarm-strom/schwarmkraftwerke/ [retrieved on 22 July 2013]
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Figure 18: Status of micro fuel-cell deployment in Callux project
Source: http://www.callux.net/projektkarte.html [retrieved on 16 January 2013]

Fuel cells
Concerning fuel cells, first successful field tests of natural gas fuelled proton exchange membrane
(PEM) and solide oxide fuel cell (SOFC) systems in the power range of about 1 kW for private houses
(so-called micro CHP units) have already been demonstrated in a broad field test (“callux”)
undertaken with the support of the “National Innovation Programme Hydrogen and Fuel Cell
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Technology” (NIP) in Germany.198 The project consortium consists of the heating system suppliers
BAXI INNOTECH, Hexis und Vaillant, the electric power plant operators EnBW, E.ON, EWE, and
MVV Energie, as well as the gas supplier VNG Verbundnetz Gas. The consortium is led by the
research partner ZSW. By mid-2013 about 300 systems have been installed in the frame of the
project. Figure 18 shows the status of the deployment of micro-SOFC systems in Germany as of the
beginning of 2012. The fuel cells provide electricity and heat. A hot water energy store allows for
electricity-demand driven operation. A so-called “Callux-Box”, a management and control unit allows
for connecting different fuel cells to a single virtual power plant (VPP).

2.2.14 Thermal energy storage systems - salt
Thermal energy storage systems using salt make use of the energy difference between water bound
to hygroscopic salts and water released from these salts upon application of heat. The main
advantage is, similar to zeolith, the low energy losses and related suitability as long-term storage
medium. Such storage systems are still in the R&D phase and not yet on the market in Germany.

2.2.15 Thermal energy storage systems – materials like concrete, stones or sand
Lithic materials like stones and sand or concrete are used here for the storage. This is an important
aspect in concrete core cooling concepts which are used for managing the temperature in buildings.
In the context of electricity generation-demand matching, lithic materials are used as heat store in
HTTESS (see above). Systems are in the R&D phase and not yet on the market in Germany.

2.2.16 Flywheels (small-sized)
Flywheels are rotating mechanical devices to store kinetic energy. It releases the energy by applying
torque to a mechanical load. Contemporary flywheels consist of a carbon-fibre composite rotor
suspended by magnetic bearings. Rotors spin at 20,000 to over 50,000 rpm in a vacuum shell to
reduce friction. Such flywheels have nevertheless still high losses of 0.1-10% per hour.199
Though flywheels are already integrated as storage devices in uninterruptible power supplies (UPS)
and vehicles and offered on the world market, they are not common on the German market and not
available as separate storage devices that could be integrated in electricity supply systems.

198
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www.callux.net [retrieved on 22 July 2013]
Schwungradspeicher, http://de.wikipedia.org/wiki/Schwungradspeicher [retrieved on 23 July 2013]
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2.2.17 Flywheels (large-sized)
Large-sized flywheels operate on the same principle, but store more energy in a higher mass und
physical size. As small-sized flywheels, they are not yet on the German market.

2.2.18 Mobile batteries (electric vehicles)
Electrification of the transport sector is currently considered for several reasons:


Electric drives are 3-4 times more efficient than combustion engines.



Electric drives do not produce air pollution at the site of use. If the electricity is provided by
renewable energies, air pollution can even be totally avoided.



Electric drives produce much less noise than combustion engines.



If the electrical energy is provided by on-board batteries, the latter can store and dispatch
electrical energy to the grid (vehicle-to-grid systems, V2G). The networked vehicle
batteries can work together and act as one collective battery fleet for matching electricity
generation and demand.

Batteries for vehicles must be light-weight and must have a high energy storage capacity which allows
driving the vehicle over a sufficiently large distance. For this reason, essentially lithium-ion batteries
are considered as candidates for mobile batteries. They must further be safe under normal operation
as well as in case of a traffic accident. This limits the choice of suitable batteries further to some kinds
of lithium-ion batteries which are proven to be sufficiently risk-free.
The V2G idea is still largely conceptual. All other objectives of transport electrification can also be
achieved without batteries. The main alternative storage technology is hydrogen carried on-board in
pressure tanks that drives a fuel cell which provides the electrical energy for an electric drive. As the
fuel cell technology is advancing very rapidly, lithium-ion batteries will soon have to compete with fuel
cells.200
Market availability / number of units in operation

Lithium-ion batteries
See section on stationary batteries.

200

Brennstoffzelle oder Batterie?, in: neue energie 11/2012 p. 21
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Electric vehicles
The presently largest electric car fleet in Germany is operated by the Daimler subsidiary Car2Go, a
car renting company with 250,000 customers that operates 6,000 vehicles in 16 cities in Europe and
North America. The electric car fleet consists of 300 E-Smarts run in Stuttgart.201 Much more quickly
than the sale of electric cars, the sale of e-bikes is rising in Germany: after 200,000 in 2010 and
310,000 in 2011, the number of e-bikes sold per year was expected to rise to 400,000 in 2012.202
Local future options

Electric cars and vehicles are definitely an option for local action, notably for players who operate
collective fleets or vehicle renting organisations.
Other

A study has been elaborated by the consultancy Horváth & Partners in cooperation with the
Strascheg Institute for Innovation and Entrepreneurship (SIIE) of the EBS Business School on the
development of electromobility in Germany until 2020. About 300 experts from the automobile and
energy sectors in Germany, Switzerland and Austria participated and agreed that the German
government’s aim of 1 million electric vehicles running on German roads by 2020 will be reached. The
experts forecast some 4 million hybrid vehicles (8% of the fleet) among the expected 47 million
vehicles in 2020, 1.8 million electric vehicles (3.9%) including plug-in hybrids, and 0.6 million fuel cell
vehicles (1.3%). Together with natural gas vehicles there will then be 8.4 million alternative vehicles
(18% of the fleet). The results of the study surprise because only 6,000 electric vehicles had been
sold in Germany by the end of 2012. The range of electric drives continues to be seen as a problem.

2.2.19 Stationary batteries
Contrary to mobile batteries, stationary batteries do not necessarily need to be light-weight. Their
volume is more important. The safety requirements are also lower. E.G. it is not necessary that the
battery can be turned up-side down without causing damages, thus allowing also the use of lead-acid
batteries more easily. Examples of stationary batteries include lead acid batteries, lithium ion
batteries, (vanadium) redox-flow batteries or hybrid-flow batteries.

201
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Lithium-ion batteries
About 30 manufacturers of lithium-ion battery cells exist worldwide. Only a few are based in Europe:
Leclanché in Switzerland, Saft in France, and Li-Tec and Varta in Germany203. Improvements of
lithium-ion batteries are made at all levels. For instance, Researchers at the University of Kiel have
developed a new form of carbon that could be used as electrode material for lithium-ion batteries:
aerographites, thin highly poriferous carbon tubules. Aerographites are electrical conductors and have
a 75 times lower density than expanded polystyrene (styrofoam).204 This is just one example out of
many recent R&D results. Overall, it can be said that there is still a huge potential for improving
lithium-ion batteries, including quantum-leap progress with regard to important parameters.
The extrapolated remaining capacity of Sol-ion (lithium-ion) batteries after 20 years is 80%. Cycling
accounts for about 2/3 of the capacity reduction calendric aging for about 1/3.205 Used lithium-ion
batteries from vehicles can be reused as stationary batteries when they have no longer a sufficient
capacity for mobile application.
Lead-acid batteries
Lead-acid batteries have been used as stores in RE systems for more about three decades and can
be considered as established, proven and relatively cheap battery storage technology. The main
disadvantage of lead-acid batteries is their high weight.
Vanadium redox-flow batteries
Vanadium redox-flow batteries are the most common example of redox-flow batteries being used.
Their energy storage capacity can be designed independently of the power capacity. While the former
depends on the amount of electrolyte, the latter is determined by the size of the ion exchange
membrane etc. Current production vanadium redox batteries achieve an energy density of about
25 Wh/kg of electrolyte. The energy is stored in the electrolyte and discharge losses are minimal. The
limited self-discharge characteristics of vanadium redox batteries make them useful in applications
where the batteries must be stored for long periods of time with little maintenance while maintaining a
ready state.206
Other useful properties of vanadium flow batteries are their very fast response to changing loads and
their extremely large overload capacities. Studies by the University of New South Wales have shown
203
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that they can achieve a response time of less than half a millisecond for a 100% load change, and
allowed overloads of as much as 400% for 10 seconds. The response time is mostly limited by the
electrical equipment.
Sulphuric acid-based vanadium batteries only work between about 10 to 40 °C. Below that
temperature range, the ion-infused sulphuric acid crystallizes. Round trip efficiency in practical
applications is around 65-75%. Second generation vanadium redox batteries (vanadium/bromine)
may approximately double the energy density and increase the temperature range in which the
battery can operate.207
Market availability / number of units in operation

Batteries for PV-systems
An overview of battery storage systems for PV plants has been established by pv magazine which
represents the German market by mid-2013.208,209 The overview lists 170 systems offered by 38
companies that are suitable for PV plants on single family houses and on smaller multi-family houses.
Prices are very different. The cheapest system costs 938 € per kWh of storage capacity, the most
expensive one 5,270 €/kWh. Energy storage costs calculated by pv magazine on the basis of life time
and useful storage capacity range between 20 and 70 ct/kWh. If the generation of the PV electricity
costs 14 ct/kWh, the present cost level for small PV systems in Germany, the electricity retrieved from
the battery store costs 34 ct/kWh. The higher the direct use of the generated PV electricity is the
lower are the average costs of PV electricity. They are to be compared with average household
electricity tariffs of about 29 ct/kWh. I.E. the cheapest battery storage systems allow for cost-effective
generation of electricity for households.
Among others, DZ-4 GmbH, a contracting company from Hamburg, offers renewable electricity supply
from PV plants installed on the customer’s building and equipped with battery storage. Thus about
70% of the electricity demand is covered by the PV system. The remaining 30% are covered by
electricity provided by NaturWatt GmbH, a green electricity supplier. DZ-4 concludes 10 years
contracts with its customers. The electricity costs are above 30 ct/kWh (basic charge and kilowatthour rate included) and are negotiated for each customer separately. 210 A first system has been
installed in two neighbouring single-family houses in Pinneberg with five inhabitants. It consists of a
10.71 kWp PV-system on the roof, a 10.2 kWh lithium-iron-phosphate (LiFePO 4) battery in the cellar

207

See 206
http://www.pv-magazine.de/index.php?id=9&tx_ttnews[tt_news]=11322&cHash=05703d1130cd647ff33a6c154c6ca073
[retrieved on 23 July 2013]
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and supplies 2/3 of the electricity needs.211 The needs amount to 8,000 kWh. A part of the 9,400 kWh
supplied by the PV system is fed into the grid.212
A subsidiary of RWE AG, RWE Effizienz GmbH, plans to sell lithium-ion storage systems for
operators of PV-plants from March 2013 on. The 4.6 kWh systems will cost 13,000 € without tax and
installation and are designed for 6,000 load cycles. RWE assumes that the battery will be submitted to
250 load cycles per year and advertises that up to 60% of the electricity generated by a roof-top PV
plant can be consumed in the own household if the storage system is installed. 213
Batteries for grid stabilisation
The green electricity supplier WEMAG AG in Schwerin/ Mecklenburg-Vorpommern is planning to
install a fully automated 5 MWh/ 5 MW Li-ion battery storage park for stabilising the frequency in its
area where 80% of the electricity are fed into the grid from renewable power generation facilities
whose nominal power sum up to 800 MW. The storage system is supposed to replace a ten-fold
higher conventional back-up generation capacity, i.e. 50 MW. It will be installed close to the
110V/380V voltage transformation substation Schwerin-Lankow. WEMAG intends to go through the
prequalification of the battery storage system as primary control reserve of the transmission grid
operator 50 Hertz Transmission, a step that will ensure the financial viability of the investment.
WEMAG AG is a power supplier active all over Germany which operates 15,000 km of electricity grid
lines in the Länder (states) Mecklenburg-Vorpommern and Brandenburg. It is dedicated to renewable
energies and offers a green electricity product called “wemio”. It is owned since 2010 mainly by the
municipalities within its grid area. The battery storage system will be installed by Younics, a company
established in Berlin specialised on grid integration of renewable power generation.
Since December 2012, Younics is already participating in the primary reserve market with its battery
storage system installed at its technology development centre in Berlin-Adlershof. The batteries will
be supplied by Samsung SDI which grants a 20-years performance guarantee. The storage park is
planned to be finished by mid-2014. The implementation is dependent on the funding commitment of
the BMU.214,215,216
211
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Vanadium-redox-flow batteries
There are currently a number of suppliers and developers of these battery systems including Ashlawn
Energy in the United States, Renewable Energy Dynamics (RED-T) in Ireland, Cellstrom GmbH in
Austria, Cellennium in Thailand, and Prudent Energy in China.217
Local future options

Stationary batteries are definitely an option for local application, in particular in connection with PV
systems and for increasing the self-supply rate.
Other

Specific support programme for PV system batteries
Because batteries, in particular lithium-ion batteries are regarded as key component of electric
vehicles and as key element for dealing with up-coming local grid bottlenecks caused by a high
concentration of small and medium-size PV plants, the federal German government has set up a
battery support programme that has started on 1 May 2013. Support is given for stationary batteries in
PV plants with a peak power of up to 30 kWp which have been installed after 31 December 2012. A
condition is that the battery allows limiting the peak power of the PV plant to 60% of the nominal
power and further, that an open interface is installed that allows the grid operator to configure the
inverters remotely. The financial support is up to 600 € per kWp of PV nominal power for new and 660
€ per kWp for existing PV plants.

2.2.20 Storage management systems
A number of inverter manufacturers and other companies offer storage management systems for PV
systems on the German market that allow increasing the fraction of electricity generated by a PV
installation that is used for own consumption. These management systems are designed mainly for
single households who own and operate a roof-top PV system. Background is that the costs of PV
electricity are lower than to the level of household electricity tariffs since the end of 2011.

2.3 Storage technology comparison
Table 5 is providing an overview of a technology comparison of the various storage technologies.

217

See 206
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Table 5:

Technology examples

Technology example

Market
availability

Storage
period

Biogas digestion
and local storage

+++

days

Biogas digestion, up-grading
to bio-methane, and storage
in natural gas grid and stores

+++

months

Storage
volume

Response
Time

Local
Option

+

quick

+++

+++

quick

+++

Comments
Response time determined by CHP of biogas plant; typically 15 min for
ramping from 0-100% power output.
Response time determined by CHP or fuel cells connected to natural gas grid,
which finally consume the up-graded biogas.
The natural gas stores are by far the largest energy stores that exist.

++

Response time determined (1) by electrolyser, and (2) by CHP or fuel cells
connected to natural gas grid, which finally consume the up-graded biogas.

Power-to-Gas
(methane in gas grid)

+

Power-to-Gas
(hydrogen in gas grid)

+

Power-to-Gas
(hydrogen local)

+

days

+

quick

++

Application still limited by use cases (mainly chemical industry; hydrogenfuelled vehicles are still lacking). Response time determined by electrolyser.

Chemical storage (zeolite,
burnt lime, salt, etc.)

++

days

o

quick

+

Only relevant for electricity supply system in connection with CHP. Response
time determined by CHP.
Rather an option for demand side management. Pilot and demonstration plants
are almost entirely lacking.

months

+++

quick

The natural gas stores are by far the largest energy stores that exist.
months

+++

quick

++

Response time determined (1) by electrolyser, and (2) by CHP or fuel cells
connected to natural gas grid, which finally consume the up-graded biogas.
The natural gas stores are by far the largest energy stores that exist.

Compressed air storage

o

weeks

+

quick

-

Cyrogenic energy storage

o

days-weeks

+

quick

-

Pump storage
(regional in Alpine Space)

+++

hours

o

quick

--

Very few sites for new plants exist.

weeks

++

quick

---

Option not realistic.

Pump storage (Scandinavia
etc.)

-

Rather an option for demand side management and for industrialised areas
with liquid air demand. First pilot plants with reconversion into electricity show
promising results.
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Table 5: Technology examples (cont.)
Technology example

Market
availability

Storage
period

Storage
volume

Response
Time

Local
Option

Thermal energy storage system –
high temperature, e.g. with lithic
material

o

weeks

++

medium

+++

Thermal energy storage system –
low temperature (latent heat)

o

weeks

+

quick

+++

+++

hoursmonths

++

quick

+++

Fly wheels (small-sized)

o

minutes

--

very quick

+++

Fly wheels (large-sized)

--

hours

-

very quick

o

Mobile batteries (electric vehicles)

+

hours

-

very quick

+++

+++

hours

0

very quick

+++

Thermal energy storage system –
hot water

Stationary batteries

Comments
Investigated in Germany essentially for running hard coal and lignite
power plants more flexibly, not for RE. Response time determined by
ramping time of electric generator.
Only relevant for electricity supply system in connection with CHP.
Response time determined by CHP.
One of the most important storage technologies. Only relevant for
electricity supply system in connection with CHP. The storage period
depends on the size and insulation of the store. Response time
determined by CHP.
No supplier could be identified.
Option still at its infant stages.
Strong development efforts are on-going.
Most important and dynamic market for storage in Germany at present.

Explanation
Market availability, storage volume, local option: +++ (best), ++, +, o (neutral), -, --, --- (worst)
Storage period: minutes, hours, days, weeks, months
Response time: very quick, quick, medium, slow, very slow
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2.4 Comparison of storage and alternative options
2.4.1 Grid extension and reinforcement

Obligation to adapt the grid for RE electricity generation defined by EEG
Grid extension and reinforcement it presently the main measure to deal with the changing needs for
spatial and temporal adjustment of electricity generation and demand that go along with the switch
towards a fully RE-based electricity supply system in Germany. The electrical grid operators are
obliged to connect independent producers of electricity to the grid and to extend and reinforce the grid
if necessary unless such measures are economically unacceptable.218 A decision of the EEG clearing
house has defined a threshold for acceptable grid extensions in connection with the installation of
decentralised PV plants. According to this decision, a grid extension is acceptable if the costs are not
higher than a quarter of the costs of the PV plant.219
Given PV system costs of 1,700 €/kWp and high-voltage grid costs of 1,700 €/m220 the EEG clearing
house decision is equivalent to 25 cm high-voltage grid line per kWp of PV generation power. For a
relatively large single family house PV plant of 30 kWp this is equivalent to a high-voltage grid
extension of 7.50 meters, in other words: a high-voltage grid extension is never reasonable for a
single PV plant! 221 As the costs for medium and low-voltage grid lines are much lower, it is very often
reasonable to extent or reinforce the grid even to connect a single new PV plant. However, a more
systematic planning of the installation and connection of PV plants could help to optimise the grid
extension and reinforcement measures. As such planning is usually lacking, much importance is
presently attributed to battery stores integrated in PV systems which allow avoiding or minimising grid
extension and reinforcement costs.
A similar debate in the 1990s: Grid extension versus stand-alone PV systems
The debate whether grid extension and storage is the better option to deal with (renewable) electricity
supply is at least 20 years old. In the 1990s calculations were made at which distance from the
existing electric grid the installation of a stand-alone PV plant is more cost-effective than the
extension of the grid. A thumb rule of that time was that a stand-alone PV system with battery storage
is cheaper than the connection to the existing grid if the ratio of the required PV system power and the
218
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alternatively required new grid line is smaller than 1 kWp/km. In the 1990s this thumb rule meant that
1-2 billion people in the world would be more cost-effectively supplied with electricity from stand-alone
PV systems than with electricity from the grid – if the electricity generation costs were zero; otherwise
even more people could be the most cost-effectively supplied by stand-alone PV systems.
Interestingly, this thumb rule worked for very small distances of less than 100 meters as well as for
large distances of several 100 km. E.g. a PV solar home system with 50 Wp, a typical size in the
1990s, was cheaper than a 50 meters long new grid line. Or a 100 kWp PV village power plant
including battery stores, inverters, energy management system, etc. was cheaper than 100 km of new
grid line. At the European PV Conferences at that time the large French and Italian electricity
suppliers EdF and ENEL reported even thresholds larger than 1 kWp/km, i.e. they decided more
frequently in favour of a stand-alone PV system instead of a grid extension, notably in mountainous
areas or when an island had to be supplied with electricity.222
Today, grid-connected PV systems are 10 times cheaper than in the 1990s. For stand-alone PV
systems the cost decrease is less, but still important. This means that today, stand-alone PV systems
are the most cost-effective electricity supply option for many sites and a large part of the world
population. In areas with very dense and strong electric grids, it implies that grid extensions might be
less cost-effective than stand-alone systems with battery storage. This is notably the case for
telecommunication repeater stations, but might increasingly be applicable to many other sites in rural
areas.
Present need for grid extension and reinforcement
At present, the need for grid extension in Germany as a consequence of the rapid switch towards a
mainly renewables-based electricity supply is a matter of strong debate. Investments in the electricity
grid are not solely needed because of the switch towards RE, but also because regular grid
investments were strongly cut from the mid of the 1990s on (see Figure 19). On the eve of the
liberalisation of the electricity market and until the end of the first decade of the twenty-first century,
the German grid operators reduced the investments in the grid infrastructure by about a factor 1.3-2 in
order to reduce costs. For this reason, a strong need for grid maintenance and related investments
exists today anyway, independently of a change of the electricity supply system towards a major
contribution from RE electricity generation.
The Deutsche Energie-Agentur (DENA; German Energy Agency) estimates that extension or
reinforcement of 135,000 to 195,000 km of distribution grids and additional 21,000 km of modified
existing grid lines will be needed until 2030, requiring investments between 27.5 and 42.5 bn €. Only
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a very small portion of this, between 3.6 and 4.2 bn € will be needed for changes in the low voltage
distribution grid.223

Figure 19: Investments in grid of German electricity suppliers
224

Source: AEE , based on figures from German Association of Energy and Water Industries (BDEW) and Federal
Network Agency for Electricity, Gas, Telecommunications, Post and Railway (BNetzA)

The present grid extension and reinforcement plan foresees the construction of 572 km new AC grid
and 2,175 km new high-voltage DC grid lines. However, the technology is not yet ready: high-voltage
DC cables which are used in the sea are oil-tempered and their use at land is not allowed. Further,
high-power DC switches are not available.
According to the Bundesverband Windenergie (BWE; German Wind Energy Association), the
estimated grid extension needs are exaggerated: the limitation of the wind power generation in case
of grid bottlenecks in the order of an overall production reduction of 1-2% can considerably reduce the
need for grid extensions. The BWE states further that dynamic thermal rating and use of modern
HTLS cables can double the grid transport capacity.225
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225
Der große Blackout?, in: neue energie 1/2013, p.42 et seqq.
224

page 120 of 188

National Frameworks: The case of Germany

The Deutsches Institut für Wirtschaftsforschung e.V. (DIW; German Institute for Economic Research)
states that the need for and costs of grid extension and reinforcement are overestimated and
calculates that the total costs for the adaption of the German electricity grid to the increasing RE
share of the electricity generation will be about 20 bn € at transmission grid level and 20 bn € at
distribution grid level. This is equivalent to the normal level of investments in the German electricity
grid for 10 years.

Figure 20: Existing and planned conventional .power stations and renewable generation capacities (left:
RE
capacities
green
circles,
hard
coal
black,
lignite
brown,
nuclear
yellow)
vs planned high-voltage grid lines (right: red lines)
Source: AEE

226

, based on figures from German Association of Energy and Water Industries (BDEW) et al.

The DIW further criticises that the existing plans for adapting the German electricity grid for RE plants
are rather designed to connect new hard coal power stations close to North Sea harbours and lignite
power stations in the east of Germany to the main demand centres rather than integrating RE
generation plants. New hard coal power stations are planned predominantly close to the North Sea

226
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harbours to reduce the need for inland transportation of hard coal which is increasingly imported from
over-sea following the phasing-out of subventions for domestic hard coal.227
Figure 20 shows the location of the existing and planned conventional power stations and renewable
generation capacities (green spots) and compares them with the location of the planned high-voltage
grid lines. The planned grid lines connect not only areas of high RE generation capacity, but also
existing and planned conventional power plants with the high demand centres in North RhineWestphalia (centre-west) and in the south of Germany. Hence, the need for new grid investments can
definitely not be allocated to the switch towards a mainly RE-based electricity supply alone.

2.4.2 Demand side management
Demand side management consists in controlling the power demand of electricity consumers in order
to better comply with the availability or costs of electricity generation at different times. Classical forms
of demand side management are applied to electric heating devices for instance, which can be
remotely interrupted by the electricity provider at times of very high demand. Several storage options,
e.g. compressed air, liquefied air, etc. are also demand side management options if the stored energy
is not converted back into electricity. See details above in the respective sections describing the
various storage technologies.
Within the German E-Energy R&D and demonstration programme which deals with smart grids, a
strong focus has been on demand side management. It was found for instance that variable electricity
purchase tariffs for households allow shifting about 10% of the demand.228 Presumably the potential
for demand side management in industry and commerce is much larger, but exact estimates are still
missing.
Given the increasing importance attributed to demand side management, new provisions have been
formulated within the Energiewirtschaftsgesetz (EnWG; Energy Industry Act) which foresee that large
electricity consumers can be reimbursed if they are ready to allow reduced electricity supply in case of
a shortage. The companies concerned can obtain 20,000 € per MW and year for their readiness to
participate in this form of demand side management.229

227

Netzausbau wird überschätzt, press release of 21 May 2013;
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2.4.3 Fine-tuning of the generation mix (investment measures)

Dependency of optimum PV-wind mix on degree of short-term balancing of generation and demand
The need for storage and alternative options depends strongly on the mix of renewable electricity
generation. The closer this mix is to its optimum the lower are storage requirements. For the east of
Germany (50hertz zone), a model calculation of the optimum PV-wind mix in a PV-wind-only supply
scenario has been executed in the project NEXT ENERGY by the EWE Research Centre for Energy
Technology with 15 minute time-steps and respective resolution of meteorological and consumption
data.230 A mix of 71% energy from wind and 29% from PV has been found to be the optimum under
the given assumptions. Further calculations were executed of the optimum mix for time-steps of one
day and one week. This is equivalent to assuming the existence of short term balancing of supplydemand differences at these time-scales by appropriate measures (demand-side management and
short-term storage) and it provides an estimate of the optimum mix of wind and PV electricity
generation with regard to the need for long-term storage. The result is that the optimum is shifted to
about 40% wind and 60% PV if intermittent generation is balanced at the scale of one day, and to
about 50% wind and 50% PV if it is balanced at the scale of one week. The remaining need for
storage decreases in the model with increasing time-scale what shows that the need for long-term
storage is reduced if sufficient daily and weekly storage or equivalent balancing measures are
provided.
Dependency of optimum PV-wind mix on geographical latitude
The optimum ratio of wind power and PV generation does not only depend on the time-scale which is
considered, but develops also strongly with the geographical latitude. The further a country is situated
away from the equator, the stronger is the imbalance between PV power generation in summer and
winter, and the higher is the share of wind energy in the optimum mix of wind and PV power. For
Denmark for instance, the optimum mix consists of 80% wind power and 20% PV.231 This provides an
indication for the variation of the optimum wind-PV ratio between the south and north of Germany. In
the south were wind energy use is much less developed than in the north, the optimum mix contains
also a higher PV share than in the north, but a calculation of the exact ratio has not been found in the
investigated literature so far.
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2.4.4 Generation management (operation measures)
Generation management is the usual way to deal with the fluctuating electricity demand. Depending
on the technology, generation management can be more or less easily implemented. In the
conventional electricity supply system, generation management is cascaded and a distinction is made
between continuously running plants (base load plants), plants more or less continuously running for
several hours (medium load plants) and plants whose power output is quickly changed within a few
minutes (peak load plants). Below the scale of a few minutes, generation management is
complemented by short-term storage in the conventional electricity supply system, essentially by
spinning reserve of large power plants, i.e. the rotational energy stored in the large rotating masses of
large electrical generators.
The power output of nuclear and lignite power plants, and run-of-the-river hydropower plants cannot
be easily varied. Such plants use to be operated at constant power and are classified as base load
power plants. Hard coal and oil power plants are classified as medium load power plants, and gas
power plants and hydro storage power plants as peak load plants.
Contrary to most conventional power plants, the output of most RE power plants can be easily varied.
The most difficult is the regulation of the power output of biomass combustion plants which contribute
only a minor part of the RE electricity supply. They are comparable with hard coal power plants and
can be classified as medium load plants. All other renewable energy plants can be regulated within a
few seconds or minutes and are therefore similar to conventional peak load power plants.
The output of geothermal power plants can be varied by modifying the pumping rate for the
hydrothermal water or the injected water. Biogas plants can be controlled in the same way as gas
power plants at least for short periods. If the power output is strongly fluctuating, provisions must be
provided for intermediate storage of the produced biogas. Hence, all these plants are peak load
plants. They are nevertheless operated essentially as base load plants in Germany in order to ensure
a better profitability.
In the case of the fluctuating RE, wind and solar PV, the regulation of the power output is extremely
easy and can be done within seconds or micro-seconds, i.e. even more quickly than in the case of
gas power plants. However the limitation of the power output is usually avoided because the marginal
costs of the electricity generated in wind and PV power plants are zero. Generation management is
nevertheless applied in order to deal with grid bottlenecks and it can be seen as an alternative to
electricity storage or grid extension and reinforcement.
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At present, mainly generation management of wind power plants in the north and east of Germany is
applied. In 2011, about 1% of the electricity that could have been produced by wind energy converters
has not been generated because wind converter output was limited to deal with grid bottlenecks.232
In the case of PV plants, even very little generation management can considerably increase the
maximum power of PV plants that can be connected to the grid and the total share of PV to the
electricity supply. The limitation of the power fed into the grid from PV installations to 70% of the
maximum power leads only to a 1-2% lower energy feed into the grid233, because the accumulated
time for which the PV installation output exceeds 70% of its nominal power is extremely short. Viceversa, 1-2% lower generation allows for a 1.4 times higher PV power connected to the grid. If the
available PV energy which cannot be fed into the grid at the time when it is produced is stored, even
this small loss can be avoided and/ or even larger PV power can be connected to the grid.
The exact role of generation management in an electricity supply system with much higher RE share
than today still needs to be evaluated by more comprehensive model calculations than today. For the
time being, it can be assumed that the non-use of a few per cent of the principally available RE
energy from PV and wind power plants is cost-effective compared to storage or grid extension
allowing to avoid a non-use of a few per cent.

2.4.5 Comparison of storage and other options
At this stage, only first results of modelling the existing and potential future electricity supply system in
Germany can be discussed. Only few models investigate the whole range of options for matching
electricity generation and demand in place and time, the whole spectrum of generation and storage
technologies, and the existing grid. Most studies are very selective and consider only a few
alternatives or make rough assumptions at one or the other point.
For instance, a multi-criteria analysis has been performed by the Wuppertal Institute for Climate
Environment and Energy to identify the most appropriate alternative solutions to limiting wind power
generation in case of lacking electric grid capacity. Economic, ecologic, political/ social and
technological criteria have been considered and different weighting sets were applied to test the
robustness of the results. The outcome is that, within the time-horizon of 2020, dynamic thermal rating
of overhead transmission lines, additional DC underground cables and adiabatic CAES are the most
suitable options to deal with excess power production from wind energy converters. Storage

232
233

Mehr Windmühlen abgeregelt, in: neue energie 1/2013, p. 34
J. Schmid, Netze für die Energiewende, in: neue energie 1/2013, p. 52 et seqq.
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technologies, except adiabatic CAES, are considered less suitable than limiting the wind power
generation.234
From the assessment of storage technologies given above, it becomes clear that the multi-criteria
analysis is far from being complete. Notably, the role attributed to CAES surprises if one reminds that
only two plants exist worldwide at the moment. The potential role of more flexible biogas plants,
hydrogen and SNG, cryogenic storage, electric demand-driven CHP, demand side management etc.
however is not sufficiently reflected.
At local level, the integration of PV plants in the low voltage distribution grid is increasingly gaining
importance. The main solution discussed for better integrating a very high PV generation power in the
low voltage grid are battery stores.
The effect of equipping decentralised PV systems with battery stores has been evaluated in a study
conducted by the Fraunhofer-Institut für Solare Energiesysteme (FhG-ISE) in Freiburg for a lowvoltage rural and a suburban grid and has been extrapolated to Germany as a whole. 235 The study
distinguishes conventional and grid-optimised storage operation. In the former mode the battery is
charged whenever available electricity is not used and the battery is not fully charged. In the latter
mode which is the object of the investigations made in the study, the battery is charged and
discharged such that the electric grid is efficiently stabilised. The main results of this study are:


Battery storages integrated in grid-connected PV systems can reduce the peak of the
power fed into the grid by up to 40%, depending on the ratio of PV generator and battery
size, and enhance the capacity of grids to manage feed-in from PV plants by 66% in terms
of cumulated PV system power.



The highest contribution to peak-shaving is provided by the grid-optimised battery charging
and use of the stored energy for covering the own demand of the PV system operator.
Making use of the option of battery discharging into the grid provides a further contribution
which is twice as high as the contribution to peak-shaving that is provided by the option
which comes third, the acceptance of a small non-use of possible annual energy
generation from the PV system.



Battery storages which feed power into the grid can thus provide a higher contribution to
peak-shaving than the blanket 70% ceiling foreseen by the EEG 2012. Control of the

234

C. Krüger et al., Sustainable use of excess wind power shares – a multi-criteriy analysis of different grid and other
storage options, in: proceedings of IRES 2012 p. 402
235
R. Hollinger, B. Wille-Haussmann, T. Erge, J. Sönnichsen, T. Stillahn, N. Kreifels, Fraunhofer-Institut für Solare
Energiesysteme, Speicherstudie 2013 – Kurzgutachten zur Abschätzung und Einordnung energiewirtschaftlicher,
ökonomischer und anderer Effekte bei Förderung von objektgebundenen elektrochemischen Speichern, established on
behalf of the Bundesverband Solarwirtschaft (BSW-Solar), January 2013, summary available for free down-load from:
http://www.solarwirtschaft.de/presse-mediathek/pressemeldungen/pressemeldungen-im-detail/news/solarspeicher-entlastenstromnetze-und-bringen-energiewende-voran.html
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battery storage by the grid operator is not necessary. The grid relief is achieved simply by
a battery operation strategy with a fixed active power limitation.


Battery stores integrated into PV systems can provide grid system services that are
nowadays still provided mainly by large power stations. This includes provision of positive
balancing energy, black start-up and isolated networking capability. Without battery
storage, PV systems can already provide reactive power and negative balancing power.
The reaction time of PV systems is extremely short thus making PV systems in principle
suitable to provide primary balancing power and related services.



Battery storages operated in a grid-optimising mode contribute to flatten the residual load
which than can be matched more easily with other generation facilities. This reduces also
the required cold reserve for periods of high demand.



PV battery systems enhance the motivation for demand-side management and trigger a
high potential for load shifting.



Contrary to the grid-optimised operation mode, the conventional operation mode of
batteries does not lead to grid relief though it increases the share of own consumption of
generated PV electricity. Or the other way round: PV systems with batteries that are
designed and operated to maximise the own use of PV electricity do not provide a
contribution to system integration and grid relief.



For motivating PV system operators to drive the batteries in a grid-optimised mode
regulatory measures or incentives are necessary.



The provision of system services requires further that the grid operator or a bundling
service provider has direct access to the PV and battery system management. Without this
access PV systems with batteries operated in a grid-optimised mode can nevertheless
reduce the need for system services.
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3. Renewable energy status: sources, supplies, network,
market
3.1 Renewable electricity generation and economic impact
3.1.1 Renewable power capacity
The total installed electric power generation capacity in Germany was 176.5 GW as of 1 February
2013. Out of this, 74.6 GW (42.3%) were renewable power generation capacity. The largest
generation capacity is provided by PV installations (32.5 GW, 18.4%), followed by wind power
generators (30.3 GW, 17.2%) and hard coal power stations (20.2 GW, 11.4%)236. The most quickly
increasing power capacity sector is PV.237

Figure 21: Development of renewable power capacity 1990-2011
238

Source: AEE , based on figures from Federal Ministry for the Environment, Nature Conservation and Nuclear
Safety (BMU), German Renewable Energy Federation (BEE) and AEE
236

Kraftwerksliste Bundesnetzagentur, Stand 1.2.2013, excel file download from:
http://www.bundesnetzagentur.de/cln_1931/DE/Sachgebiete/ElektrizitaetGas/Sonderthemen/Kraftwerksliste/VeroeffKraftwer
ksliste_Basepage.html [retrieved on 12 February 2013]
237
Ökostrom überholt Kohle/ Sonne überholt Windkraft, in: neue energie 12/2012, p. 21
238
Agentur für Erneuerbare Energien e.V. (AEE; Renewable Energy Agency), http://www.unendlich-vielenergie.de/de/detailansicht/browse/1/article/226/grafik-dossier-entwicklung-von-leistung-und-stromerzeugung-auserneuerbaren-energien.html [retrieved on 21 February 2013]
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Figure 21 shows the development of the renewable electricity generation capacity in Germany from
1990 to 2011 and indicates the relevant changes of the main legal framework, the ErneuerbareEnergien-Gesetz (EEG; Renewable Energy Act). It illustrates notably the very strong increase of PV
power. Due to the intermittent nature of PV and wind power, the instantaneous power is usually much
lower than the installed nominal power.

3.1.2 Effective renewable power generation
The so far highest combined power output of PV and wind power plants taken together, 35.9 GW,
was reached on 18 April 2013 at noon, when wind power (16.7 GW) and PV plant output (19.2 GW)
covered more than 50% of the total German power demand (see Figure 34). At the same time 6 GW
were exported to neighbouring countries.239 The so far highest share to the domestic electricity supply
was reached on 16 June 2013 between 2 p.m. and 3 p.m., when PV plants produced 20.3 GW and
wind power plants 9.3 GW, together 29.6 GW, 61% of the power demand of 48.5 GW.240 The highest
generation from PV plants was measured on 17 June 2013 when the total power output peaked at
23.1 GW at 1 p.m.241
These figures are exemplary for several facts that permit to formulate two findings:


The combined power output of PV and wind plants is much lower than the installed
capacity even when the contribution of both to the electricity supply is very high. Hence,
PV and wind are very complementary and the contributions from different areas of
Germany are complementary to each other.



The cross-border exchange of electricity plays a significant role. Without this exchange the
residual electricity generation from conventional power plants were much lower.

3.1.3 Renewable electrical energy generation
In terms of energy, the contribution of renewable energies to the total electricity generation was
22.6% in 2012.242 As Germany is a net electricity exporter, RE electricity covered also a small part of
the electricity consumption of neighbouring countries, in particular The Netherlands, Austria and
239

Erneuerbare Energien Windkraft- und Photovoltaik übertreffen die vorjährige Erzeugungsspitze um mehr als 10%, FfE
Forschungsstelle für Energiewirtschaft, press release of 19 April 2013;
http://www.ffe.de/publikationen/pressemeldungen/453-erneuerbare-energien-windkraft-und-photovoltaik-uebertreffen-dieerzeugungsspitze-um-mehr-als-10- [retrieved on 25 July 2013]
240
Rekord: Über 60 Prozent Strom aus Sonne und Wind, pv-magazine online news of 19 June 2013; http://www.pvmagazine.de/nachrichten/details/beitrag/rekord--ber-60-prozent-strom-aus-sonne-und-wind_100011405/ [retrieved on 25
June 2013]
241
Rekordeinspeisung von Photovoltaik im Juni, pv-magazine online news of 4 July 2013; http://www.pvmagazine.de/nachrichten/details/beitrag/rekordeinspeisung-von-photovoltaik-im-juni_100011597/ [retrieved on 25 July 2013]
242
Statistisches Bundesamt;
https://www.destatis.de/DE/ZahlenFakten/Wirtschaftsbereiche/Energie/Energie.html;jsessionid=0A0B66C69A160FE1C6865
B70DD8D4E70.cae4 [retrieved on 27 September 2013]
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Switzerland.243 The latter leads to a reduction of electricity generation from gas power stations, mainly
in The Netherlands, while hard coal and lignite power stations, mainly installed in Germany, continue
operating.
Compared to their share of the installed power capacity, the RE contribution to the electrical energy
mix is much smaller. This is due to the fact that PV and wind power plants achieve less full load hours
per year than the average of all German power plants. Figure 22 shows the preliminary statistics for
the German electricity mix in 2012. The contributions of renewables to the overall electricity
generation were 4.6% from PV, 3.3% from hydropower, 6.6% from biomass, and 7.3% from wind
power, the contributions of non-renewable energies 11% from natural gas, 19% from hard coal, 16%
from nuclear, and 26% from lignite.

Figure 22: German electricity mix in 2012
Source: AEE

244

, based on figures from German Association of Energy and Water Industries (BDEW)
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Deutscher Exportüberschuss bei Strom steigt weiter, pv-magazine online news of 3 April 2013; http://www.pvmagazine.de/nachrichten/details/beitrag/deutscher-exportberschuss-bei-strom-steigt-weiter_100010707/ [retrieved on 25
July 2013]
244
Agentur für Erneuerbare Energien e.V. (AEE; Renewable Energy Agency), http://www.unendlich-vielenergie.de/de/detailansicht/article/226/strommix-in-deutschland-2012.html [retrieved on 20 February 2013]
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Figure 23 shows the development of the renewable coverage of the electricity consumption in
Germany from 1990 to 2012 and the dates of relevant changes of the EEG. This illustrates that, apart
from hydropower whose potential is already widely exploited, renewable electricity generation has
known a very impressive development over the last two decades – far stronger than expected by
anybody. Drastic reductions of the guaranteed feed-in tariffs notably for PV in the frame of the EEG
amendment in 2012 have slowed down this development, because they were higher than the
potential for price reductions, but did not stop it. In fact renewable electricity generation can already
partially compete with non-renewable generation, in particular with new non-renewable power plants.
The development of electricity generation from RE was stronger than the development of RE use in
the heat sector and in the transport sector the RE share even decreased after a tax reform in 2007
(see Figure 24).

Figure 23: Development of renewable electricity generation in Germany (1990-2012)
245

Source: AEE , based on figures from Federal Ministry for the Environment, Nature Conservation and Nuclear
Safety (BMU), German Renewable Energy Federation (BEE) and own assessments

245

See 238
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Figure 24: Share of renewable energies in the German energy market
246

Source: AEE , based on figures from Federal Ministry for the Environment, Nature Conservation and Nuclear
Safety (BMU)

The PV generation capacity in Germany is about one third of the worldwide installed capacity (103
GW at the end of 2012). Though the installation rate in Germany is very high (more than 7 GW
installed in 2012, i.e. more than 20% increase of total installed capacity), the worldwide deployment of
PV is growing even more rapidly (47% increase of total installed capacity compared to 2011). The
German wind power generation capacity is about 10% of the worldwide installed capacity (284 GW) at
the end of 2012. Thus PV and wind power are increasingly playing a role also at global level and their
total power capacity is only exceeded by hydropower (985 GW worldwide at the end of 2012).247

3.1.4 Investments
The development of RE electricity generation in Germany is going along with considerable
investments (see Figure 25). The major part of the investments is done for PV power plants.
Investments peaked in 2010 and decreased afterwards, notably because of the strong decrease of
PV module prices since 2009.

246
247

See 238
103 000 Megawatt, in: neue energie 1/2013, p. 75
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Figure 25: Investments in RE power plants in Germany (2000-2012)
Source: Federal Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU)/ Working Group
Renewable Energy Statistics (AGEE-Stat)

3.1.5 Ownership structure
Strikingly, the four large electricity suppliers owned only 5% of the RE generation capacity by the end
of 2012 (see Figure 26). By far the largest share of generation capacity is owned by private persons
(11% directly owned by farmers and 35% by other private persons) and predominantly smaller
companies (14%). Project developers own 14% of the generation capacity, smaller energy suppliers
7% and funds and banks 13%.
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Increasingly, RE plants are owned by energy cooperatives whose number has been strongly rising
since 2008 (see Figure 27). According to an assessment of the Deutsche Genossenschafts- und
Raiffeisenverband (DGRV; German Cooperative and Raiffeisen Confederation) conducted between
January and March 2013248,249, not only the number of cooperatives is quickly rising, but also the
average number of their members. By mid-2013, 656 energy cooperatives had 136,000 members,
90% of them private persons, and had invested about 1.2 bn € in RE plants, mainly medium-size PV
plants.

Figure 26: Renewable energies in the hands of the citizens
Source: trend research

Investments done by energy cooperatives have 52% equity finance on the average. Half of the loans
which provide the balance are given by cooperative banks which are equally owned essentially by
private persons. A characteristic of energy cooperatives is that very often even very small minimum
shares are possible. 24% of the energy cooperatives have set the minimum for a member’s share
between 10 and 100 €, two third have defined a minimum below 500 €.
248

Großer Zulauf bei Energiegenossenschaften: Bereits 130.000 Mitglieder engagieren sich, AEE press release of 24 July
2013; http://www.unendlich-viel-energie.de/de/detailansicht/article/4/grosser-zulauf-bei-energiegenossenschaften-bereits130000-mitglieder-engagieren-sich.html [retrieved on 25 July 2013]
249
Energiegenossenschaften gewinnen an Bedeutung, photovoltaik online news of 24 July 2013;
http://www.photovoltaik.eu/gentner.dll?AID=544984&MID=30021&UIT=TkxfSURFTlQ9MTEwNDcyXzIwMTNfMDdfMjVfMTdf
MTBfMDYmTkxfTUlEPTExMDQ3Mg&DID=C6BDBF5A65D2549440E94EB7C5E4F765B79CE0C889AA0C018D5287F3D79
D34EA35606575E46AEFB6 [retrieved on 25 July 2013]
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Hence, energy cooperatives provide the opportunity for a much wider range of citizens to become coowner of energy generation facilities than the large energy utilities which are publicly listed on a stock
exchange do. The average dividend of those cooperatives which have already started distributing
dividends was 4% in 2012.
While PV plants were in the focus of energy cooperatives during the last years, wind energy plants
are gaining importance. RE plants owned by energy cooperatives produce some 0.58 TWh annually.
Most of the generated electricity is consumed by the cooperatives’ members, but increasingly energy
cooperatives start selling electricity on the market. 10% cooperatives cooperated already with local
utilities for that purpose, 41% plan to do this in the future.

Figure 27: Development of energy cooperatives in Germany
Source: Klaus Novy Institut
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3.1.6 Turnover from operation of RE plants
Contrary to investments, operation costs of RE power plants are essentially, by almost three quarters,
related to biomass plants (see Figure 28). This is due to the fact that biomass plants need fuel
contrary to all other RE electrical generation facilities.

Figure 28: Renewable energies - an economic stimulus
250

Source: AEE , based on figures from Federal Ministry for the Environment, Nature Conservation and Nuclear
Safety (BMU)

3.1.7 Job creation
In 2012, the RE sector (electricity, heat and transport fuels) provided 378,000 jobs (see Figure 29).
Most jobs existed in the biomass sector and were related to the production of fuels from agriculture
and forestry. The number of jobs has been steadily increasing over the last years (see Figure 30), but
recently the number of jobs in the PV sector were rapidly falling as a consequence of the crisis that
can be related to very quickly falling prices and weak government response to this situation, notably
the very rapid cuts of the guaranteed feed-in tariff since the beginning of 2012 and a continued
perturbation of the sector through a public debate about retro-active changes of the EEG and similar
measures.

250

See 238
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Figure 29: Renewable energy: 378.000 jobs in 2012
Source: AEE

251

, based on figures from German Aerospace Centre (DLR) et al.

Figure 30: Development of jobs in the renewable energy sector
252

Source: AEE , based on figures from Federal Ministry for the Environment, Nature Conservation and Nuclear
Safety (BMU)/ Working Group Renewable Energy Statistics (AGEE-Stat) et al.
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3.1.8 International classification of Germany
Germanwatch and the Climate Action Network (CAN) classified Germany at position 8 (effectively
position 5 as the first 3 positions are not attributed to any country because no country was classified
as very good with regard to its climate policy) behind Denmark, Sweden, Portugal and Switzerland in
the climate protection ranking 2013 which compares the 58 most climate polluting states that are
together responsible for more than 90% of the global climate gas emissions. The comparison was
made with regard to emission level (30% weight), development of emission level (30% weight), share
of renewable energies (10% weight), energy efficiency measures (10% weight), and climate policy
(20% weight). I.E. the strong position of Germany in the field of renewable energy use and
deployment does not put it automatically at the top of the list of best climate protecting states.253,254 A
major reason for this rather bad ranking is the still high contribution of hard coal and lignite power
plants to the overall electricity supply.

3.2 Costs and prices of renewable electricity
3.2.1 Level of remuneration for RE electricity

Logic and effect of degressive guaranteed feed-in tariffs
The Erneuerbare-Energien-Gesetz (EEG; Renewable Energy Act) guarantees operators of RE
electricity plants a minimum price which is to be paid by the grid operator for the electricity generated
and fed into the grid. This minimum price is guaranteed for a certain period, generally 20 years.
However, the minimum price is lowered at least at the beginning of each year, for new PV plants it is
presently lowered at the beginning of each month.
The logic behind the EEG is that the guaranteed feed-in tariff provides sufficient investment security
for a large number of potential investors, including private persons, thus leading to a strong demand,
expansion of production of RE systems and price reduction as a consequence of mass production.
Market competition exists between different producers of RE components and systems. The effect of
the EEG has been striking notably in the PV sector where system prices and electricity generation
costs were cut by a factor 10 within 13 years (from about 1 €/kWh in 2000 to about 0.1 €/kWh for
large PV plants by mid-2013).

253
254

Klimaschutz: Dänemark führt, Deutschland fällt zurück, in: neue energie 1/2013, p. 75
Germanwatch, Klimaschutzindex, http://germanwatch.org/de/ksi , retrieved on 8 January 2013
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Figure 31 shows the development of the minimum feed-in tariffs for PV electricity from < 30 kWp rooftop installations (green descending curve), of household electricity purchase tariffs (black ascending
curve), and of the ranges of production costs for electricity from PV plants (red and blue transversal
strokes; different colour intensities represent different PV plant size-classes with different resulting
production costs).

Figure 31: The way to grid-parity in Germany
Source: The Photovoltaic Market in Germany, German Trade & Invest
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Grid-parity
The point where the PV generation costs crossed the average household electricity tariff is called
grid-parity. This point was reached in 2011. From that moment on, PV electricity was cheaper than
electricity purchase for households and it was cost-effective to cover as much as possible the own
consumption by self-generated PV electricity. By mid-2013 electricity from roof-top PV plants costs
only half of the average household electricity tariff (28-29 ct/kWh) and about one third of the electricity
of newly installed PV plants is consumed by the operators themselves. 255 Higher self-consumption
requires battery stores which still increase the resulting electricity costs. Nevertheless, some PVbattery systems already allow achieving electricity self-generation costs at the level of the average
electricity purchase tariff for households (see section 2.2.19).
Level of return on equity
The underlying assumption for the calculated PV electricity production cost is that the return on equity
(return on investment) is 6% (see section 3.2.2 for detailed explanation). The green descending curve
and the blue transversal strokes correspond both to PV plants with less or equal than 30 kWp. Most of
the time, the green curve was below the blue lines. This positioning illustrates that the return on
investment for such small plants was below 6% most of the time.
When the concept of the kostendeckende Einspeisevergütung (KV; compensatory feed-in tariff) which
is the central element of the EEG, was developed in Germany in the 1990s, some persons opted for
setting the feed-in tariff such that the investor would just get his money back after 20 years, i.e. a
return on equity of 0% would be achieved. The reasoning behind this position was that PV systems
would be installed by house owners who do not calculate like a commercial investor, but compare the
return on equity with the interest gained on a saving account, and a sufficient number of investors
would even be happy to see the money back after 20 years.256
For this position no majority was found, in particular because of the argument that at least a return on
capital equal to the interest paid for bank credits needed to be achieved by any investor, and the feedin tariffs in the Erneuerbare-Energien-Gesetz (EEG, Renewable Energy Act) of 2000 were set such
that a return on equity of 6% was possible by a cost-effective and well operated plant. In 2004 the
amendment of the EEG fixed the feed-in tariffs such that on the average a return on equity of 7.4%
could be achieved, a value very close to the long-term return on capital achieved with shares of
255

Eigenverbrauch steigt auf ein Drittel, photovoltaik online news of 22 July 2013;
http://www.photovoltaik.eu/gentner.dll?AID=544422&MID=30021&UIT=TkxfSURFTlQ9MTEwNDcyXzIwMTNfMDdfMjVfMTdf
MTBfMDYmTkxfTUlEPTExMDQ3Mg&DID=C6BDBF5A65D2549440E94EB7C5E4F765B79CE0C889AA0C018D5287F3D79
D34EA35606575E46AEFB6 [retrieved on 26 July 2013]
256
Memories of the author of this study who was a member of the redaction group of the AGSI for a preliminary version of
the EEG in 1998/99
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electricity companies257. The 2004 amendment of the EEG allowed also electricity production
companies to invest in renewable electricity plants and to receive the remuneration fixed by the EEG
from the electricity grid operators (in Germany, the liberalisation of the electricity market has already
been fully completed at an early stage; for this reason, electricity production and grid operation are
done by different companies). This provision together with feed-in tariffs allowing for a 7.4% return on
capital provided the base for investments of electricity production companies which had to compete at
the stock exchange market.

3.2.2 Influence of return on equity on RE electricity costs

Reasons for low RE electricity costs
The costs of renewable electricity in Germany, in particular the costs of PV electricity, are among the
lowest in the world. That sounds surprising because neither the solar irradiation, nor the wind speed is
exceptionally high, nor are biomass resources exceptionally large and easy to explore in Germany,
whereas labour costs are among the highest in the world. However, the natural conditions and labour
costs are just two parameters that influence on the production costs of renewable electricity. Other
parameters which are equally decisive are:


Level of competition between companies active in the field of renewables



Interest rate for investments



Familiarity of installers with technology and resulting installation time and costs

All these parameters have very favourable values in Germany. There are a large number of
companies familiar with renewable electricity generation systems in all RE sectors and at all levels of
the value creation chain. In particular, there are a high number of installers already familiar with
renewable energy systems, thus being able to install systems quickly at low costs and for a low price.
The large number of companies active in the same field of activity creates a strong competition
among them which also lowers prices. Further, interest rates are at historically low note.
Example of a 30 kWp PV plant
Figure 32 shows the influence of the return on equity on the costs of PV electricity. In the example
calculation, the following parameter values were set:

257

According to Gabler Wirtschaftslexikon, the average return on equity for DAX shares hold for 30 years were between
5.6% (1960-1995) and 9.7% (1985-2000) in Germany, http://wirtschaftslexikon.gabler.de/Definition/aktienrendite.html
[retrieved on 11 December 2012]
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PV generator nominal power:
Specific annual yield:
Total investment costs:
Annual operating costs:
Financial life-time:
Financing:

45 kWp
900 kWh/ kWp
100,000 €
1,000 €
20 years
100% equity

PV electricity production costs (ct/kWh)
vs return on equity (%)
30,0
25,0
20,0
15,0
10,0
5,0
0,0
0%

1%

2%

3%

4%

5%

6%

7%

8%

9%

10%

Figure 32: PV electricity production costs versus return on capital in 2012
Source: M. Stöhr, own calculation

The role of dominating investment costs
As this example shows, raising the return on equity, respectively the interest rate on capital from 0 to
10% doubles the production costs of PV electricity. This strong influence of the capital cost on the
production costs of electricity is due to the high investment and low operating costs of PV
installations. A similar situation exits for wind power and hydropower plants. In the case of electricity
generation from biomass, the share of operating costs is higher and the influence of the capital costs
is less pronounced.
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Citizen-ownership reduces RE electricity costs
The calculation shows that low electricity generation costs from RE plants whose costs are essentially
investment costs can much better be achieved with plant owners who accept a lower return on equity.
While large electricity companies are allowed to get a return on equity of 9% without running into
conflict with the electricity tariff supervision, citizens accept a return on equity of 4% or even lower
(see section 3.1.5). As a result the latter can produce PV electricity for about 18 ct/kWh in the
example given above, i.e. about 33% cheaper than large electricity companies which need to invoice
generation costs of about 7 ct/kWh.

3.2.3 Need for reform of the European electricity market

RE electricity generation decreases spot and future electricity market prices
The strong increase of renewable electricity generation in Germany has a strong downward effect on
the electricity prices on the market. At first the spot market EEX was affected, but right now also longterm contracts are concluded with historically low electricity prices. On the futures market electricity
costs for large consumers of 3.7 ct/kWh for 2015 and 3.9 ct/kWh for 2019 were already contracted.
Large consumers pay even 40% less for electricity since Germany has definitely decided to phase out
nuclear power generation and stopped the operation of a number of reactors immediately after the
Fukushima nuclear accident in March 2011.258
Market prices do not reflect life-cycle costs, but marginal costs
These developments sound surprising and in fact, the market prices do not reflect the full life-cycle
costs of RE plants, but their marginal costs which are merely zero in the case of PV and wind power
plants. The European electricity markets have been designed for a generation mix where plants with
significant operating costs dominate. In an electricity supply system with a major contribution from
plants with merely zero marginal costs, the market prices are strongly lowered thus not allowing plant
operators to generate sufficient income to refinance their installations. This calls for an in-depth
reform of the European electricity market mechanisms. A number of proposals have been made at
this regard whose closer presentation is beyond the scope of this assessment.

258

Strom für Großabnehmer bis 2019 so billig wie nie, pv-magazine online news of 12 July 2013; http://www.pvmagazine.de/nachrichten/details/beitrag/strom-fr-groabnehmer-bis-2019-so-billig-wie-nie_100011677/ [retrieved on 26 July
2013]
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Midday demand peak shaving by PV generation
Another effect which is specifically relevant in the context of this assessment is that the difference
between maximum and minimum spot market price (arbitrage) has been strongly reduced in the last
years. Figure 33 shows the average EEX spot market prices for electricity for different hours for 2007
and 2011. The prices have decreased for each time of the day, but particularly for midday hours. This
can be attributed to the strong increase of PV electricity generation which occurs mainly around noon.

Figure 33: Demand peak shaving through PV electricity generation
Source: Bundesverband Solarwirtschaft (BSW-solar; Federal Association of Solar Industry)

Figure 34 shows how the generation from PV, wind power, and other plants covered the demand on
the 18 April 2013. At that day, the contribution from wind power plants was quite high. Figure 35
shows the situation on 26 July 2013 when the contribution from PV was very high and the contribution
from wind power plants merely zero. On that day the residual power generation was almost constant
during most of the day.
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Figure 34: Midday peak shaving of demand by PV generation
Source: Forschungsstelle für Energiewirtschaft (FfE; Research Centre for Energy Economics)

Figure 35: Actual (left) vs planned (right) electricity generation
Source: European Energy Exchange (EEX), http://www.transparency.eex.com/de/ [retrieved on 26 July 2013]
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Other effects
Figure 34 also shows the import to and export of electricity from Germany (red curve at the bottom).
The high RE generation around noon is accompanied by a strong export of electricity.
Figure 35 also shows a comparison between the day-ahead demand and generation forecast and the
actual demand and generation. This demonstrates that the RE generation forecast which is made one
day in advance has already achieved a similar precision as the demand forecast.
Figure 36 shows the EEX spot market price for electricity in Germany on the 16 June 2013, the day
with the highest RE share in the grid until now. The electricity price was almost zero most of the day,
but strongly negative in the afternoon between 1 p.m. and 5 p.m. about. The average price was
negative on 16 June 2013. This means that customers at the EEX who could offer electricity
consumption were paid. This can be explained by the fact that the operators of slowly reacting lignite
and nuclear power plants preferred to let their plants running more or less constantly and to pay for
that instead of reducing generation and ramping up again – a process which takes several hours in
both directions.

Figure 36: Negative electricity price on 16 June 2013 from 1 p.m. to 5 p.m.
259

Source: European Electricity Exchange (EEX)

Thus, the negative prices on 16 June 2013 illustrate brilliantly that the combination of RE electricity
generation and conventional base load plants does not fit. If electricity generation from quickly
259

http://www.eex.com/de/Marktdaten/Handelsdaten/Strom/Stundenkontrakte%20|%20Spotmarkt%20Stundenauktion/Stunden
kontrakte%20Chart%20|%20Spotmarkt%20Stundenauktion/spot-hours-chart/2013-06-16/EU [retrieved on 18 June 2013]
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reacting gas power stations had been more cost-effective than generation from lignite power stations
for instance, negative prices had not occurred.
Storage presently not cost-effective
A consequence of the midday peak demand shaving by PV electricity and the resulting strong
reduction of arbitrage at the electricity markets is that already existing storage facilities such as
pumped hydro power stations can no longer be cost-effectively operated. Following the recent
announcement of Vattenfall which operates pump storage plants with a total power of 2.8 GW 260 to
close the pump storage plant in Niederwartha, a discussion has started about the need for pump
storage systems. This situation is counter-productive because storage facilities will certainly be
needed again as soon as the share of RE power generation increases such that the residual
generation from conventional power plants is no longer rather constant, but has a pronounced midday
dip.
Consequences for electricity and emission certificate market designs
These effects of the rapid increase of RE power generation in Germany on the European electricity
market show that the latter needs a reform. Further, the carbon-dioxide emission certificate trade
needs to be investigated more closely. Both are necessary for paving the way for a better integration
of large amounts of RE electricity in the market:

260



A way must be found to ensure that owners of generation facilities with high investment
and merely zero marginal costs, i.e. mainly PV and wind power plants, can refinance their
investments on the market.



Mechanisms must be found to favour quickly reacting power plants over slowly reacting
ones. One option is to increase the price for carbon-dioxide emission certificates, thus
favouring gas power stations over hard coal and lignite power stations.



The low arbitrage on the electricity market does not permit owners of storage facilities to
refinance their investments on the market. I.E. a way must be found to ensure that the
required storage facilities will be installed.

Vattenfall setzt auf Grünstrom – und Atom, in: neue energie 10/2012, p. 66
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3.2.4 End consumer prices

Composition of household and industry electricity tariffs
The strong decrease of electricity prices at the spot and future markets is largely not reflected by the
end consumer prices for electricity. As shown in Figure 37, the latter have been constantly rising over
the last decade – except for large industrial companies which can purchase electricity directly at the
electricity exchange or can negotiate favourable tariffs with large electricity providers. Private
households which stand for about one quarter of the overall electricity consumption pay by far the
highest electricity prices – compared to enterprises and to households in other European countries.

Figure 37: Increase of end user electricity prices in Germany for households (left), medium-size industry
(middle) and industry with high electricity consumption (right)
Source: AEE

261

261

, based on figures from Arepo Consult, Frontier eoconomics/ ewi, VIK, and own calculations

See 238
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Figure 38: Composition of household electricity tariffs
262

AEE , based on figures from transition grid operators (ÜNB), German Association of Energy and Water Industries
(BDEW), Federal Electric Grid Agency (BNetzA), Verivox, and own calculations

The high household electricity tariffs which are estimated to be 28.7 ct/kWh on the average in 2013
are worth to be looked at in more detail:


8.2 ct/kWh are for electricity generation and distribution – much more than the electricity
spot market and forthcoming future market prices. This includes cross-financing of
electricity for large industry and profits of the electricity suppliers.



5.3 ct/kWh are the famous EEG-Umlage (EEG apportionment) which is the difference
between (1) the average costs of electricity from plants profiting from the guaranteed feedin tariff under the EEG and (2) the average repayment obtained by the grid operators when
reselling the RE electricity at the EEX spot market.
I.E. the EEG apportionment rises not only when more money is paid to operators of RE
generation plants, but also when the spot market price decreases.
Further, the EEG apportionment does not need to be paid by large electricity consumers. If
these exceptions did not exist, the apportionment would be smaller by one quarter.

262



0.4 ct/kWh are for the promotion of CHP and for covering specific risks associated with the
grid connection of off-shore wind parks.



6.5 ct/kWh are for grid operation, measurement and accounting.

See 238
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1.7 ct/kWh are a fee paid to the municipalities.



6.7 ct/kWh are taxes.

Hence, the high household electricity tariffs in Germany are not a good indicator for the costs of
electricity and the EEG apportionment is not a good indicator for the cost of electricity. For the latter,
the guaranteed feed-in tariffs which are in fact ex-ante estimates of the RE electricity generation
costs, used to provide a much better orientation.
Green electricity tariffs: the example of DZ-4 GmbH
The contractor DZ-4 GmbH who offers electricity from PV-systems with batteries installed directly on
the premises of the customer, supplemented by green electricity from NaturWatt GmbH for the
residual load, offers a basic charge of 7.25 €/month and a kilowatt-hour rate of 26.5 ct/kWh (all taxes
included).263
As Figure 39 shows, only one quarter of the costs of 100% renewable electricity are due to
generation, a further quarter is due to transport and distribution fees, and a bit more than one half are
various taxes, fees, and apportionments – and changes in these component could drastically favour
green electricity suppliers over conventional ones.

Figure 39: Average cost break-down of renewable electricity from NaturWatt
Source: NaturWatt GmbH, http://www.naturwatt.de/oekostrom-beziehen/haushalte/preisbestandteile.html [retrieved
on 30 January 2013]

263

DZ-4 und NaturWatt unterzeichnen Kooperationsvereinbarung, press release of 19 December 2012, https://www.dz4.de/aktuell/dz-4-und-naturwatt-unternzeichnen-kooperationsvereinbarung [retrieved on 30 January 2013]
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3.2.5 Cross-border effects
In the frame of a study on the effects of the German nuclear phase-out, the effects of the strong
increase of renewable electricity generation in Germany on the neighbouring countries has been
evaluated.264 First of all, the main finding is that the shut-down of five nuclear power plants in March
2011 after the Fukushima nuclear accident and the scheduled shut-down of three further nuclear
power plants for regular revision before the accident and five other plants in May 2011, which
altogether led to a drop in German nuclear electricity generation of 32.6 TWh in 2011, was balanced
by two third through the increase of renewable power generation in 2011 (20.2 TWh) and by one third
through a reduction of electricity exports (11.4 TWh). The remaining difference of 1 TWh is the
balance of other effects.
As soon as in 2012, Germany was again a strong net exporter of electricity, for the first time in ten
years also in summer, though Germany traditionally exports electricity in winter and imports in
summer – an effect of different marginal costs of the power generation in Germany and the
neighbouring countries. Exports of electricity from Germany were 66.6 TWh, imports 43.8 TWh and
the net export 22.8 TWh in 2012.265
The net export of electricity from Germany has increased over the last years despite the reduction in
electricity generation from nuclear power plants. The increase can essentially be attributed to the
strong increase in electricity generation from RE. Another reason is that low carbon-dioxide emission
certificate prices allow for lower electricity generation costs of hard coal and lignite power plants
compared to gas power stations.
Notably on early summer afternoons, Germany exports electricity, mainly caused by the high
generation from PV plants. In the exchange with France, strong electricity exports from Germany
were notably observed in February 2012 when the demand in France was high. The exports to The
Netherlands increased strongly in 2012 and led to a decrease of electricity generation from natural
gas in The Netherlands.
The renewable power generation in Germany is presently at a level where it does not yet lead to a
reduction of electricity production from base load plants inside Germany, but to a reduction of peak
and medium load generation in Germany and the neighbouring countries.

264

C. Loreck, H. Hermann, F. Chr. Matthes, L. Emele, L. Rausch, Auswirkungen des deutschen Kernenergie-Ausstiegs auf
den Stromaustausch mit den Nachbarländern, Analysis prepared by Öko-Institut e.V. for Greenpeace Germany, Berlin, 31
January 2013, http://www.oeko.de/presse/pressemitteilungen/dok/1487.php [retrieved on 22 February 2013]
265
Deutscher Exportüberschuss bei Strom steigt weiter, pv-magazine online news of 3 April 2013; http://www.pvmagazine.de/nachrichten/details/beitrag/deutscher-exportberschuss-bei-strom-steigt-weiter_100010707/ [retrieved on 25
July 2013]
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The consequence is at first a temporary slight increase in European carbon-dioxide emissions
because on the average the full load hours of hard coal and lignite power stations rise, whereas gas
power stations run less frequently, and second a reduction of the overall storage requirements at
European scale with its present level of renewables generation. This situation can be expected to
change again as soon as the electricity generation from RE will rise further, thereby increasing the
volatility of generation and the need for flexible compensatory generation and for storage. However,
the European integration of electricity grids and markets is extending the duration of the transition
phase with slightly increased carbon-dioxide emissions and lower demand for flexibility options.

3.3 The present and future need for storage and/ or alternative options
in Germany
3.3.1 Present need for storage and/ or alternative options
At present the PV electricity generation in Germany at midday has reached a level which leads to a
strong offer and subsequent reduction of spot market prices for electricity, thus leading to more
constant residual demand and electricity prices than before, when demand and spot market prices
peaked at noon. This reduces the need for, and profitability of, pump storage systems and gas power
plants. However, it is obvious that this situation will not persist and pump storage systems, or more
generally storage systems of any kind, and flexible electricity power plants will be needed very soon
at much larger scale than ever.
A matter of debate is, from which penetration level of intermittent RE electricity generation onwards,
storage and/ or alternative options of matching generation and demand will be needed. Modell
calculations provide different estimates for that threshold, most of which are around 40-50%. Figure
40 shows the penetration level of RE at the end of 2011. Surprisingly, three federal states,
Mecklenburg-Western Pomerania, Saxony-Anhalt and Thuringia had already reached a ratio of RE
generation to total consumption which was close to or even above these values. In the meantime,
larger areas exist where the RE electricity generation equals up to 80% of the electricity demand. 266
Hence, it is worth to have a closer look at these situations. In fact, such high levels of RE in some
regions is presently managed by the following means:


266

Generation grids which collect the electricity from wind power plants and feed it into the
transmission grid and which are installed by wind park operators, e.g. by ENERTRAG in
the federal state of Brandenburg. Such generation grids are non-redundant, easy and
quickly to install, relatively cheap electrical grids which are built up of underground cables

E.G. area of the electricity supplier WEMAG in Mecklenburg-West Pomerania
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which are laid parallel to the existing grid. I.E. the balance between generation and
demand is achieved by grid extension and use of the surrounding area as a buffer.


Curtailment of wind power generation in North Germany and of PV generation in South
Germany. This curtailment is still at a level of a few per cent which will presumably be the
optimum in a fully RE based electricity supply system. However, the level of curtailment is
presently rising quickly, thus calling for storage and/ or alternative measures.



Battery storage linked to PV systems. About one third of the electricity generated by PV
systems installed in 2013 is estimated to be consumed by the operators themselves. Many
operators equip new PV systems with a battery store to increase the rate of selfconsumption.267

The installation of generation grids was initially driven by the resistance of regional distribution grid
operators to connect new wind power plants – even if there were absolutely no difficulties to connect
new wind power plants as it could be shown by some operators by own grid voltage and frequency
measurements.268 Today, real grid bottlenecks can be considered as the main reason for the
installation of generation grids and RE generation curtailment.
Battery stores in PV systems are presently installed mainly to increase the self-use of PV electricity
whose costs are now about one half of the average household electricity tariff. For the same reason,
many PV systems with a nominal power below 10 kWp are presently installed.269 Hence, the PV
system battery store deployment is market driven. In a similar manner, biogas stores at existing
biogas plants and heat stores are presently installed in some cases for allowing a more flexible
operation of biogas plants and provision of balancing power on the market (see 2.2.1)
The deployment of other storage systems is presently neither driven by technical reasons nor by the
market. Even existing storage plants are used less than before. The reason is, as mentioned above,
that at present, electricity price differences (arbitrage) at the spot market are too small for profitable
operation of storage facilities. Often the difference between the highest and the lowest price within
one day is less than 2 ct/kWh.270

267

Interesse an Photovoltaik-Speichern und Eigenverbrauch steigt, pv-magazine online news of 22 July 2013;
http://www.pv-magazine.de/nachrichten/details/beitrag/interesse-an-photovoltaik-speichern-und-eigenverbrauchsteigt_100011769/ [retrieved on 29 July 2013]
268
M. Willenbacher, Mein unmoralisches Angebot an die Kanzlerin, ISBN 978-3-451-30926-7, See p. 46
269
Bis Mai 39.250 neue PV-Anlagen bis 10,0 kWp installiert, DSC press release of 25 July 2013;
http://www.solarbetreiber.de/index.php/nachrichtenleser/items/39250.html [retrieved on 29 July 2013]
270
Geregelte Gewinne, in: neue energie 9/2012, p. 97
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Figure 40: Gross electricity generation and RE share by federal states
Source: AEE

271

271

, based on figures from BDWE, statistical offices of the federal states, StBA, AGEB, ZSW

See 238
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3.3.2 Future need for and availability of storage
In 2009, the German association for Electrical, Electronic and Information Technologies (VDE) has
published a study “Storage facilities for the energy turnaround”. In 2012, VDE published its study
“Energy storage in power supply systems with a high share of renewable energy sources” which
explains that beyond a threshold of 40 % RE storage systems will be significant for the operation of
transmission grids. However, the study gives little information on storage systems to better manage
local bottlenecks in the distribution grids. To be prepared for a RE penetration of 80 % and beyond,
the VDE calls for extensive investigation of storage technology and deployment.
The VDE study is one among many others which come to a similar result: Storage will not be needed
in Germany until about half of the electricity will be provided from RE sources, even if the major part
of the RE electricity is provided by wind power and PV plants. However, comprehensive modelling
results which take the whole range of options for adapting RE-based electricity generation to the
electricity demand and taking into account the interdependencies between the electricity, heat, gas
and fuel sector are still largely missing.
One relatively clear result of these studies exists nevertheless: there will be a much larger need for
long-term storage than for short-term storage for which many options and many alternatives (demand
side management, generation management, etc.) exist. The only option for long-term storage at this
stage is conversion of electrical energy into chemical energy of hydrogen and SNG and storage in the
existing underground natural gas stores.

Table 6:

Existing storage capacities for electricity, natural gas and liquid fuels
Electricity

Consumption
Average power
Storage capacity
Calculated operating range of
6)
installed storage capacity

1)

Natural gas

Liquid fuels

615

930

707

70

2)

81

49

5)

0.04

3)

0.6

106

TWh/yr
GW

217

250

TWh

2,000

3,000

h

1) Petrol, diesel, kerosene; 2) seasonally fluctuating; 3) pumped hydro storage; 4) 47 underground gas storage facilities
[Landesamt für Bergbau, Energie und Geologie (LBEG), Hannover]; 5) provisioning of petrol, diesel, kerosene and heating
oil; 6) related to average power
272
Source: ZSW, e.g. presentation slides used at IRES 2012

According to an overview established by ZSW 273, existing pump hydro storage facilities in Germany
allow for storing electrical energy just for a bit more than half an hour of average power demand.
Contrary to this, the 47 underground gas storage facilities can store natural gas for 2,000 hours of
272
273

See 123
See 123
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average gas demand, and the storage facilities for liquid fuels are sufficient to store fuels for 3,000
hours of average consumption. This means, that there is a huge potential of existing storage facilities
that could be used if electricity were converted into chemical energy of gaseous or liquid fuels.

3.4 Regions on the way to 100% RE-based energy supply
3.4.1 First generation of regions aiming at 100% EE on the average
Germany has already a long tradition of communities and entire regions being dedicated to the aim of
100% EE-supply of their area. One of the first regions which officially set this aim was the District of
Fürstenfeldbruck in Bavaria close to Munich which is aiming at 100% RE-supply until 2030. For the
implementation, the association Ziel21 was set up which involves a broad range of citizens and
regional players.274
The example of Fürstenfeldbruck was followed by more than 100 other communities and regions in
Germany. In September 2013, the network of 100% RE regions comprised 138 districts, communities
and regional agglomerations totalling 21.6 million inhabitants (27% of German population) and an
area of 108.000 km2 (30% of area of Germany).275 Most of these regions are simply aiming at
covering 100% of its energy demand on the average, but not at matching supply and demand exactly
in time.
It might indeed be questioned if it makes sense that small regions match their own energy demand
from own resources exactly in time; the mutual exchange of electricity between different regions via
the electric grid is certainly more cost effective in many cases and the exact matching of demand and
supply might be more efficiently achieved at a very large geographical scale. Nevertheless, even
small regions might provide a contribution to such time-synchronised RE-supply and this is the reason
for the emergence of the second generation of 100% RE regions.

274

www.ziel21.de [retrieved on 22 November 2013]
100ee-Netzwerk wächst weiter - auch über deutsche Grenzen hinaus, press release of 100% EE network of
24 September 2013; download from: http://www.100ee.de/index.php?id=61&tx_ttnews[pointer]=2&tx_ttnews[tt_news]=444&tx_ttnews[backPid]=212&cHash=fcd477f
64f [retrieved on 22 November 2013]
275
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3.4.2 Second generation of 100% EE regions: The case of the District of Harz

The E-Energy programme
From 2007 to 2012, the German Ministry for Economy and Technology (BMWi) has financed the flagship programme „E-Energy: IKT-basiertes Energiesystem der Zukunft“ (“E-Energy: ICT-based energy
system of the future”).276 The aim of this programme was to provide business models and
technologies for smart grids. Six German model regions were supported in developing and testing
technical and commercial elements of smart grids and virtual power systems to supply entire regions
with a high rate of electricity from renewable sources.
The RegModHarz project in the District Harz
One of these model regions has been the District Harz in Saxony-Anhalt with 223,094 inhabitants
(0.28% of German population) on an area of 2,104 km2 (0.59% of area of Germany).277,278 The
district’s annual consumption of electricity amounts to 1.3 TWh (0.22% of German gross electricity
consumption).279 In this region, a consortium of 19 partners, the district administration, power
suppliers, research institutes and others, have implemented the project “RegModHarz - Regenerative
model region of Harz”.280
Within this project an assessment of the total RE electricity generation potential was made and found
to be 13 TWh per year, far more than the district’s own electricity need, even if all private vehicle
owners drove an electric car, thus increasing the electricity consumption by 291 GWh annually, and
even if the district’s heat demand of 4.3 TWh281 annually were met by electric heating systems. Most
of the RE generation potential is wind energy, but its full exploration would require the presently
designated areas for wind energy use to be enlarged – and the electric grid to be strongly extended
and/ or energy stores to be built.
Further, the district’s potential for energy stores was assessed. The existing pump storage capacity of
0.6 GWh could be increased to 2.2 GWh. Substituting all existing private passenger cars by electric
vehicles would add 1.2 GWh battery storage capacity. Two salt caverns could be used as stores for
276

http://www.e-energy.de/en/ [retrieved on 20 November 2013]
http://de.wikipedia.org/wiki/Landkreis_Harz [retrieved on 29 November 2013]; for population figure see also:
Statistisches Landesamt Sachsen-Anhalt, September 2013, reference n°1 to Wikipedia article;
278
The population figure was readjusted after the micro-census in 2011. Within the RegModHarz the population
in 2008 was assumed to be 237,653. See table on p. 230 of the final report.
279
Regenerative Modellregion Harz, Abschlussbericht (final report), December 2012
280
http://www.e-energy.de/en/97.php [retrieved on 20 November 2013]
281
This figure is retrieved from the table on p. 230 of the RegModHarz final report. Within the text 2.9 TWh are
mentioned. For the conclusion drawn concerning the RE potential, the difference is not relevant.
277
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renewable methane from power-to-gas plants and provide a storage capacity of 2.8 TWh282, thus
permitting to store enough energy locally to cover the district’s annual electricity demand.
The RegModHarz project has shown that a combination of generation units, stores, flexible
consumers, and the grid can ensure a reliable electric energy supply with a very high rate of RE. More
specifically, a number of issues such as the forecast of generation and demand, the control of a large
number of decentralised generation units combined to a single virtual power plant (VPP), grid
operation, flexible operation of biogas plants, load management in private households, and different
marketing strategies were studied in detail within simulations and field tests.
Scenarios
For the simulations, three scenarios were defined which differ essentially in the amount of electricity
generated from wind power and PV plants within the region:
(1) Reference scenario
For the reference scenario, the historical values of the electricity supply and demand of the year 2008
have been used. Key figures for demand and supply are:


1,300 GWh/yr electricity demand (excluding industrial electricity demand met by selfgeneration of electricity



4,340 GWh/yr heat demand



468 GWh/yr electricity generation in the region (36% of the demand)



384 GWh/yr generation from RE (30% of the demand)



321 GWh/yr generation from intermittent RE (PV and wind; 25% of the demand)



20 GWh are exported from the district, 850 GWh are imported



power flow out of/ into the district varies between -100 MW (export) and 221 MW (import)

(2) Projection for the year 2020
For the year 2020, a decrease of the population of 9% compared to 2008 has been assumed.283 Key
figures for demand and supply of energy are:

282

presumably the upper heating value of the stored gas is meant, but the RegModHarz final report does not
specify this
283
The figure for 2008 has been overestimated as the micro-census 2011 revealed.
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1,260 GWh/yr electricity demand (excluding industrial electricity demand met by selfgeneration of electricity



3,420 GWh/yr heat demand (21% less than in 2008)



953 GWh/yr electricity generation in the region (76% of the demand)



845 GWh/yr generation from RE (67% of the demand)



717 GWh/yr generation from intermittent RE (PV and wind; 57% of the demand)



200 GWh were exported from the district, 510 GWh were imported



power flow out of/ into the district varies between -250 MW (export) and 150 MW (import)

The assumption of the heat demand is worth to have a closer look at. Taking the assumed population
decrease into account, the reduction of 21% compared to 2008 is equivalent to 13% reduction of the
heat demand per inhabitant. If this reduction were to be achieved by energetic building refurbishment
for the heat demand in residential buildings, about 1% of the residential buildings needed to be
refurbished per year if 50% heat saving were achieved by a refurbishment on the average. This is half
the German average (2%/yr) and significantly lower than the rate achieved in very active 100% RE
communities (e.g. 3%/yr was achieved in the Association of Communities Weilerbach)284. If however
the heat demand is reduced in the building sector only, and remains constant in industry and
commerce, the required rate of energetic building refurbishment needs to be higher or even much
higher than 1%.
(3) 100% RE supply scenario
The year when 100% RE supply will be achieved has not been specified. Most assumptions do not
imply anything that could not yet be achieved within the next years. It has been assumed that
efficiency measures will be compensated by the increase of electricity consumption of e.g. heat
pumps and cooling devices, and the electricity demand will be the same as in 2008 that is 1,300
GWh/yr. The same heat demand has been assumed as for the year 2020 scenario which implies low
progress in energetic building refurbishment compared to 2008. This assumption puts the time
horizon of the 100% RE scenario well within the time horizon of 2020, provided larger building
activities are started being planned in detail and implemented straightforwardly.
Energy autarky (the annual energy generation in the district is at least as high as the annual energy
demand) has been assumed to be achieved instead of power autarky (the electricity supply of the
district is run in a stand-alone mode, thus matching the district’s power demand at any time). The
284

M. Stöhr, Sustainable Energy Management Systems (SEMS) project, Report on implementation process and
structures (SEMS monitoring report), section 8.1.1: Messbare Auswirkungen des Umsetzungsprozesses auf
konkrete Umsetzungsmaßnahmen (measurable results of the implementation process on concrete
implementation measures), p. 91; free download possible from: http://www.semsproject.eu/default.asp?Menue=341
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district has been assumed to provide not only its own energy needs from own resources, but to
provide a share to the 100% RE supply of Germany in proportion to its area, thus considering that the
region’s high RE potential compared to its demand is largely due to its large available area per
inhabitant (0.91 ha/ inhabitant) compared to the German average (0.44 ha/ inhabitant); thus the
district’s power plants have been assumed to generate 2,980 GWh/yr, an amount of energy 2.25
times larger than the district’s demand.
It is paramount for the assumption of an efficient electricity supply in the 100% RE scenario that it is
closely linked to heat supply. Concretely this implies that electricity and heat are co-generated
whenever possible, and that the gas grid and related stores are used for long-term storage of
renewable methane from P2G plants. In particular, a large heat storage capacity has been considered
to be built up: All CHP and heat pumps were supposed to get a buffer capacity of six hours for heat,
and cooling facilities two hours buffer capacity for cold. The heat stores allow increasing the overall
power and heat generation from CHP by about 80%, because they permit CHP to run at times with
low heat demand. The cold stores provide flexibility for the operation of cooling devices.
The linking of the electricity and heat sectors allows reducing the import of electricity from outside the
district from 190 to 70 GWh/yr, because it leads to an increase of the overall power generation in the
district, notably as a consequence of the increase of the CHP full load hours. It also leads to higher
storage and/ or grid capacity requirements and higher electrolyser full load hours, thus increasing the
profitability of the latter.
The RE generation mix has been defined by down-scaling the RE mix for Germany outlined in the
UBA/ IWES study 2010285 in proportion to the area, except geothermal energy and off-shore wind
power (no potential in the district), and run-of-the-river hydropower (potential in the district was taken
which is lower than the figure obtained by down-scaling of the overall German potential). Key figures
for the electricity generation in the 100% RE scenario considering a linking of the electricity and heat
sectors and an implementation of an appropriate energy management are:


3,663 GWh/yr electricity generation in the region, including direct use of RE from the district
and renewable methane from the gas grid (282% of the district’s own demand)



2,633 GWh/yr generation from RE (203% of the district’s own demand)



2,075 GWh/yr generation from intermittent RE (PV and wind; 160% of the district’s own
demand)



CHP < 500 kW el with heat stores operate 4,350 h/yr (80% higher than normal full load hours)



70 GWh are exported from the district or stored, 2,400 GWh are imported or taken from stores

285

T. Klaus, C. Vollmer, K. Werner, H.Lehmann, K. Müschen, Energieziel 2050 - 100% Strom aus erneuerbaren
Quellen, UBA/IWES, 2010; http://www.umweltbundesamt.de/publikationen/energieziel-2050
[retrieved on 27 November 2013]
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power flow out of/ into the district varies between -1000 MW (export) and 300 MW (import)

With regard to storage, the investigation of the 100% RE scenario provides precise information about
the need for long-term stores (P2G) with and without linking of the electricity and heat sectors and
related energy management:

Table 7: P2G storage needs in District Harz with and without linking of electricity and heat sectors,
and related energy management

Output power

electricity and heat
sectors are
independent

electricity and heat
sectors are linked

230 MW

290 MW

770 MW

930 MW

5,535 MW el
(9.930 MWh CH4)1)

2,850 MW el
(4.750 MWh CH4)1)

15,658 MWhel
(10,000 MWh CH4)2)

15,040 MWhel
(9,600 MWh CH4)2)

(generation capacity of gas power stations)
Input power
(electrolyser power)
Output capacity
(CH4 needed to bridge periods with low wind power)
Input capacity
(required storage volume in gas grid)

1) assuming an efficiency of gas power stations of 60%
2) assuming an efficiency of the electrolysis and methanation of 80% each, i.e. 64% combined

As Table 7 shows, the linking of the electricity and heat sectors leads to a much higher part of the
generated renewable methane that can be used outside the district.
Simulation of optimisation strategies for VPP
Several optimisation strategies were tested by simulation, thereby considering five flexibility options:
1. flexible operation of biogas plants with larger than usual biogas and heat stores and higher
generator power (i.e. larger than needed for biogas plants with almost continuously running
CHP), thus being able to buffer the energy equivalent of six hours of full load operation of the
CHP in form of biogas and heat;
2. conventional CHP with additional heat stores able to buffer the heat produced within six hours
of full load operation of the CHP;
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3. heat pumps operated as flexible loads;
4. a pump storage hydropower plant with a storage capacity of 523 MW;
5. a power-to-gas plant with an electrolyser power able to absorb one quarter of the average
regional power demand.

It was found that a significant difference exists between a strategy that optimises the balance of
electricity generation and use only at regional level, and a strategy that takes the whole national
market or even trans-boundary markets into account. This point will require deeper investigation in
future, because it sheds light on a general optimisation problem: Should the generation and
consumption of electricity be balanced at the largest possible geographical scale, thus maximising the
mutual compensation of surplus generation and electricity deficits, or should supply and demand be
balanced such that the electricity grid is used in an optimum way?
Optimisation of electricity generation and use at regional level as simulated for the District Harz might
be preferred if a region has a weak connection to the national grid which cannot be improved easily
and at low cost by a grid reinforcement or extension. If the existing grid is sufficiently strong or can be
reinforced or extended easily and at low cost, the balancing of generation and demand at the largest
possible geographical scale, in the limit Europe plus neighbouring countries, provides a solution at
minimum differential costs (i.e. costs incurring from the moment on, when the decision is taken, not
including costs that have incurred in the past for building the existing electricity infrastructure).
In the case of the District Harz, the generation of electricity matching the district’s due contribution to
a 100% RE-supply of Germany which is mapped by the third scenario leads to strong electricity
exports that can only be dealt with by a strong grid reinforcement or by a store with an input power
equal to about one quarter of the maximum power demand in the region, e.g. an electrolyser of a
power-to-gas plant.
Field tests
In addition to the simulations, field tests were run to investigate a number of issues in more detail, and
for providing evidence for the feasibility of 100% regional RE supply. A long-term field test of the VPP
was run in parallel to the VPP development from January 2011 to July 2012. At first 14 plants were
connected to the VPP:


2 wind parks totalling 70 MW



4 large CHP ranging from 0.4 to 2 MW and 1 small CHP with 15 kW



2 large PV plants totalling 2.5 MW



2 biogas plants, one of which was equipped with a biogas store
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1 micro-fuel cell (1.5 kW)



the machines of the pump storage plant of 40 MW were simulated



an inverter test stand was connected to simulate a controllable load

Thereby the “plug-in-your-plant” concept was followed which allows flexibly adding or removing
individual plants to and from the VPP. This concept allows also new plant types to be dealt with which
are presently not yet known. Further, measures were implemented to deal with non-intentional
removal of individual plants, e.g. as a consequence of a disruption of communication.
Successively, more power plants and controllable loads (wind power, CHP, PV, etc.) were connected
to the VPP. In the final stage, 25 energy plants were connected (21 real and 4 simulated; 120 MW
generation, 40 MW load). A further and shorter field test was run from 21 June to 5 July 2012 when
exclusively real, renewable, mostly intermittent, and controllable energy generation units were
connected (80 MW generation power, 6 units: 2 wind power generators, 1 biogas plant, 1 fuel cell).
Generation and demand forecasts
An important role for the field tests played forecasts of load, heat demand and spatially resolved
electricity and heat generation which were provided by forecast information systems that were
modelled as basic energy services. A version of the norm IEC 61970-301 that had been developed
further within another project, the Harz.EE-mobility project, was used as data forecast model.
As part of the project work, historical forecasts and real data were compared and the quality of
forecasts evaluated. A clear result is that the forecast quality for Germany as a whole was much
better than for the district. Another result is that the quality of forecasts decreases with the time
horizon, but the decrease slows down. Thus, forecasts with a time horizon of 3-5 days were only little
worse than forecasts with a time horizon of 2 days.
Plant and energy management
A multi-layered software architecture was developed for supporting the plant and energy
management. This architecture was implemented in form of a VPP and successfully applied during
the field tests. The high number of decentralised generation plants required a low-cost communication
infrastructure. For this reason an IP-based communication was used. It could be shown that a secure
and flexible connection of decentralised electricity generators and consumers can be implemented by
using the established IEC 61850 communication standard. The duration of a full cycle of the energy
management was only two seconds in the final stage of the field test when the maximum number of
installations was connected.
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Grid issues
For investigating grid issues, a grid model was generated which maps more than 2,000 nodes and
more than 2,000 line segments at the 10, 15, 20, 30, and 110 kV level. The model was used for
verifying that the existing grid can support the power flows in scenario 1 and 2. In scenario 2 dynamic
thermal rating is applied to comply with existing norms. In scenario 3 (100% RE supply) the existing
grid in the district is no longer sufficient.
Further, ten phasor measurement units (PMU) were installed in the E.ON Avacon high voltage
distribution grid. The PMU allowed for spatially (GPS) and temporally (1 µs) highly resolved
assessment of the absolute value and phase of voltage and current. The field test has proven that
synchronised measurements and the online control of the 110 kV grid is feasible.
Flexible biogas plant operation
Simulations of the flexible operation of biogas installations shifting electricity generation up to 12
hours were conducted with MatLab Simulink. In a second step flexible operation strategies were
implemented with real biogas plants within the field test. The energy management system generates
daily an optimised operation schedule for the next three days. The relevant parameters are the
temperature and the electricity stock prices. It could be shown that the flexible operation of biogas
plants is demanding, but feasible with state-of-the-art technology.
Load management in households with time-dynamic electricity tariffs
In the first field test phase, from January to October 2011, 46 households were equipped with smart
meters to learn about the inhabitants electricity consumption patterns. In the second phase, from
February to August 2012, 39 out of the 46 test households were equipped with bi-directional energy
management interfaces (BEMI) that could switch two household appliances via radio control in
function of electricity price information and thereby considering stored individual consumption patterns
provided by the internet. Time slots for machine operation could be defined by the users, within which
the BEMI was free to choose the operation periods of washing machines, laundry dryers, and dish
washers. For refrigerators and freezers, temperature intervals instead of time-slots were defined,
within which the internal temperature of the appliances was allowed to vary, thus permitting to shift
cooling processes and related electricity consumption.
A time-dynamic electricity tariff adjustable in nine levels differing by 4 ct/kWh between two
subsequent levels was defined which is based on the day-ahead forecast of the residual load
(regional load not covered by regional renewable electricity generation) and the expected load shifts
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implemented by the customers. The tariff rewarded households which shifted their demand to periods
with a high regional renewable electricity generation. The exact price levels are established and
communicated to the customers at 2 p.m. for the respectively following day. In case of deviations from
forecasts the pool coordinator who acts as electricity supplier for the households buys and sells
electricity on the intra-day market. The 39 households equipped with a BEMI participated in the field
test of the dynamic electricity tariff. The BEMI automatically managed the operation of two household
appliances as a function of the electricity tariff within the limits defined by time-slots and cooling/
freezing temperature intervals.
A lesson learnt is that such a dynamic electricity tariff requires that it is chosen by a sufficient number
of customers and that the contract period is at least one year, thus allowing for keeping the risk of the
pool coordinator within acceptable limits.
Accompanying calculations have shown that the ratio of installed wind and PV power to the average
power demand has a very strong impact on the distribution of the dynamic bonus and malus periods.
While the distribution of bonus and malus periods is still largely defined by the electricity consumption
profile in scenario 1 which maps the situation in 2008, PV and wind electricity generation determine
the bonus and malus periods the 100% RE scenario.
Evaluations of the potential for load shifts in industry and commerce have shown that companies with
a high energy demand would require a dynamic tariff with only 1 ct/kWh difference between
subsequent price levels and companies with low to medium energy demand would require 2 ct/kWh
for activating load shift potentials.
Energy market concepts
A further field of research within the project was the investigation of future electricity marketing
concepts. In the frame of the development of the RegModHarz architecture, the role of the energy
plant manager, the pool coordinator and the operator of the market platform were newly defined. The
latter is a new service provider and provides the transparency information for the electricity generation
in the district. The energy plant manager operates the control station which monitors and commands
the decentralised energy units (generators and loads). The pool coordinator is the electricity trader
who establishes offers and schedules for the decentralised energy units, and who is in charge of the
distribution of the generated electricity. The pool coordinator and the energy plant manager operate
jointly the VPP to which exclusively directly controllable power plants are connected. Contrary to
power plants which can only be controlled by the owner/ decentralised operator; the generation of
these plants enters into forecasts, but they are not part of the VPP.
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Different marketing strategies were simulated on the basis of the real plant operation data obtained
within the field test. Strategies for day-ahead and intra-day marketing as well as a combined strategy
for the supply of customers with a regional electricity product were implemented. In the latter strategy,
electricity from regional sources is allocated to customers of the product “Regio-Strom Harz” first and
the remaining regional electricity is sold nation-wide. Further, the direct marketing of electricity from a
biogas plants was implemented according to the market premium model on the day-ahead market,
the intra-day market and the after-day market.
An important result is the finding that matching electricity demand and supply at regional level instead
at a wider geographical scale, as it is inherent to the combined strategy for the supply of customers
with a regional electricity product, leads to non-efficient use of regional stores.
Concerning the matching of demand and supply in time, the role of forecasts could be quantified:
When wind power was sold on the day-ahead market on the basis of the day-ahead forecasts of the
wind power generation, 14% of the thus generated income needed to be used for paying for the quite
expensive positive or negative balancing energy to bridge the gap between forecasts and actual
generation. If however, the intra-day market was used for corrective actions, only 4% of the generated
income needed to be used for purchasing balancing energy. This means that a shorter time-horizon
for electricity marketing and/ or improved forecasts, can significantly safe costs.
It could further be shown that the transparency of the electricity markets needs to be increased in
order to allow new players to enter the markets. The present framework does not allow any new
business model to be attractive besides the sale of electricity according to the renewable energy act
(EEG).
For further information see: www.regmodharz.de
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3.5 Transition towards 100% RE-based electricity generation
Taking into account the findings of this assessment with regard to storage technologies, possible
alternatives to storage, the deployment of RE electricity generation in Germany, the
interdependencies of the electricity, heat, gas, and fuel sector, and the fact that building refurbishment
is a very effective, but very slow to be implemented measure, the following steps towards 100% REbased electricity generation in Germany can be drafted:
1. Convert existing biogas plants into flexibly operating plants by adding biogas and heat
stores as well as higher biogas CHP power.
2. Develop decentralised short-term storage by deployment of small battery stores in PV
systems.
3. Refurbish existing natural gas-driven CHP: add larger heat stores, increase rated power,
remove peak load gas boilers, and add electrical heaters.
4. Operate gas-driven CHP increasingly in pattern with residual electricity demand instead of
heat demand.
5. Increase biogas feed-in in gas grids.
6. Strengthen the introduction of demand side management by flexible tariffs and equivalent
measures.
7. Shut down nuclear, lignite and hard coal power plants (in this order).
8. Replace petrol and diesel-fuelled vehicles by biofuel, gas-fuelled and electric vehicles.
9. Develop the production of renewable hydrogen, thereby providing the base for SNG. Use
renewable hydrogen to replace fossil hydrogen in chemical industry; then add it to natural
gas up to the upper technical limit.
10. Feed CHP increasingly with gases from RE: biogas, hydrogen, SNG.
11. Develop synthetic methane based on renewable hydrogen for fully replacing natural gas in
the gas grid.
12. Continue energetic refurbishment of buildings and replace subsequently existing heating
systems, including CHP, by very small back-up heating systems.
The exact order of these steps is of course a subject of debate and might be slightly changed. Some
measures might also be implemented in parallel.
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4. Institutional framework
Research institutions
There are a large number of research institutions which deal, among others, with one or the other
aspect of energy storage in Germany. The following list can just provide a short overview:
DBFZ
DIW
DLR
FfE
FhG-ISE
FhG-IWES
FZJ
HBFZ
KIT
LBST
ZSW

Deutsches Biomasseforschungszentrum (German Biomass Research Centre)
Deutsches Institut für Wirtschaftsforschung e.V. (German Institute for Economic
Research)
Deutsches Zentrum für Luft- und Raumfahrt (German Aerospace Centre)
Forschungsstelle für Energiewirtschaft (Research Centre for Energy Economics)
Fraunhofer-Institut für Solare Energiesysteme (Fraunhofer Society Institute for Solar
Energy Systems)
Fraunhofer-Institut für Windenergie und Energiesystemtechnik (Fraunhofer Society
Institute for Wind Energy and Energy System Technology)
Forschungszentrum Jülich (Research Centre Jülich)
Hessisches Biogas-Forschungszentrum (Hesse Biogas Research Center)
Karlsruher Institut für Technology
Ludwig-Bölkow-Systemtechnik GmbH
Zentrum für Solar- und Wasserstoffforschung Baden-Württemberg (Centre for Solar
Energy and Hydrogen Research Baden-Württemberg)

Government institutions
Apart from the relevant ministries at federal and federal state level, the following institutions are
dealing with energy storage:
AGEE-Stat
BAFA
DENA

Arbeitsgruppe Erneuerbare Energien Statistik (Working Group Renewable Energy
Statistics)
Bundesamt für Wirtschaft und Ausfuhrkontrolle
Deutsche Energie-Agentur (German Energy Agency)

Topical platforms
AGEB
NPE
NOW

Arbeitsgemeinschaft Energiebilanzen e.V.
Nationale Plattform Elektromobilität (National Platform Electromobility)
Nationale Organisation Wasserstoff- und Brennstoffzellentechnologie
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Regulation bodies
BNetzA
FNN

Bundesnetzagentur (Federal Network Agency for Electricity, Gas, Telecommunications,
Post and Railway)
Forum Netztechnik/Netzbetrieb im VDE (Forum Grid Technology/Operation within the
VDE)

Mediation services
The Clearingstelle EEG (clearing house EEG) is a mediation service established to mediate between
diverging interpretations of the EEG.286
Financing institutions
The by far the most important financing institution for renewable energies in Germany is the
Kreditanstalt für Wiederaufbau (KfW, Reconstruction Loan Corporation), a public-law institution
owned by the Federal Government. In 2011, it has financed 36% of all investments in renewable
energies in Germany which correspond to annual savings of seven million tons of CO 2 and avoided
energy imports worth 560 million € per year. The KfW is therefore in a pole position to play also a
major role in the financing of energy storage which is closely related to renewable energies.287
Industry associations
AGFW
BDEW
BEE
BSW-solar
BWE
BWP
VDE

286
287

Der Energieeffizienzverband für Wärme, Kälte und KWK e.V. (Energy Efficiency
Association for Heat, Cold and CHP)
Bundesverband der Energie- und Wasserwirtschaft e.V. (German Association of
Energy and Water Industries)
Bundesverband Erneuerbare Energien (German Renewable Energy Federation)
Bundesverband Solarwirtschaft (Federal Association of Solar Industry)
Bundesverband Windenergie (German Wind Energy Association)
Bundesverband Wärmepumpe (Federal Association Heat Pumps)
Verband der Elektrotechnik Elektronik Informationstechnik e.V. (Association for
Electrical Engineering Electronics Information Technology)

www.clearingstelle-eeg.de
36 Prozent, in: neue energie 12/2012, p. 71
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Other non-governmental organisations
ABSI
AEE
FvB
SfV

Arbeitsgemeinschaft Bayerischer Solarinitiativen (Working Group of Bavarian Solar
Initiatives)
Agentur für Erneuerbare Energien e.V. (Renewable Energy Agency)
Fachverband Biogas e.V. (German Biogas Association)
Solarenergie-Förderverein Deutschland e.V. (Solar Energy Promotion Association
Germany)
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5. Education and training
The RE sector in Germany has increasingly been lacking qualified personnel, notably engineers and
other staff for research and development.288 This concerns also the storage technology sector which
is very closely linked to the RE sector. The extremely drastic measures of the federal government
aiming at limiting the increase of RE power generation289 have nevertheless led to redundancies in
the RE sector and even unemployment of qualified personnel.
In response to the existing and foreseeable lack of qualified personnel, many universities and other
institutions have established courses on renewable energies. Generally, these courses are not
specific to storage, but include the topic of storage in one or the other way.

288

Erneuerbaren fehlen Fachkräfte, in: neue energie 9/2012, p. 31
Several members of the federal government have repeatedly asked for a strong slow-down or even stop of the
installation of further RE plants in 2013. See for instance: http://www.pv-magazine.de/nachrichten/details/beitrag/brderlefordert-erneut-ausbaustopp_100011411/ [retrieved on 11 September 2013]
289
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6. Policy initiatives and plans
6.1 EU policy framework
German policy with regard to renewable energies and energy storage moves largely along lines
defined by the European Union (EU). For this reason, a comprehensive presentation of the EU policy
framework is essential for understanding German energy policy. A presentation of this framework is
given by the EU framework assessment document. Here, only the specific recommendations for
Germany are presented.
The EU’s institutions have formulated specific targets and recommendations for the individual
member states in addition to the overall EU targets and recommendations. The EU’s overarching 2020-20 target (20% climate gas abatement, 20% energy saving, 20% energy from RE until 2020) which
is a part of the overall Europe 2020 strategy is thus translated into specific country targets (see EU
framework assessment document). Further, specific country recommendations have been formulated
within the Europe 2020 strategy. For Germany, the relevant passage concerning energy reads:
“Germany is pursuing a major reform of the energy system. The overall economic costs of
transforming the energy system should be minimised by accelerating the national and cross-border
network expansion, continuously increasing the cost-effectiveness of climate and renewables policies,
taking decisive steps to further foster energy efficiency, and raising competition in the energy markets.
… Despite progress made in recent years, inter alia through the implementation of the Directive
2006/123/EC of the European Parliament and of the Council of 12 December 2006 on services in the
internal market ("Services Directive"), there is scope to further stimulate competition and productivity
growth in some services sectors.”290
This point is taken also in the recommendations for actions within the period 2012-2013:
“Continue efforts to keep the overall economic costs of transforming the energy system to a minimum,
including by accelerating the expansion of the national and cross-border electricity and gas
networks.”291,292
Hence, the EU’s institutions are strongly in favour of the expansion of cross-border electricity
exchange which presently contributes to limiting, and temporarily even to reducing below the former
290

Council Recommendation on the National Reform Programme 2012 of Germany and delivering a Council opinion on the
Stability Programme of Germany, 2012-2016, 6 July 2012, p.8;
http://register.consilium.Europa.eu/pdf/en/12/st11/st11255.en12.pdf [retrieved on 7 March 2013]
291
dto., p.11
292
Proposed recommendations for Germany 2012, Overview of recommendations, point (4);
http://ec.Europa.eu/Europe2020/Europe-2020-in-your-country/deutschland/index_en.htm [retrieved on 6 March 2013]
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level, the need for quickly dispatchable electricity generation, load management and storage in
Germany though the contribution of renewable electricity generation has already achieved 22% of the
gross electricity generation in 2012 (see chap. 2 and 3).
One has to note that this favour for cross-border electricity exchange is not a new and not an isolated
idea of current EU policy, but an element of the internal market policy which is one of the oldest and
strongest projects for achieving the EU’s ultimate goals: peace, democracy and respect of human
rights. As set out in TFEU art.26 (2), “the internal market shall comprise an area without internal
frontiers in which the free movement of goods, persons, services and capital is ensured in accordance
with the provisions of the Treaties.”293

6.2 Federal government
6.2.1 Die Energiewende (energy transition)
The overarching German policy on renewable energies, and thus also on energy storage, is the
“Energiewende” (energy transition), an energy concept adopted by the federal government on
28 September 2010 and up-dated after the Fukushima nuclear catastrophe on 6 June 2011.294 The
main aim of the energy concept of October 2010 is the accelerated transition towards a fully
renewable energy based economy until 2050, comprising the electricity, heat and transport energy
sectors. The main change introduced in June 2011 is that this aim should be achieved although
nuclear power will be phased out completely until 2020 after seven out of 17 nuclear reactors were
already stopped, and not put into operation again, immediately after the Fukushima nuclear
catastrophe in March 2011. Further, the nuclear power plant Krümmel which was already stopped
before the Fukushima accident will not be ramped up again.
The up-dated targets of the German energy and climate policy are:


Reduction of greenhouse gas emissions detrimental to the climate by 40% until 2020, 55%
until 2030, 70% until 2040, and 80-95% until 2050 compared to 1990.



Reduction of primary energy consumption by 20% until 2020, and by 50% until 2050.



Increase of energy productivity to 2.1% per year in terms of the final energy consumption.



Reduction of electricity consumption by 10% until 2020 and 25% until 2050 compared to
2008.

293

Consolidated version of the Treaty on European Union and Treaty on the Functioning of the European Union (2012/C
326/01), Official Journal of the European Union C 326, volume 55, 26 October 2012, English edition, ISSN 1977-091X;
http://eur-lex.Europa.eu/LexUriServ/LexUriServ.do?uri=OJ:C:2012:326:FULL:EN:PDF [retrieved on 18 March 2013]
294
BMU, Das Energiekonzept und seine beschleunigte Umsetzung, Stand: Oktober 2011;
http://www.bmu.de/themen/klima-energie/energiewende/beschluesse-und-massnahmen [retrieved on 7 March 2013]
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Reduction of heating demand in buildings by 20% until 2020, and reduction of the primary
energy demand in buildings by 80% until 2050 compared to 2008.



Increase of renewables share in the gross final energy consumption to 18% until 2020,
30% until 2030, 45% until 2040, and 60% until 2050.



Increase of the renewables share in the final electricity consumption to 35% until 2020,
50% until 2030, 65% until 2040, and 80% until 2050.

The role of storage within the “Energiewende” is described in the energy concept as follows:


Rapid expansion of renewable energies: … The generation from RES shall become more
dispatchable and system services for network and supply security shall be provided; stores
and an increasingly flexible conventional generation park shall balance the fluctuating
generation from renewables.



Intelligent electric networks and stores: For the expansion and the system integration of
renewable energies intelligent distribution grids are of major relevance. … Equally
important is the development and use of storage technologies for stabilizing the fluctuating
generation from renewable sources and for making further progress regarding their
expansion in Germany and Europe and regarding their efficient interaction. The
amendment of the Energy Industry Act (Energiewirtschaftsgesetz; EnWG) is paving the
way for intelligent networks and stores. For the integration of fluctuating renewable
energies, stores are an essential element. For this reason, new stores will be exempted
from grid usage charges.

The “Eckpunktepapier” (key issues paper) of 6 June 2011295 further announces an intensified
promotion of research and development on storage and grids (item 22).
In summary, stores are a subordinated topic on the agenda of the “Energiewende” and are mentioned
jointly with grid extension as a measure for dealing with the intermittency of renewable electricity
generation. Other alternative measures for contributing to the latter such as demand side
management or virtual power plants (VPP) consisting only or mainly of renewable generation facilities
are not mentioned in the key papers of the German government on the “Energiewende”.

6.2.2 Accelerated restructuring of the electricity grid
In line with the EU policy which gives priority to electricity grid reinforcements (see EU framework
assessment document), notably cross-border connections that strengthen the EU’s internal electricity
market, further in line with the EU’s recommendation towards Germany to minimise the overall
295

http://www.bmu.de/uebrige-seiten/der-weg-zur-energie-der-zukunft-sicher-bezahlbar-und-umweltfreundlich [retrieved on
7 March 2013]
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economic costs of transforming the energy system by accelerating the national and cross-border
network expansion, and in line with the tenor of its own main documents concerning the
“Energiewende”, the German government has put a strong accent on the restructuring of the
electricity grid. The “Gesetz zum Ausbau von Energieleitungen (Energieleitungsausbaugesetz –
EnLAG)” (Power Grid Expansion Act)296 was already released before the Fukushima nuclear
catastrophe.
Within
the
frame
of
the
„Energiewende“,
a
further
law,
„Netzausbaubeschleunigungsgesetz Übertragungsnetz (NABEG)“ (Power Transmission Grid
Expansion Acceleration Act)297 was adopted.
In EnLAG §1, the integration of electricity from renewable sources, the interoperability of power grids
within the EU, the connection of new power plants, and the removal of structural rigidities are
mentioned equally as purposes of the law. This puts a light on the German government’s position:


The interoperability of power grids within the EU is seen as an objective in itself.



Despite the “Energiewende”, new (fossil) power plants are considered to be necessary.



Structural rigidities are considered as an urgent problem to solve.

The NABEG stipulates that the administrative procedures required for the authorisation of power grid
construction measures which concern more than one “Land” or the connection of off-shore wind parks
or cross-border connections shall be coordinated by the “Bundesnetzagentur” (Federal Power Grid
Agency). This is to increase the efficiency of, and to accelerate authorisation procedures without
giving up environmental evaluations and citizens’ involvement in planning procedures, thereby
implementing item 7 of the government’s ten-point-immediate-action programme formulated already
before the Fukushima accident which reads:298
7. National power grid expansion planning: The Federal Government will set up appropriate
provisions for a coherent and federal-level power grid expansion to transpose the third package for
electricity and gas markets299. In future, a ten years power grid expansion plan, agreed among all grid
operators, will provide a basis for the power grid planning.

296

Gesetz zum Ausbau von Energieleitungen (Energieleitungsausbaugesetz – EnLAG) of 21 August 2009 (BGBl. I S. 2870),
last amended by art.5 of the law of 7 March 2011 (BGBl. I S. 338);
http://www.gesetze-im-internet.de/bundesrecht/enlag/gesamt.pdf [retrieved on 8 March 2013]
297
Netzausbaubeschleunigungsgesetz Übertragungsnetz (NABEG) of 28 July 2011 (BGBl. I S. 1690), entered into force on
5 August 2011, last amended by art.4 of the law of 20 December 2012 (BGBl. I S. 2730)
http://www.gesetze-im-internet.de/bundesrecht/nabeg/gesamt.pdf [retrieved on 8 March 2013]
298
BMU, 10-Punkte-Sofortprogramm Monitoring und Zwischenbericht der Bundesregierung, version of 28 September 2010;
http://www.bmu.de/fileadmin/bmu-import/files/pdfs/allgemein/application/pdf/10-punkte-sofortprogramm_bf.pdf [retrieved on
8 March 2013]
299
http://ec.Europa.eu/energy/gas_electricity/legislation/third_legislative_package_en.htm [retrieved on 8 March 2013]
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In the frame of a series of amendments of several laws, the legal basis for the development of
national power grid plans has been established. The main rules are now laid down in EnWG §12
(duties of transmission grid operators).300

6.2.3 PV-battery storage programme
A specific financial support and promotion programme has started on 1 May 2013. The government’s
objective is to create a first niche market for small battery stores integrated in PV systems in order to
stimulate industrial production and price reductions of batteries. The financial support is provided in
form of a repayment bonus to a loan given by the Kreditanstalt für Wiederaufbau (KfW,
Reconstruction Loan Corporation) via the loan receivers’ main banks. Support is given for stationary
batteries in PV plants with a peak power of up to 30 kWp which have been installed after
31 December 2012. A condition is that the battery allows limiting the peak power of the PV plant to
60% of the nominal power during the whole life-time of the PV plant, and further that an open
interface is installed which allows the grid operator to configure the inverters remotely. The financial
support is up to 600 € per kWp of PV nominal power (generator) for new and 660 € per kWp for
existing PV plants.301

6.3 States (“Länder”)
The 16 German states (“Länder”) have set up development plans for renewable energies targeting at
a total electricity generation capacity of 90 GW.302
The Bavarian Cabinet has decided that a part of the about 2,400 existing biogas plants in Bavaria
should be equipped with the necessary components allowing for flexible operation in pattern with the
demand from summer 2013 on.303
The Land Baden-Württemberg has set up a follow-up research programme on energy storage
amounting to 3 million €. Proposals could be submitted until 15 February 2013.304

300

See 306
Informationen zur Förderung von Solarstrom-Speichern, Informationspapier des BSW-Solar, Stand 15.5.2013;
http://www.solarwirtschaft.de/solarspeicher.html [retrieved on 30 July 2013]
302
Vom Versuch die Erneuerbaren umzulegen, in: neue energie, p. 18
303
Energiewende mit angezogener Handbremse, press release of Fachverband Biogas of 6 December 2012,
http://biogas.org/edcom/webfvb.nsf/id/DE_PM-30-12/$file/12-12-05_PM_Bayernplan_end.pdf [retrieved on 11 February
2013]
304
Baden-Württemberg fördert Speicherforschung, in: Solarthemen 392 of 31 January 2013, p. 6
301
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7. Legislation
7.1 German federal laws
Within Germany, laws exist at federal and at state (“Länder”) level. According to the Grundgesetz
(GG; Basic Law, that is the constitution) art.31, federal law takes precedence over state law305, i.e. the
former applies in case of conflict with the latter. German federal laws which are relevant in the context
of this study are in particular:


Energiewirtschaftsgesetz (EnWG; Energy Industry Act)306



Erneuerbare-Energien-Gesetz (EEG; Renewable Energy Act)307



Kraft-Wärme-Kopplungs-Gesetz (KWKG; Cogeneration Act) 308



Erneuerbare-Wärme-Gesetz (EEWärmeG; Renewable Heat Act)309

7.2 German federal ordinances
German ordinances which specify different aspects covered more generally by a law and which are
relevant in the context of electricity storage are among others:


Stromnetzzugangsverordnung (StromNZV; Electricity Grid Access Ordinance)310



Stromnetzentgeltverordnung (StromNEV; Electricity Grid User Charge Ordinance)311

305

Grundgesetz (GG) §31: Bundesrecht bricht Landesrecht (federal law takes precedence over state law)
online citation: http://www.gesetze-im-internet.de/gg/art_31.html [retrieved on 4 March 2013]
306
th
11. Gesetz über die Elektrizitäts- und Gasversorgung (Energiewirtschaftsgesetz – EnWG) (11 Law about the Electricity
and Gas Supply) of 7 July 2005, BGBl. I 2005, S. 1970, 3621, last amended by art.2 of the law of 16 January 2012, BGBl. I
2012, S. 74;
online version: http://www.gesetze-im-internet.de/bundesrecht/enwg_2005/gesamt.pdf [found on 4 March 2013];
in this study reference is always made to the printed version published in: M. Maslaton, EER – Erneuerbare-Energien-Recht,
ISBN 978-3-941780-05-7
307
th
5. Gesetz für den Vorrang Erneuerbarer Energien (Erneuerbare-Energien-Gesetz – EEG 2012) (5 Law on the Priority of
Renewable Energies) of 17 August 2012, valid retroactively since 1 April 2012;
online version: http://www.bgbl.de/Xaver/start.xav?startbk=Bundesanzeiger_BGBl [found on 4 March 2013];
in this study reference is always made to the printed version published in: M. Maslaton, EER – Erneuerbare-Energien-Recht,
ISBN 978-3-941780-05-7
308
17.Gesetz für die Erhaltung, die Modernisierung und den Ausbau der Kraft-Wärme-Kopplung (Kraft-WärmeKopplungsgesetz – KWKG 2012) (17th Law for the Maintenance, Modernisation and Expansion of Combined Heat-andPower Generation) of 12 July 2012, BGBl. I 2012, S. 1494;
online version: http://www.bgbl.de/Xaver/start.xav?startbk=Bundesanzeiger_BGBl [found on 4 March 2013];
in this study reference is always made to the printed version published in: M. Maslaton, EER – Erneuerbare-Energien-Recht,
ISBN 978-3-941780-05-7
309
Gesetz zur Förderung Erneuerbarer Energien im Wärmebereich (Erneuerbare-Energien-Wärmegesetz – EEWärmeG) of
7 August 2008 (BGBl. I S. 1658), valid since 1 January 2009, last amended by art.2 (68) of the law of 22 December 2011
(BGBl. I s. 3044); http://www.gesetze-im-internet.de/bundesrecht/eew_rmeg/gesamt.pdf [retrieved on 4 March 2013]
310
12. Verordnung über den Zugang zu Elektrizitätsversorgungsnetzen (Stromnetzzugangsverordnung – StromNZV) of 25.
Juli 2005 (BGBl. I S. 2243), last amended by art.3 of the ordinance of 30 April 2012 (BGBl, I S. 1002);
online version: http://www.gesetze-im-internet.de/stromnzv/index.html [found on 4 March 2013];
in this study reference is always made to the printed version published in: M. Maslaton, EER – Erneuerbare-Energien-Recht,
ISBN 978-3-941780-05-7
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Gasnetzzugangsverordnung (GasNZV; Gas Grid Access Ordinance)312



Gasnetzentgeltverordnung (GasNEV; Gas Grid User Charge Ordinance)313



Herkunftsnachweisverordnung (HkNV; Guarantee of Origin Ordinance)314

7.3 State laws in Baden-Württemberg and Bavaria
For this study, the southern German states Baden-Württemberg and Bavaria are relevant because
they partly belong to the Alpine Space.315 Laws adopted by these two states are not directly relevant
in the context of this study, but pertain to other aspects of renewable energy deployment than storage
or to renewable energies in general. An example of such laws is the Erneuerbare-Wärme-Gesetz
Baden-Württemberg (EWärmeG; Renewable Heat Act Baden-Württemberg)316. However, it is only
relevant with regard to heat storage in buildings

311

13. Verordnung über die Entgelte für den Zugang zu Elektrizitätsversorgungsnetzen (Stromnetzentgeltverordnung –
StromNEV) of 25. July 2005 (BGBl. I S. 2225), last amended by art.4 of the law of 28 July 2011 (BGBl. I S. 1690);
online version: http://www.gesetze-im-internet.de/stromnev/index.html [found on 4 March 2013];
in this study reference is always made to the printed version published in: M. Maslaton, EER – Erneuerbare-Energien-Recht,
ISBN 978-3-941780-05-7
312
14. Verordnung über den Zugang zu Gasversorgungsnetzen (Gasnetzzugangsverordnung – GasNZV) of 3 September
2010 (BGBl. I S. 1261), last amended by art.4 of the ordinance of 30 April 2012 (BGBl. I S. 1002);
online version: http://www.gesetze-im-internet.de/gasnzv_2010/index.html [found on 4 March 2013];
in this study reference is always made to the printed version published in: M. Maslaton, EER – Erneuerbare-Energien-Recht,
ISBN 978-3-941780-05-7
313
15. Verordnung über die Entgelte für den Zugang zu Gasversorgungsnetzen (Gasnetzentgeltverordnung – GasNEV) of
25 July 2005 (BGBl. I S. 2197), last amended by art.5 of the ordinance of 3 September 2010 (BGBl. I S. 1261);
online version: http://www.gesetze-im-internet.de/gasnev/index.html [found on 4 March 2013];
in this study reference is always made to the printed version published in: M. Maslaton, EER – Erneuerbare-Energien-Recht,
ISBN 978-3-941780-05-7
314
10. Verordnung über Herkunftsnachweise für Strom aus erneuerbaren Energien (Herkunftsnachweisverordnung – HkNV)
of 28 November 2011 (BGBl. I S. 2447), last amended by art.4 of the law of 17 August 2012 (BGBl. I S. 1763);
online version: http://www.gesetze-im-internet.de/hknv/index.html [found on 4 March 2013]
in this study reference is always made to the printed version published in: M. Maslaton, EER – Erneuerbare-Energien-Recht,
ISBN 978-3-941780-05-7
315
The administrative regions Freiburg and Tübingen in Baden-Württemberg, and the administrative regions Schwaben and
Oberbayern in Bavaria are part of the Alpine Space cooperation area, see: http://www.alpine-space.eu/about-theprogramme/cooperation-area [retrieved on 4 March 2013]
316
Gesetz zur Nutzung erneuerbarer Wärmeenergie in Baden-Württemberg (Erneuerbare-Wärme-Gesetz – EWärmeG) of
20 November 2007, valid since 1 January 2008;
http://www.landesrecht-bw.de/jportal/?quelle=jlink&query=ErnW%C3%A4rmeG+BW&psml=bsbawueprod.psml&max=true
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7.4 Legal framework at district and community level
According to GG art.28, communities and districts are public bodies within the federal structure of
Germany with the rights of self-governance as far as issues are concerned that are only related to
their own area.317 However, districts and communities cannot adopt laws. Instead, they can formulate
a local or regional policy, including energy issues, and can act in a number of ways such as:


own investments in renewable energy and storage installations



provision of subsidies for renewable energy and storage installations



definition of minimum requirements for energy performance of buildings in settlements

7.5 Technical specifications
The EnWG stipulates that energy facilities have to be installed and operated in pattern with codes of
practice in order to ensure technical safety. Compliance with codes of practice shall be presumed if
the technical specifications of the Verband der Elekrotechnik Elektronik Informationstechnik e.V. VDE;
Association of Electrical Engineering Electronics Information Technology) 318 are observed if facilities
for the generation, transport and supply of electricity are concerned, and the technical specifications
of the Deutsche Vereinigung des Gas- und Wasserfachs e.V. (DVGW; German Association for Gas
and Water)319 if gas facilities are concerned.320
Partly, codes of practice are also developed by other organisations, e.g. by the Bundesverband der
Energie- und Wasserwirtschaft e.V. (BDEW; German Association of Energy and Water Industries).
Their relevance and legal binding force originates from their acceptance by the VDE or DVGW.
With regard to electricity storage, the relevant working group within the VDE, the Forum
Netztechnik/Netzbetrieb im VDE (FNN; Forum Grid Technology/Operation within the VDE) is about to
define requirements for stores connected to the low or medium voltage grid with the aim to provide
guidance for the integration of stores in electricity grids. These requirements are planned to be
included in the following four existing codes of practice:321

317

GG Art.28 (1): “… In den Ländern, Kreisen und Gemeinden muss das Volk eine Vertretung haben, die aus allgemeinen,
unmittelbaren, freien, gleichen und geheimen Wahlen hervorgegangen ist ... “ and (2): „Den Gemeinden muss das Recht
gewährleistet sein, alle Angelegenheiten der örtlichen Gemeinschaft im Rahmen der Gesetze in eigener Verantwortung zu
regeln. …“
online citation: http://www.gesetze-im-internet.de/gg/art_28.html
318
www.vde.com
319
www.dvgw.de
320
See 306, §49 (1),(2)
321
http://www.vde.com/de/fnn/arbeitsgebiete/seiten/speichertechnologien.aspx [retrieved on 5 March 2013]
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VDE-AR-N 4105 (Niederspannungsrichtlinie; Low Voltage Code of Practice) 322



BDEW-Richtlinie "Erzeugungsanlagen am Mittelspannungsnetz"
(Mittelspannungsrichtlinie; Medium Voltage Code of Practice)323



TAB 2007 (Technische Anschlussbedingungen für den Anschluss an das
Niederspannungsnetz; Code of Practice for the Connection to the Low Voltage Grid)324



TAB Mittelspannung (Technische Anschlussbedingungen für den Anschluss an das
Mittelspannungsnetz; Code of Practice for the Connection to the Medium Voltage Grid)325

322

VDE-AR-N 4105:2011-08 Power generation systems connected to the low-voltage distribution network - Technical
minimum requirements for the connection to and parallel operation with low-voltage distribution networks, August 2011,
applicable for PV systems since 1 January 2012 and since 1 July 2012 for all other generators in the low voltage distribution
network; short description provided on: http://www.vde.com/en/fnn/pages/n4105.aspx [retrieved on 5 March 2013]
323
BDEW Bundesverband der Energie- und Wasserwirtschaft e.V., Technische Richtlinie Erzeugungsanlagen am
Mittelspannungsnetz, Ausgabe Juni 2008;
http://www.bdew.de/internet.nsf/id/A2A0475F2FAE8F44C12578300047C92F/$file/BDEW_RL_EA-am-MSNetz_Juni_2008_end.pdf [retrieved on 5 March 2013]
324
BDEW Bundesverband der Energie- und Wasserwirtschaft e.V.,Technische Anschlussbedingungen TAB 2007 für den
Anschluss an das Niederspannungsnetz, Stand Juli 2007, Ausgabe 2011
http://www.vde.com/de/fnn/dokumente/documents/tab_2007_ausgabe%202011.pdf [retrieved on 5 March 2013]
325
BDEW Bundesverband der Energie- und Wasserwirtschaft e.V.,Technische Anschlussbedingungen für den Anschluss an
das Mittelspannungsnetz TAB Mittelspannung 2008;
http://www.vde.com/de/fnn/dokumente/documents/tab_mittelspannung_bdew2008-05-29.pdf [retrieved on 5 March 2013]
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8. Market
At present, the market for storage systems in Germany is generally hampered by the fact that the
transition to a fully RE-based electricity supply system has entered a phase where the residual
electricity demand, i.e. the supply to be provided by conventional power stations with non-zero
marginal costs, shows a fairly constant profile and differences between the maximum and minimum
price at the European Electricity Exchange (EEX) are lower than ever before (often the difference
between the highest and the lowest price within one day is less than 2 ct/kWh326). For this reason, the
investment in new storage facilities, and even sometimes the continued operation of existing ones, is
not profitable.
This situation is presently stabilized by cross-border electricity exchange between Germany and its
neighbouring countries which leads to a general reduction of electricity spot market prices and a
reduction of arbitrage. However, it is the most expressed intention of the European Institutions that
this cross-border exchange will even be strengthened (see chap. 6).
An exception from this general situation is the emerging market for battery stores in PV systems
which help increasing the self-consumption of electricity from PV plants operated by house owners.
This market is driven by the fact that electricity from small PV plants costs less than 15 ct/kWh (lifecycle costs including a small return on investment, costs for battery excluded), while household
electricity tariffs are about 29 ct/kWh. I.E. it is profitable to cover the own electricity consumption by
PV electricity as long as the investment of the battery does not lead to overall electricity generation
costs above 29 ct/kWh. At present this can only be achieved with very small batteries or with the
subsidy provided by the Battery Support Programme.
Further, a small market exists for balancing power which allows operating some storage facilities
profitably. For instance, biogas plants which have been refurbished with biogas stores, heat stores
and additional CHP power, thus being able to run intermittently, can generate balancing power on the
electricity market.
See chap. 2 and 3, in particular 3.3.2 for more details.

326

Geregelte Gewinne, in: neue energie 9/2012, p. 97
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9. R&D
According to the Bundesministerium für Bildung und Forschung (BMBF; Federal Ministry of Education
and Research), cumulated expenditures on energy storage amount to 65 mio € annually (about 8% of
total expenditures for research on energy) and about 400 persons are working in the field of research
on energy storage (about 8% of persons working in the field of energy research).327
Figure 41 shows the distribution of research budget on the states (Länder). The percentage values
sum up to 7.6%. They indicate the part of the energy storage research budget in the respective state
on the overall energy research budget. Considered are expenditures of institutes of the Fraunhofer
Society328, the Helmholtz Association329, the Leibnitz Association330, the Max-Planck Society331 as well
as universities and polytechnical schools.
The figures reflect the expenditures in 2010 (research organisations) and 2011 (universities and
polytechnical schools). Figure 41 shows that almost one half of the energy storage research is done
in the state of Baden-Württemberg – already before the change of the state government in 2011
which led to the first green party-led state government in Germany and a strong shift towards a
stronger promotion of renewable energies. A further fifth of the energy storage research happens in
the state of North-Rhine Westphalia which has a long tradition of research on energy and a longlasting orientation towards renewables. The figures for the research on energy storage are roughly
representative for the distribution of budgets and personnel for renewable energy research in
general.332

327

BMBF, http://www.bmbf.de/de/19011.php [retrieved on 8 April 2013]
Fraunhofer Gesellschaft, http://www.fraunhofer.de/en.html [retrieved on 8 April 2013]
329
Helmholtz Gesellschaft, http://www.helmholtz.de/en [retrieved on 8 April]
330
Leibniz Gemeinschaft, http://www.leibniz-gemeinschaft.de/en/home [retrieved on 8 April 2013]
331
Max-Planck Gesellschaft, http://www.mpg.de/en [retrieved on 8 April 2013]
332
BMBF, select “alle” or all topics related to renewables on: http://www.bmbf.de/de/19011.php [retrieved on 8 April 2013]
328
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Figure 41: Distribution of budget for research on energy storage and distribution
Source: http://www.bmbf.de/de/19011.php [retrieved on 8 April 2013]
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10.

Conclusions: Short-term non-regret options for Alpine
players

Measures implemented in AlpStore should ideally have the largest possible leverage effect within the
years 2013-2015. On the basis of the assessment presented in this document, the following
preliminary recommendations can be formulated for regional players in the Alpine space. They are
valid for Germany, but can provide a good base for similar recommendations for the other Alpine
countries. The options are called short-term non-regret options here, because they can be
implemented in the short term without running into the risk to make a big mistake if the development
of RE electricity generation, storage technology and market development, and the development of the
political and legal framework will take another route than estimated today.
Investors


Continue installing renewable electricity generation facilities of all kinds and don’t wait for
better storage systems. In most cases the electric grid is able to accommodate an even
much larger share of RE electricity than it does at present or it might do so after minor
extension or reinforcement.



If you plan to install larger RE electricity generation facilities such as a large wind park,
investigate the option of a connection to the medium-voltage distribution grid or even to the
high-voltage transmission grid via a separate generation grid installed in parallel to the
existing distribution grid.



If you are located in Germany, make use of the federal support programme for battery
systems connected to PV plants for limiting the maximum power injection of PV plants to
60% of the nominal PV generator power.



If you are not located in Germany, equipping PV systems with battery stores might be an
interesting option if this increases the self-consumption rate of the generated PV electricity
and avoids electricity purchase from a power supplier. This might notably be the case for
small commercial users with a pronounced demand peak during daytime.



Complement large new biogas plants with up-grading facilities wherever it is possible to
inject bio-methane into a nearby gas line.



If you combine a biogas plant with strong intermittent RE electricity generation facilities
such as a large wind park, investigate the option of converting a part of the generated
electricity to SNG. This can be done in a P2G unit that converts the carbon-dioxide fraction
of the biogas into bio-methane, thus replacing the gas washing unit that is usually installed
for up-grading biogas to bio-methane.
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Complement existing biogas plants with further CHP and extended biogas storage tanks,
operate the plants in a flexible mode, and sell the electricity via an accredited seller on the
spot and balancing energy market instead of making use of the guaranteed remuneration.



Try to negotiate a financial compensation from the local distribution grid operator if your
investments avoid him extending or reinforcing the electric grid.



Try to sell your RE electricity to a green power supplier who might be interested in buying
RE electricity in pattern with a fixed time-plan which you might guarantee thanks to your
storage facilities.

Regional energy utilities


Invest yourself in RE electricity generation, including PV plants on rented roofs of citizens,
companies and public buildings. This will allow you “keeping a hand on things” even if the
electricity generation becomes much more decentralised than today. Owning generation
plants will allow you more easily monitoring dispersed generation, optimising grid
extension, storage, generation measurement, etc., and better designing suitable variable
tariffs, e.g. for stimulating demand side management.



Optimise the installation of new generation facilities in pattern with the grid extension.



Invest in pilot storage facilities to manage local grid bottlenecks and to gain experience
with different storage technologies.



Bundle electricity generation and demand side management and operate on the electricity
markets.

Local and regional authorities


Go ahead and invest in renewable energies and energy saving in own buildings and
facilities.



Provide guidance to the regional development by establishing jointly with interested
citizens and relevant regional players an integrated regional energy development plan
based on a thorough assessment of local/ regional renewable energy generation, energy
saving, demand side management and storage options.



Ideally, let calculate a research institute which variants of the regional energy development
plan have which costs and benefits by using a detailed regional model of energy supply
and demand.



Employ an energy change manager for managing the transition to a mainly RE-based
energy supply and for consultation of citizens and companies.



Motivate citizens and companies to invest in the energetic refurbishment of buildings and
the use of renewable energies for hot water preparation, heating, and cooling.
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Set up local/ regional support programmes for storage technology, e.g. for battery stores in
PV plants.
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APPENDIX and supplementary material
Index
a. Review of existing sources and literature
b. Key contacts and resources
c. Other material

a. Review of existing sources and literature
Proceedings of conferences
Proceedings of IRES 2012

Legislative documents
European Directives
http://eur-lex.europa.eu/en/index.htm
(Online access to European Union Law)
German federal laws and ordinances
M. Maslaton, EER – Erneuerbare-Energien-Recht, Gesetzessammlung, Verlag für alternatives
Energierecht, Leipzig 2012, ISBN978-3-941780-05-7
http://www.bgbl.de/Xaver/start.xav?startbk=Bundesanzeiger_BGBl


Bundesgesetzblatt – BGBl



online version of official journal publishing federal laws and ordinances

http://www.gesetze-im-internet.de


common service of Ministry for Justice and Juris GmbH providing online access to federal
laws and ordinances

http://www.eeg-aktuell.de


website of Bundesverband Windenergie (BWE; German Wind Energy Association)



dedicated specifically to the Erneuerbare-Energien-Gesetz (EEG; Renewable Energy Act)
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presents aspects of the implementation and the discussion about forthcoming
modifications of the EEG; not fully up-to-date with regard to legislative documents)

http://www.bmu.de/themen/klima-energie/energiewende/eeg-reform


part of the special section “Energiewende” (energy transition) of the internet platform of the
Bundesministerium für Umwelt, Naturschutz und Reaktorsicherheit (BMU; Federal Ministry
for the Environment, Nature Conservation, and Nuclear Safety)

Other websites
http://www.kombikraftwerk.de/start.html
Further: see footnotes in the text

b. Key contacts and resources
See chap. 4

c. Other material
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