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Abstract 

As a consequence of the Fukushima power plant accident, Germany has decided to phase out 
nuclear energy generation within the next ten years. This will further accelerate the change-over from 
a fossil/nuclear energy economy to one based on renewable energy sources. The fluctuating 
availability of the predominant energy sources of wind and solar results in two key consequences and 
ultimately a high future demand for storage caverns. On the one hand it is anticipated that the shift 
away from nuclear energy will trigger a significant demand for new flexible gas fuelled power stations 
to provide short-term compensation of any lack of wind and solar energy. This will in turn trigger 
additional demand for extremely flexible gas storage capacities. On the other hand, the increase in 
direct generation of electrical power will also raise the need for capacities for electrical energy storage 
to allow for both short and long term equalization of power generation and load.  

This short-term electrical energy reserve sector - in terms of minutes and hours - is the domain of 
pumped-hydro and (future) compressed air energy storages because of their high inherent efficiency. 
Whereas the further construction of pumped-hydro storage systems is extremely limited for 
environmental reasons, there is sufficient geological potential for compressed air energy storage 
caverns, especially in the windy areas of northwest Germany and the Netherlands. 

If larger energy quantities are to be exploited, i.e. as arise after long periods with excess wind power - 
which can no longer be used within the grid - hydrogen storage facilities can step into the breach. The 
reason being that the volumetric energy storage density of hydrogen storages is higher by 
approximately two orders of magnitude. Moreover, salt caverns are almost ideally suited for the 
storage of hydrogen, as has been proven in several projects in England and the Southern USA. 

Reflecting the low power-to-power efficiency of the hydrogen chain, maximum 40%, from wind turbine 
to generator in a combined cycle gas power station, alternative uses of wind hydrogen are currently 
under discussion and being investigated at demonstration and pilot plant scales. Current applications 
under consideration include the injection of hydrogen into the gas network at a level of initially 5 –
10 %; the substitution of hydrogen produced to date from natural gas using reformers for the chemical 
and petrochemical industries, and use as an energy source for a future fleet of fuel-cell powered 
vehicles. 

All of the above applications have in common that demand is relatively constant throughout the year, 
whereas the generation of excess wind or solar power is extremely variable along various time scales. 
Gas storage caverns represent the principal choice in equalizing the above for safety and cost 
reasons, and have proven their outstanding capabilities in the gas economy for many decades. 

Key words: Renewable energy, compressed air energy storage, CAES, hydrogen storage 
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1 Introduction  

The energy supply system in all industrial countries depends amongst other things on the availability 
of adequate energy storage capacity to balance out the largely demand-independent availability of 
primary energy sources such as natural gas, and the actual real-time demand which fluctuates at a 
range of scales (daily, weekly, seasonally). This applies to the traditional fossil fuels and nuclear as 
well as the primary renewable energy sources wind and solar power to be used more in future.  

Countries such as Germany and France have made enormous investments in the last 30 years in the 
installation of natural gas storages in deep underground formations – other countries such as the 
United Kingdom are currently catching up. Despite the enormous investment in renewables, Germany 
for instance still only has electrical energy storage capacities corresponding to less than 1 hours 
supply. This is in marked contrast to the situation with natural gas and crude oil where the storages 
can supply demand for several weeks. This comparison dramatically illustrates the enormous future 
storage demand for electrical energy as the energy supply mix moves from fossil/nuclear to an 
electricity-based energy sector. 

Storage capacities in the forecast orders of magnitude can only be satisfied by surface pumped-hydro 
storages and underground gas storages. This paper describes and compares the options for the 
industrial scale storage of electrical energy, especially in deep underground geological formations, in 
the form of compressed air and hydrogen and looks at the layout, performance data, the state-of-the-
art technology and the costs. 

The German industry has recognized this trend. E.g. IVG Caverns as one of the largest independent 
providers of gas storage capacity in salt caverns in Europe, and Germany’s only independent 
provider, is now taking a serious look at this issue – as are other companies in the German storage 
industry – to be well prepared to respond to the developments that are now appearing in the storage 
market. Fig. 1 shows the IVG Caverns storage site in Etzel, Germany, in spring 2011 

Figure 1: IVG Caverns gas storage site in spring 2011 
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IVG Caverns became the owner in 2005 of the 33 “original caverns” of the former German strategic oil 
reserve, of which 9 crude oil caverns had already been converted to natural gas caverns in the 1990s. 
There are now 29 gas caverns with a maximum storage volume of around 1.8 billion cubic meters of 
working gas. These caverns are leased to various operating consortiums. Another 78 caverns with a 
maximum working storage volume of approx. 5 billion cubic meters are now either in the active 
planning or the construction stage. When the expansion phase has been finalized, the Etzel site will 
have a cavern field with 144 caverns. 25 caverns are currently being solution mined. IVG Caverns is 
investing Euro 1.7 billion over the next 15 years in this current expansion phase. 

Despite the boom in the construction of natural gas storage capacity, IVG Caverns is already looking 
in great detail at the future demands for energy storages expected as part of the planned transition to 
renewables – primarily wind and solar energy. IVG Caverns is of the opinion that the region can profit 
from the environmental conversion of energy production because the caverns in Etzel will play a key 
role in this transition.  

2 Storage of renewable energy 

2.1 Transition from fossil/nuclear to an energy industry based on renewables 

The transition to a sustainable energy industry primarily depending on wind power and photovoltaic 
will significantly expand the demand for storage capacities for electrical energy. This is based on two 
arguments:  

� The availability of wind and solar power does not correlate with temporal demand for energy or the 
load in the power grid; instead, power generation fluctuates at a range of time scales (daily, 
weekly, seasonally). 

� The present storage capacities for electrical energy are extremely small – corresponding to less 
than 1 hours supply in Germany. The capacity for natural gas and crude oil is over several weeks 
in Germany by comparison. 

In previous discussions, the subject of storage has often been reduced to mere balancing out under 
ideal conditions. Special cases such as supply shortages, and periods of unusual climatic conditions, 
are not taken into consideration even though they are an important aspect for calculating the 
necessary capacities for the storage of fossil fuels.  

2.2 Storage at various scales 

The current discussion amongst experts is characterized by highly contradictory interpretations of the 
future demand for energy storages. The spectrum ranges from the recent study by the German 
Transmission Grid Operators1, which only consider there to be a minor demand for additional storage 
power plants from an economic point of view assuming that fossil and nuclear power plants will 
continue to be available for a long time in future. At the other end of the scale, the report by Heide et 
al. from Aarhus University2, forecasts a huge demand for storage based on a future scenario of 100 % 
energy supplies from renewables in Europe.

The following chapters describe the typical premises and the resulting storage capacities. 

2.2.1 Balancing out short-term fluctuations (control energy) 

If one assumes that fossil power plants – including the construction of gas power plants – will continue 
to be available to a large extent in future, temporary shortages in wind and PV output can be largely 
compensated for by the conventional power plants. In this scenario, the storage demand over short 
periods is primarily required:  

� for supplying control energy (minute to hour reserves) to compensate in both directions for short-
term errors in wind forecasts, 

                                                     

1  Peter Radgen et.al.: The Economics of Compressed Air Energy Storage under Various Framework Conditions; 
PowerGen Europe 2010, Amsterdam 

2  Heide D, et al.: Reduced Storage and Balancing Needs in a Fully Renewable European Power System with 
Excess Wind and Solar Power Generation, Renewable Energy (2011), doi:10.1016/j.renene.2011.02.009 
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� to protect conventional less-flexible power plants from rapid changes in load which give rise to 
higher maintenance costs, and to allow the conventional power plants to be operated at their 
maximum efficiency levels as far as possible. 

The following are the three main options for storing electrical energy for short periods of time on a grid 
scale, and are characterized by their high degree of flexibility:   

� Pumped-hydro power plants 

� Compressed air energy storage power plants 

� Demand side management3

2.2.2 Long-term balancing out by converting large amounts of excess wind power  
into hydrogen 

The numerous wind-rich regions such as north Germany, and the west coasts of England and 
Scotland, will produce a large excess of wind power in future as a result of the planned expansion of 
offshore wind farms in the medium term. Even today, bottlenecks in the transmission grids result in 
wind turbines being shut off frequently, and therefore the payment of high compensation claims to 
wind farm operators. Even if the grid is adequately expanded, the medium-term forecast is for there to 
be longer periods of major excess wind power which cannot be fed into the transmission grid during 
periods of strong winds and low grid loads. The state of Schleswig-Holstein for instance is expecting 
to produce excess wind power totaling 4,000 GWh corresponding to 20 % of the offshore power 
generated by Schleswig-Holstein4.. 

Such large volumes of electricity can no longer be stored using the techniques described above. This 
is because of their low volumetric energy density in terms of kWh/m³geom which is the weakness of 
physical storages. Only chemical storage media such as hydrogen, which have energy storage 
densities up to three orders of magnitude larger, can tackle this problem. In this scenario, hydrogen is 
produced by passing the electrical energy produced by a wind turbine into a pressure electrolyzer to 
split water into oxygen and hydrogen. The hydrogen is further compressed and fed into a storage 
cavern where it can be used to balance out differences in supply and demand.  

Four options for using wind-hydrogen are described in the following and are currently the subject of 
intense debate in Germany, as well as being looked at in R&D projects, cf. also Fig. 2.1:  

(I)  FEEDING THE HYDROGEN INTO EXISTING NATURAL GRID CONSISTING OF PIPELINES AND 
STORAGES 

Natural gas pipelines transport large volumes of gas and therefore have a large capacity; it therefore 
makes sense to replace fossil with green energy, i.e. natural gas with hydrogen. Studies have shown 
that mixing in 5 to 10 % wind-hydrogen would be completely unproblematic. An example is the 
DEUNA pipeline which links Denmark with Germany: the nominal capacity is 430,000 m³/h (Vst) or 
4,000 MW, so feeding in only 5 % hydrogen corresponds to a continuous (!) gross power of around 
100 MW or an amount of energy of 876 GWh per year. This highlights the enormous potential of using 
the existing natural gas infrastructure to accommodate excess wind-hydrogen.  

The German gas industry represented by DVGW (German Technical & Scientific Association for Gas 
and Water) is already lobbying intensively for utilization of the existing gas infrastructure for the future 
integration of fluctuating wind energy by feeding in green hydrogen into the natural gas grid. They 
justify this with the argument that the transport as well as the storage capacity of the today’s gas grid 
is much larger than that of the power grid. 

                                                     

3 The temporary switching on and off of larger power consumers by the grid operator to balance out grid 
fluctuations

4  Ludwig-Bölkow-Systemtechnik GmbH, München, for Wasserstoff-Gesellschaft Hamburg, the City of Hamburg,
and Schleswig-Holstein: Wind hydrogen: A module for the future supply of power in north Germany.  
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Figure 2.1: Options for hydrogen end uses 

But even the use of the existing gas infrastructure for this purpose is only possible by creating 
additional storage capacity because the feeding in of hydrogen into the gas grid must take place 
continuously due to rigid specifications for the composition of natural gas, but the electrolysis to 
produce hydrogen fluctuates depending on the amount of wind. 

(II)  MATERIAL USE AS GREEN HYDROGEN 

In Germany today, 1.8 million t of hydrogen with an energy content of 70 GWh are produced annually 
for the chemical industry, mainly from natural gas. Around 50 % of this hydrogen is used for the 
production of ammoniac as a raw material for fertilizers, and another 25 % is used by the 
petrochemical industry. An annual growth of 10 % is forecast in these sectors. Large hydrogen 
consumers of this kind exist in places such as Greater Hamburg. 

(III)  FUEL FOR FUEL CELL VEHICLE FLEETS

Notwithstanding the above, the large carmakers such as General Motors, Volkswagen and Daimler 
are intensely involved in the development of fuel cell vehicles. The aforementioned study therefore 
also investigated the extent to which green hydrogen from excess wind power could be used to supply 
a future generation of vehicles in the Greater Hamburg area. 

But even this use of hydrogen is only possible by the inclusion of large cavern storages to balance out 
the largely continuous demand for fuel and the seasonally varying generation of green hydrogen. The 
costs for the frequently advocated decentralized storage in surface tanks would lead to much higher 
costs because of the scale effect. 

(III)  REGENERATING ELECTRICITY

Using hydrogen to regenerate electricity during demand peaks via combined cycle power plants is an 
option when acute shortages of renewable electricity cannot be balanced out by conventional fuels. 

Turning hydrogen back into electricity, however, has only played a subordinate role so far for 
economic reasons because the overall power-to-power efficiency is only 40 %. This alternative has to 
compete with the generation of electricity from natural gas containing green hydrogen: in this case, 
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regenerating electricity is no longer shackled to a plant in the vicinity of a hydrogen storage or the 
construction of a hydrogen distribution infrastructure, see also option (i).  

2.2.3 Pure renewables scenario 

In a scenario based purely on renewable sources, the situation will be dominated by wind and PV 
power whose availability is stochastic and fluctuates considerably in daily cycles as well as seasonal 
cycles. In the paper by Heide already discussed, an attempt is made to estimate the associated 
demand for storage capacity in Europe. The assumptions include power production from an optimal 
mix of 60 % wind power and 40 % PV and the presence of an optimum grid. Even with a 50 % over 
capacity, an enormous storage demand of 35 TWh (5) would be needed with a capacity of 90 GW. The 
dominant role here is the balancing out of seasonal differences with large volumes of energy and low 
demand. 

This huge volume of energy can only be realized in combination with either additional hydro storages, 
e.g. in Scandinavia, or in other parts of Europe, primarily by a large number of hydrogen storage 
cavern facilities. Approximately 400 typical caverns would be required, compared to the around 
200 caverns existing today in Germany. Storage techniques such as compressed air energy storages, 
demand site management, and even batteries, can be completely ruled out because of their 
inadequate energy storage capacities. 

2.2.4 Synthetic methane from green hydrogen / power grid and gas grid coupling   

A completely new concept has been attracting attention recently: the use of green hydrogen to 
produce synthetic methane by adding CO2. 

Figure 2.2: Concept of renewable electricity methane plant integrated  
into a coal power plant with CO2 capture 

                                                     

5   A 500,000 m³ hydrogen cavern can store around 0.14 TWh  
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A method developed by ZWS6 and IWES7, that is now to be realized by SolarFuel, initially involves the 
break-down of water in an electrolyzer into hydrogen and oxygen. The special feature of this new 
method is then to combine the hydrogen with carbon dioxide to produce synthetic methane which can 
then be fed directly into the natural gas grid. Although CO2 can be extracted from the surrounding air 
in theory, using a point CO2 source such as a biogas plant or a fossil-fuel power plant is preferred for 
efficiency reasons. Fig. 2.2 shows the plant diagram. 

The crucial advantage of this method is the ability to continue to use the existing natural gas grid 
including all of the many storages, even when exclusively using renewables. The capacity of the gas 
grid compared to the power grid is around 100 % higher. And because of the 300 % higher volumetric 
energy density compared to hydrogen, less storage capacity is needed – it would also no longer be 
necessary to convert natural gas caverns to hydrogen caverns. The disadvantage – on the other hand 
- is a further loss in the efficiency level because of the gas synthesis. 

A plant using this method is planned on the site of the waste/biogas facility operated by EWE ENERGIE
in Werlte, Northern Germany. The first industrial plant of its kind in the world is planned to be 
commissioned here in 2013 – other partners in the project are SOLARFUEL and AUDI. 

What consequences will the industrial-scale realization of this interesting method have for the storage 
industry? The natural gas side of the business remains unchanged. However, this method also suffers 
from the temporal imbalance between hydrogen generation using wind or PV power, and continuous 
methane production. The synthesis plant will also probably have to be designed for continuous non-
fluctuating production for cost reasons. Although no evidence can be presented, it will surely make 
economic sense to be able to balance out the hydrogen supply rather than design the plant to cope 
with peak outputs and have it operate below capacity at other times.  

3 Storage of renewable energy sources in salt caverns 

3.1 Basic storage options for power at a grid scale for regeneration 

Only three methods are viable in practice when dealing with storage capacities at scales of GWh to 
TWh, and storage and production capacities of several 100 MW up to larger GW scales:   

� Pumped-hydro power plants supplemented by reservoirs without pump capacities 

� Compressed air energy storage power plants 

� Hydrogen storage power plants   

PUMPED-HYDRO POWER PLANTS are particularly flexible and boast a high efficiency of up to 80 %. 
However, the volumetric storage density is low with typical Figs. of 0.7 kWh/m3. This means that the 
capacity of Germany’s largest pumped-hydro storage is around 8.5 GWh. In addition, because of the 
considerable impact on the environment, the acceptance of new facilities of this kind in Germany in 
particular is very limited although there is less resistance in Austria and Switzerland. There appears to 
be major potential in Scandinavia.  

COMPRESSED AIR ENERGY STORAGE POWER PLANTS are much discussed today for future applications 
because favorable geological conditions exist in the wind-rich areas of the North Sea for the 
construction of storage caverns in salt formations. The associated environmental impact is low, and 
investment and operating costs are moderate. The efficiency of conventional facilities is limited to 42 
to 54 %, although future adiabatic systems could achieve 70 %. The volumetric storage density is 
higher than pumped-hydro power plants with typical values of 3 kWh/m3, but still much lower than the 
hydrogen storage option.  

HYDROGEN STORAGE POWER PLANTS capable of satisfying the aforementioned specifications are not yet 
state-of-the-art technology, even though all of the necessary components are available in principle: 
the electrolyzers to convert electrical energy into hydrogen, salt caverns to store the compressed gas, 
and gas turbine power plants to generate the electricity. A disadvantage of this option so far is the 

                                                     

6 Zentrum für Sonnenenergie- und Wasserstoff-Forschung (Center for Solar Energy and Hydrogen Research), 
Stuttgart 

7 Fraunhofer Institut für Windenergie und Energiesystemtechnik (Institute for Wind Power and Energy Systems 
Engineering), Kassel 
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relatively low overall efficiency of around 40 %. A crucial advantage compared to the other options 
though is the much higher volumetric energy storage density of around 280 kWh/m³ based on the 
heating value or 170 kWh/m³ considering the losses in a combined cycle gas power plant, which in 
both cases is around two orders of magnitude greater than the other options. 

Fig. 3.1 shows the volumetric energy storage densities of the various options: the two columns for 
hydrogen stand for net calorific value on the left (e.g. energy which can be used in a fuel cell for 
instance) and the energy volume on the right available after deducting the losses occurring during 
power generation in a combined cycle power plant. Fig. 3.2 illustrates some of the typical areas of 
application of the three storage options referred to above. 

chemical energy

physical energy

Figure 3.1: Comparison of the volumetric storage densities of different large-scale storages  
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Figure 3.2: Typical areas of application of the storage options 
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3.2 Underground gas storage options – why focus on salt caverns? 

The storage of natural gas in depleted oil and gas reservoirs, in aquifer formations or in man-made 
salt caverns, has been standard practice for many decades. Even though Germany already has the 
capacity to store over 20 % of annual consumption in underground caverns, 100 new caverns are 
currently being constructed. Fig. 3.3 indicates the gas storage options in underground geological 
formations. Natural reservoirs dominate in terms of numbers world-wide. However, the current 
enlargements in storage capacities are concentrated on salt caverns because these storages are 
much more flexible: having much higher injection and withdrawal rates, lower share of cushion gas 
and the flexibility to handle frequent cycles – criteria which also apply to future compressed air and 
hydrogen storages. 

salt 
caverns

porous 
reservoir

Figure 3.3: Gas storage options underground 

The installation of caverns is naturally dependent on the availability of suitable salt formations, as well 
as the ability to dispose of (in an environmentally-compatible way) the large volumes of brine 
produced during the solution mining of the caverns – not to difficult when caverns are located close to 
the North Sea. 

Another aspect plays an important role in the selection of suitable storage formations for the storage 
of air and hydrogen: after injection of the media, the oxygen in the air or the hydrogen can react with 
the minerals and the microorganisms present in natural reservoirs. This can result in a loss (depletion) 
of oxygen or hydrogen, as well as the blockage of the fine pores in the reservoirs by the reaction 
products. To avoid this, salt caverns are exclusively used as energy storages in those regions which 
have suitable salt formations available.  

In the USA, because the regions with large wind resources beside Texas are predominantly in areas 
with no suitable salt deposits, the use of pore storages for compressed air and hydrogen are also 
being analyzed. If a means is found of using these formations, it would make considerable additional 
storage potential available. This problem is also of relevance to countries such as England and 
France. 

3.3 CAES (compressed air energy storage) 

Compressed air energy storage power plants have previously been the main focus of discussions 
when considering the integration of large volumes of wind power into the grid because favorable 
conditions for the construction of storage caverns exist in the wind-rich areas close to the North Sea. 
Other reasons include the low environmental impact, moderate investment and operating costs, and 
the fact that two facilities have already been successfully operated for over 20 years; a 320 MW 
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installation belonging to E.ON in Huntorf, Germany; and a 110 MW facility in McIntosh, Alabama, 
USA, operated by Powersouth. 

The two currently operating diabatic8 facilities are unable to use the heat generated during the 
compression of the air, which means that natural gas has to be used to heat the air back up during 
withdrawal from the storage. These CAES power plants are therefore strictly speaking gas turbine 
power plants with air storages, rather than a pure storage power plant. The advantage compared to a 
pure gas turbine power plant is the 40 to 60 % lower consumption of natural gas and the associated 
emissions of CO2. The new facilities currently planned in the USA are largely based on the standard 
components and are much more flexible compared to the two old plants because of the mechanical 
decoupling of the compressor side and the turbine side. The efficiency levels are 42 to 54 % 
depending on the way the waste heat is used. 

Research has been carried out for many years in Germany on the adiabatic CAES version which also 
stores the compression heat – this means that no natural gas is required, and efficiency is boosted to 
70 % as a result. However, the development of the various components is very challenging and it will 
probably take another 10 years before such systems are ready for the market. RWE and GE plan to 
start a demonstration project in 2016: with an output of 200 MW and storage capacity of 1,000 MWh. 

The volumetric energy storage density of an adiabatic CAES plant is rather low at around 3 kWh/m3

because of the physical nature of the energy storage. This limits the use of this technology to cover 
very large storage capacities. Installation is also dependent on the availability of suitable salt 
formations. Unlike natural gas and hydrogen caverns, CAES caverns can only be operated within a 
depth window of 500 to 1300 m because the operating pressure is directly dependent on the depth, 
and the power plant components using today’s state-of-the-art technology operate at pressures 
between 50 to 100 bar. This places an additional constraint on the selection of suitable salt 
formations. 

3.4 Hydrogen 

The hydrogen option is based on the following components: (i) Electrolyzer to generate pre-
compressed hydrogen and oxygen from water. (ii) Gas installation with compressor facility to inject the 
hydrogen into the storage cavern, and later on to withdraw it, reduce the pressure to pipeline 
pressure, and dry it if necessary. (iii) Storage cavern  

The withdrawn gas may need to be dried because brine residues in the cavern sumps can saturate 
the gas with water vapor. No other contamination is expected during storage because rock salt does 
not react with hydrogen. 

Practical experience with the storage of hydrogen in caverns has already been gained from a long-
established installation in Teesside, England, and younger facilities in Texas, USA – where a third 
cavern for the petrochemical industry is currently also being installed. The layout of the caverns 
largely corresponds to the layout of modern natural gas caverns, although specific components need 
to be adapted for future use in Europe in order for them to comply with the latest safety standards. 

Typical dimensions are volumes of 500,000 m3 with pressure ranges between 60 to 180 bar, which 
corresponds to a working storage capacity of around 4,200 t. Practical experience in the USA shows 
that the losses are negligible at less than 0.1 % p.a.  

Because the energy in the hydrogen is chemically bound (just like natural gas), hydrogen caverns can 
be designed much more flexibly than CEAS caverns, and can therefore also be adapted to the local 
geological conditions. This means that many more salt formations in Europe are potentially suitable 
for the construction of this type of energy storage than is the case with CAES caverns.  

Fig. 3.4 shows the different depth windows for the compressed air and hydrogen storage options. 

                                                     

8 Diabatic: Heat has to be thermally removed and added externally in this plant. These contrast with adiabatic 
installations which are operated in a “thermally closed” way. 
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Figure 3.4: Depth ranges for CAES and hydrogen caverns   

3.5 Geological potential in Europe 

Fig. 3.5 gives a rough impression of the – very patchy – distribution of salt formations in Europe. The 
symbols for existing and planned salt cavern projects indicate where salt deposits are present that 
have proven suitability for cavern construction; i.e. with potential suitability for the construction of 
future energy storages. 

Figure 3.5: Salt deposits and cavern projects in Europe 
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The map is dominated by the large, widespread Zechstein deposits, which extend from the east coast 
of England, across the Netherlands, Germany and Denmark, all the way to Poland. These deposits 
present the most favourable conditions Europe-wide for the construction of additional storage 
caverns, particularly when forming large salt domes or thick salt  pillows. In England, the potential 
within the Zechstein deposit in the east, however, is restricted to natural gas or hydrogen caverns 
because these deposits are too deep for the construction of compressed air storage caverns. 

Various younger, Mesozoic and Cenozoic salt formations are distributed unevenly over the remaining 
parts of Europe. The primary thickness of these formations is generally less than in the Zechstein 
deposits and these are generally not forming large domes but are of the bedded type. Therefore, the 
post-Zechstein deposits allow only the development of smaller caverns. In addition, the share of 
insolubles is in many of these higher than in Zechstein salt. 

4 Summary 

The energy industry in Germany and other European countries is undergoing a major change from 
dependence on fossil/nuclear fuels to renewable energy sources. Because the generation of green 
electricity by the dominant renewable sources wind and sun depends on the weather, time of day as 
well as season, it is completely independent of demand, which ultimately gives rise to two 
fundamentally different consequences which also have an impact on the future demand for cavern 
storages. Firstly, the shut-down of all nuclear power stations in Germany within the next 10 years will 
probably lead to a significant increase in demand for new flexible natural gas power plants to be able 
to balance out short-term shortages of wind and solar power. This goes hand-in-hand with a demand 
for extremely flexible natural gas storages. Secondly, the rise in the direct generation of electrical 
energy will create a demand for electrical energy storages for the short-term and long-term balancing 
of generation and load.  

Because of their efficiency, providing the minute and hour reserve capacities is the domain of existing 
pumped-hydro power plants and future compressed air energy power plants. Although the 
construction of more pumped-hydro power plants has very strong limitations for environmental 
reasons, there is adequate geological potential for the construction of compressed air energy storage 
caverns in the wind-rich areas of north Germany in particular. 

Hydrogen storages are the technology of choice for harnessing large volumes of energy generated by 
the long-term excess in wind power which cannot be accommodated within the power grid. The 
winning argument for hydrogen storages in this context is the volumetric energy storage density, 
which is around two orders of magnitude higher than the other options. Salt caverns are optimal for 
the storage of hydrogen as shown by several well established projects in England and the USA. 

Because the power-to-power efficiency of the hydrogen chain from wind turbine to the generator of a 
combined cycle power plant is relatively low at maximum 40 %, alternatives for using wind-hydrogen 
are currently being discussed and investigated at a demonstration and pilot plant level. Promising 
applications are adding hydrogen to the natural gas grid in a proportion of initially 5 to 10 %; or to 
replace the hydrogen currently produced from natural gas via reformers and used by the chemical and 
petrochemical industries; or using the hydrogen as fuel for a future fleet of fuel cell powered vehicles. 
Another very recent development is mechanization which combines green hydrogen with carbon 
dioxide – e.g. from biogas plants – to synthesize methane. The appeal of this method is that even with 
a system based 100 % on renewables; the existing natural gas infrastructure could be fully utilized – 
including the existing natural gas storages. 

A common factor in all of these applications is that the demand will be relatively constant throughout 
the year while the generation of excess wind energy is very irregular across all time scales. Balancing 
out the disparity between supply and demand can primarily be satisfied for safety and cost reasons by 
gas storage caverns, which already boast a very successful proven track record over many decades 
in the natural gas sector. 

This development has been recognized by the gas storage industry in Germany. IVG CAVERNS for 
instance plays today an important role in northern central Europe in providing caverns for the storage 
of liquid hydrocarbons, and especially natural gas. Despite the boom in the construction of natural gas 
storage capacity, IVG Caverns is already looking in great detail at the future demands for energy 
storages expected as part of the planned transition to renewables – primarily wind and solar energy. 
IVG Caverns is of the opinion that the region can profit from the environmental conversion of energy 
production because the caverns in Etzel will play a key role in this transition. 


