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Abstract: This paper describes a new underwater pumped storage hydropower concept (U.PSH)
that can store electric energy by using the high water pressure on the seabed or in deep lakes to
accomplish the energy transition from fossil to renewable sources. Conventional PSH basically
consists of two storage reservoirs (upper and lower lake) at different topographical heights. It needs
special topographic conditions, which are only limitedly available in mountain regions. Furthermore,
due to the lack of acceptance and the environmental impact, new conventional PSH projects are
very unlikely to be built in larger numbers in Europe in the near future. The presented solution
solves these issues by placing the storage system on the seabed, thus having other geographical
requirements. It operates as follows: in contrast to well-known conventional PSH plants, which use
two separated water reservoirs of different heights, the U.PSH concept uses the static pressure of
the water column in deep waters by installing a hollow concrete sphere in deep water. Storage of
electricity is achieved by using a reversible pump in the hollow sphere. Upon opening a valve, water
flows into the sphere, driving a turbine/generator, thereby discharging the storage device. In order
to re-charge, the water is pumped out of the sphere against the pressure of the surrounding water.
The power and energy, respectively, are proportional to the surrounding water pressure at the seabed.
The amount of energy stored depends on the water depth and the volume of the spheres. The spheres
need a cable connection to the shore or to a close-by floating transformer station (e.g., an offshore
wind plant). No other connections such as pipes are needed. The functional principle of this energy
storage technology, its state of the art, its storage capacity and the shape and size of the required
spheres are discussed in this paper.

Keywords: energy storage system; renewable energy; power systems

1. Introduction

The complete transition from conventional energy sources like fossil fuels or nuclear
energy to regenerative energies (RE) such as wind and solar power can only succeed if
electrical power can be stored for a sufficient time and in large enough quantities [1–8].
Although wind and sunlight are available in practically unlimited amounts, unfortunately,
they are not available at all locations all the time. In central Europe, PV achieves about
800–1300 kWh/a per kWp installed, thus being subject to strong daily and seasonal vari-
ations. In the case of wind, the temporal fluctuations are less pronounced, but longer
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lulls can occur. In total, wind turbines in Europe have a capacity factor of 15% to 45% for
on-shore and off-shore plants, respectively.

In Figure 1, the measured power output of renewable energy generation in Germany
of the 15th week in 2021 is shown, multiplied by factor of 4.5. This ensures that the integral
of the energy production by PV and wind covers the assumed consumption (red line) in
the year 2040. A huge surplus during daytime (orange areas) and a lack during nighttime
can be seen.
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Figure 1. Electric energy production of the week from 12 to 18 April 2021 by wind power and
photovoltaics in Germany scaled with factor 4.5 [9] (see text).

In Figure 2 (upper part), the integral values of surplus energy and uncovered demand
are shown. On some days, the surplus energy exceeds 600 GWh, the uncovered demand
being 300 GWh. Without shifting the daytime surplus to the night with short-term storage
or by shifting energy consumption from the night to the day, about 3 TWh of electrical
energy would be lost in this week (red areas). The uncovered demand in the nights of this
week is about 1 TWh. How can this uncovered demand be compensated? Besides known
storage options like green hydrogen or the usage of grid-coupled (automotive) batteries, a
U.PSH of, e.g., 0.5 TWh storage capacity could store the surplus energy during daytime
to nearly 100%, releasing it in the nights, delivering the uncovered demand. Only on the
fourth day of this week would there be a small loss of about 100 GWh. Therefore, 0.5 TWh
of storage could solve a large part of the issue while a capacity of about 1 TWh could buffer
all fluctuations in that scenario.

During the last two decades, numerous scenarios for a 100% renewable energy supply
were developed. All of them show a high demand for additional storage need. For the
following analysis, we use one of those scenarios as described in [10]. Figure 3 gives a
quantitative idea of the importance of energy storage for an electricity supply based entirely
on wind and solar power generation; it shows an overview of the electricity balance in
Germany for a whole year when the energy transition is completed. For simplicity and
clarity, a constant power consumption of 114 GW, resulting in an annual consumption of
1000 TWh/a, is assumed. The time-dependent production data of regenerative energy (RE)
were taken from the produced solar and wind data from 2016 AD [9], with the solar data
scaled by a factor of 1.5 for a gross power generation, which will deliver the assumed net
consumption of 1000 TWh/a. With the optimized interaction of two types of storage for
short-term (PSH) and long-term/backup (gas), hourly simulation resulted in a needed
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gross production of 1280 TWh/a to achieve a self-sufficient (autarkic) power supply (thus,
1000 TWh/a net). It can be seen that 800 TWh, 80% of the net consumption, comes directly
from the RE power generation and 200 TWh (20%) from the interaction with the storage,
whereby the net fluxes from the two storage types are approximately equal. Because of
the very different efficiencies—[10] calculated with 80% for the short-term storage and
with 36% for the long-term/backup storage—the input for the two storage types is 400
TWh altogether. The residual 80 TWh (equivalent to 8% of the consumption) could not be
used because of the restricted power of the electrolyzes and pumps. The cost-optimized
simulation under [10] resulted in a short-term storage capacity of about a quarter of the
daily power consumption and a yearly full-load cycle count of 160.
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Figure 2. (Upper part): Integral values of surplus and uncovered demand, extrapolated for the
assumed year 2040 (100% renewables without storage). The brown area shows the daily surplus
resulting mainly from photovoltaics, and the blue area shows the uncovered demand in the nighttime.
The red areas show the daily loss of electric power due to missing storage capacity. (Lower Part):
Integral values of surplus and uncovered demand extrapolated for the assumed year 2040 (100%
renewables with 0.5 TWh storage and 10 GW electrolysis). The yellow areas indicate the filling status
of the storage before sunrise; the red areas indicate the loss energy.
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Figure 3. Typical yearly overall electricity flux scheme in Germany when the energy transition is
completed and no imports are needed, ensuring autarky [10].

Particularly because of the huge variation between day and night, renewable electric
energy production requires a very efficient storage solution. It requires both a high energy
storage capacity and sufficient power as well.

Various ways of electric energy storage are currently being discussed and tested;
see [5–8,11–20]. For example, discussed options are electrochemical electricity storage
(rechargeable batteries) and the production of hydrogen (H2) by electrolysis—possibly with
subsequent conversion into methane. Both storage concepts still need a lot of research,
particularly when considering storage modules above the GWh capacity. Compressed air
and Carnot batteries are a quickly developing group of technologies for medium and long
duration electricity storage [18–20]. The most common storage technology above the GWh
capacity range is pumped storage hydropower [18]. PSHs have been in operation for more
than 100 years and their technology is well-developed.

Conventional PSH [21–37] can store large amounts of energy with a high efficiency
of around 75–80%. Pumped hydro represents over 97% of installed capacity (144 GW of
148 GW globally) [18,23,24]. They consist, as mentioned before, of two water reservoirs
located at different heights. When storing electric energy, water is pumped from a lower to
an upper reservoir via a pipeline. The electric energy is recovered when water from the
upper reservoir runs back through a turbine to the lower reservoir. The water pressure
between the two sides of the turbine determines the force acting on the turbine. The
product of this pressure difference times the amount of water flowing through per second
determines the electrical power output. Such PSHs are linked to geographic conditions that
in Germany and many central European countries are hardly available anymore [28]. How
can one solve this problem when the required topography is missing?

This paper describes a new concept, covered in [38–49], to construct a PSH on the
seabed or at the bottom of deep lakes as a so-called “Underwater” PSH (U.PSH), which
has the potential of providing large amounts of electric energy storage capacity needed
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for the global energy transition. As early as 1944, and then several times in the 1970s,
patents were filed (Germany, Japan, etc.) to use hollow structures in shallow lakes or big
rivers as reservoirs for storage systems [50–53]. Initially unaware of this pioneering work,
the basic idea has again been independently published in recent years in the USA and
in Germany [38–49] with the focus on very deep water. The decisive advantages of such
U.PSH are as follows: water under high pressure is available in nature in large amounts
and can be used for electric energy storage. Suitable areas in the ocean are available in large
quantities. Furthermore, many deep open coal pits in Germany and in many other countries
around the world will be shut down and flooded in the next few decades. These open
coal pits could potentially be converted into huge energy storage plants by constructing
U.PSHs. If the U.PSHs can be implemented at reasonable costs, the storage potential is
practically unlimited.

To our knowledge, although 40-year-old patents with U.PSH concepts [50] were filed,
they were never investigated and implemented in real-life conditions in a lake or ocean
until 2016. In 2016, the first prototype of such a type of energy storage was constructed
and tested in Lake Constance as part of the StEnSea project by some of the authors of this
paper [48,49].

The following part will discuss the working scheme of U.PSH concepts and will
introduce and compare different approaches of building and installing the storage vessels.

2. Working Scheme of a U.PSH

The water pressure in a lake or in the ocean increases linearly with the depth. Thus, if
the water is 400 m deep, the pressure on the seabed is about 40 bar, and at a 4000 m depth,
it is about 400 bar. If one places an empty concrete sphere on the floor of the lake, there is a
huge pressure difference between the inside and outside of the sphere (Figure 4). Mounting
a reversible hydroelectric turbine, a so-called “pump turbine”, at the bottom of the sphere,
electricity is generated when the water flows into the sphere. At times of energy surplus,
by pumping the water out of the sphere against the high surrounding pressure, electricity
can be stored. The pressure inside the sphere corresponds to a water vapor pressure of
around 50 mbar. At a water depth of 4000 m, the pressure difference between the inside
and the outside is about 400 bar, corresponding to a stored energy of about 10 kWh per
cubic meter water.
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In analogy to the conventional PSH, the sea itself is used as an upper reservoir, the
lower reservoir is formed by a sphere with the volume V0. Only a cable connection between
the turbine and the sea surface is required, conducting the electricity generated to the grid
and vice versa. The working principle of storing electric energy is thus very simple and
straightforward (Figure 5).
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Figure 5. Scheme of the U.PSH energy storage system.

The energy balance of the storage process is as follows: the water in the sphere on
the bottom of the lake has, de facto, to be lifted up to the surface of the lake by converting
electric energy into potential energy of the water in the gravitational field. Vice versa,
regaining electric energy, the potential energy is converted into electric energy. The amount
of stored energy E is the product of the water pressure p times the volume V0.

E = p • V0 (1)

Here, the water was conceived as an incompressible fluid. Inside the evacuated sphere,
only some very low residual water pressure remains at the saturation pressure of about
50 mbar. In the general case, one has to assume a compressible fluid with a noticeable
pressure dependence of its density. For this reason, the presence of other non-condensing
gases such as air in the sphere in addition to water vapor should be avoided. In addition
to the feasibility of such a storage system, the economics in relation to production and
maintenance costs and ultimately in relation to electricity storage costs play an important
role and will be discussed below.

3. Experimental Test of the U.PSH—The StEnSea Project

A few days before the Fukushima event, several patents [42–45] for such a U.PSH
energy storage device were submitted, by A. H. Slocum et al. [42] in the US and by the two
authors H. Schmidt-Böcking and G. Luther [43–45] to the German Patent Office in Munich.
Only a few weeks later (1 April 2011), the U.PSH storage idea on the floor of the ocean was
published in the German newspaper “FAZ” by G. Küffner [54,55]. Based on that, a research
proposal was submitted to the former German Federal Ministry of Economics (BMWi)
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by the Fraunhofer Institute for Energy Economics and Energy System Technology—IEE
in Kassel and HOCHTIEF Solutions AG in Essen for building and testing a prototype of
a U.PSH. The funded project named StEnSea (Storing Energy at Sea) tested a functional
model in November 2016 (Figure 6) in Lake Constance [48,49].
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Figure 6. Launching of the prototype on 8 November, 2016, in Lake Constance (© Fraunhofer IEE).

The results of the one-month testing phase proved that the StEnSea U.PSH was fully
functioning as expected. The “Final Report” [49] of the StEnSea project provided convincing
evidence that the U.PSH technology is well understood and could be applied for storing
electric energy. Besides further technological aspects (Section 4), one important question
was: is this way of energy storage competitive with others?

In the final report [49], a proposed StEnSea system (Figure 7) is presented, and for
120 single spherical segments (a total storage volume of 1.46 million m3 with a 750 m water
depth), the storage capacity and the installation costs are estimated. Figure 7 shows the
principle set-up of a StEnSea plant built from multiple spheres. At a depth of 750 m, a
system of 120 segments could yield an energy storage capacity of about 2.2 GWh. The
120 turbines with 5 MW each would have a total power of 600 MW. The total installation
costs were estimated (page 75 [49] outlines an estimate of EUR 940 million, i.e., EUR
430/kWh or EUR 642/m3. The report concluded that such a U.PSH system could store
electric energy already at an economically competitive cost.
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4. Proposals of Other Schemes of U.PSH

Starting from this, we believe that U.PSH systems can also be constructed using an
alternative design that may require lower installation costs and have easier maintenance.
However, before discussing other possible schemes of U.PSH, some important aspects of
possible physical challenges when using such U.PSH must be considered here. Because of
the high pressure difference between in- and outside of the concrete sphere, the shape and
the thickness of the walls of the sphere are crucial for stability of the sphere and thus for its
lifetime. Because of the buoyancy of the sphere in the water, the total weight of the empty
sphere must be higher than the buoyancy. This can be achieved either by the thickness
of the wall or by adding a ballast like sand or gravel. Because of possible earthquakes,
the total system should be made of many independent segments. Since the turbine on the
seabed needs maintenance (about every 15 to 25 years), the turbine (including shut-off
valve, etc.) should be movable in one piece to the surface. This requires a new turbine
set-up, which will be discussed below. The energy storage capacity and the turbine power
should be adequate to match the power system’s needs. The daily charging/discharging
time is determined by the requirement that in an approximately 4–10 h pumping time
(mean time of storage cycle is about one day), the full storage capacity is reached. Thus, for
a segment capacity of 5 GWh with two turbines, the power of each turbine should be about
250 MW.

On the one hand, the construction might be easier when the whole storage system is
manufactured as one unit in a dry dock before launching. On the other hand, this might
have drawbacks in terms of the modularity compared to a spherical design. Different,
potentially less costly alternatives to U.PSH will be discussed in the next section.

4.1. Storage Carrier U.PSH for Offshore Energy Storage

In deep water, a concrete-made storage carrier might be a preferable economic solution.
The storage carrier U.PSH (SC-U.PSH) is manufactured in a dry dock on shore. The sub-
construction of the carrier (black part in Figure 8) is made of concrete. It includes a
piping system, which connects the two turbines (right and left in Figure 8) at both ends of
the carrier with all empty small containers mounted on the sub-construction. The small
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containers may be pipes or spheres, depending on the structural analysis of the whole
SC-U.PSH. The size of the carrier is chosen here so that the final water net storage volume
is about 500,000 m3. When the container carrier is installed at a certain depth h (in m), the
final electric energy storage capacity E is then

E = h (in m) • 500,000 m3/400 m (kWh/m3). (2)

Energies 2024, 17, x FOR PEER REVIEW 10 of 19 
 

 

The sub-construction of the carrier (black part in Figure 8) is made of concrete. It includes 
a piping system, which connects the two turbines (right and left in Figure 8) at both ends 
of the carrier with all empty small containers mounted on the sub-construction. The small 
containers may be pipes or spheres, depending on the structural analysis of the whole SC-
U.PSH. The size of the carrier is chosen here so that the final water net storage volume is 
about 500,000 m3. When the container carrier is installed at a certain depth h (in m), the 
final electric energy storage capacity E is then 

E = h (in m) • 500,000 m3/400 m (kWh/m3). (2)

For h = 750 m, the storage capacity is E = 0.94 GWh, and for h = 4000 m, the storage 
capacity is E = 5.0 GWh. Since the total volume is 825,000 m3 (325,000 m3 concrete, specific 
weight about 2.5 kg/L), the empty storage carrier does swim and can therefore be moved 
from the dry dock to the location where it should be lowered to the seabed. A soft 
placement on the floor can be achieved by filling the SC-U.PSH with some water. To 
control a soft precise launch, balloons can be connected to the carrier as well. To prevent 
the buoyancy of the empty spheres, about 10,000 m3 of water must always remain in the 
spheres. 

 
Figure 8. SC-U.PSH (e.g., length ≈ 350 m, width ≈ 60 m, height ≈ 40 m) [44,46]. 

In Figure 9, an example of a SC-U.PSH, placed on the ocean floor, is shown, obtaining 
its renewable energy from floating wind turbines. The electric cables are indicated in red.  

Figure 8. SC-U.PSH (e.g., length ≈ 350 m, width ≈ 60 m, height ≈ 40 m) [44,46].

For h = 750 m, the storage capacity is E = 0.94 GWh, and for h = 4000 m, the storage
capacity is E = 5.0 GWh. Since the total volume is 825,000 m3 (325,000 m3 concrete, specific
weight about 2.5 kg/L), the empty storage carrier does swim and can therefore be moved
from the dry dock to the location where it should be lowered to the seabed. A soft placement
on the floor can be achieved by filling the SC-U.PSH with some water. To control a soft
precise launch, balloons can be connected to the carrier as well. To prevent the buoyancy of
the empty spheres, about 10,000 m3 of water must always remain in the spheres.

In Figure 9, an example of a SC-U.PSH, placed on the ocean floor, is shown, obtaining
its renewable energy from floating wind turbines. The electric cables are indicated in red.
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4.2. U.PSH in Flooded Open Cast Coal Mining Pits

To construct an onshore U.PSH, one needs deep lakes, e.g., Lake Constance (maximum
depth: 251 m), which is the only natural lake in Germany that is close to the required depth.
However, to protect this unique valuable natural heritage, the people and consequently the
political administration would never allow the installation of a U.PSH there. Fortunately,
open mining pits could be used for U.PSH as well. These places are, e.g., open coal pits that
are or will be shut down in the near future. These mining pits will be flooded when not
in operation anymore. For example, the lignite mining pit in Hambach (located between
Cologne and Aachen, Germany; see Figure 10) is 460 m deep and its deepest floor is about
1 km × 4 km in size. In 2030, the lignite harvesting there will end and the whole area will
be converted into a recreation park. Installed at the bottom of the mining pit, the U.PSH
would be invisible after flooding the pit. The operating U.PSH would only be noticed by
lake level fluctuations (typically some meters in height).
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Figure 10. Upper part: View of the present lignite mine of Hambach/Germany (Photo H. Schmidt-
Böcking), Lower part: Future vision of U.PSH in the flooded lake as recreation park for sailing.

The U.PSH can be installed before flooding the pit or even later when it is flooded.
In the latter case, the single storage segments can be manufactured in a dry-dock as a
storage carrier (see Section 4.1), floated to the final location and then launched by putting
additional ballasts on to overcome the boost.

Since the water pressure in the Hambach mine would be about 40 bar, the net volume
of each segment should be about 1 million m3, yielding about 1 GWh energy storage
capacity. Assuming a 10 h daily storage time, the required turbine should have a power of
about 100 MW.

Which other requirements must be considered?
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1. The wall plus possible inner construction parts plus sub-construction plus upper
dome should be made from concrete, thick enough to withstand the 40 bar ambient
pressure.

2. The buoyancy can be compensated by the weight of the concrete structure itself or by
added ballast like sand or gravel.

3. Since concrete is rather cheap and easy to process (climbing or sliding formwork), all
bulky parts should be made of concrete where possible.

4. The shape of each segment should render the optimal net storage volume.
5. The turbine plus shut-off valve must be movable in one piece to the surface for

maintenance.
6. The installation should be low-priced, safe and fast.

Many shapes and forms of segments might fulfill the above-listed requirements. A few
possible forms will be discussed here. Segment A, shown in Figure 11 (left part), is made
of hexagonal pipes (e.g., 37 pipes), each with an inner diameter of about 15 to 20 m and
about 120 m in height. This hexagonal structure ensures that many of these segments can
be placed adjacent to each other on the lake floor to yield a high net total storage volume.
Each segment can be manufactured in concrete in sliding form and is not very costly since
all inner walls do not have to withstand high pressure. The buoyancy can be compensated
by cheap ballast material.
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Figure 11. Sketch of segment A. Left: the view from outside, middle: sectional view. The outer pipes
have thicker walls to resist the high water pressure; the inner pipes form one storage volume and
thus always have the same low pressure. At the bottom of one pipe (here, the one on the right), the
turbine is mounted. This pipe provides the water in- and outlet. The wall of this pipe is thicker and
prepared to resist the high inner water pressure. Right: Top view of segment A.

A further geometry variation was developed and statically optimized by T. Bender at
the Institute of Innovative Structures of the University of Applied Sciences in Mainz under
the supervision of A. Garg. The developed topology has a storage volume of 1,000,000 m3

and is equipped with a central 100 MW turbine. The storage tank is cylinder-shaped with
an end dome, so the structure is mainly exposed to compressive stresses from the pressure
of the ambient water. Concrete is the ideal building material for this structure. A steel tube
is arranged in the center of the storage tank in which the pump turbine, protected from
external influences, is installed. Through this pipe and a service opening at the apex of the
dome, the entire pump unit can be freed and replaced. Consequently, maintenance of the
pump is thus possible above the water surface.

The entire storage unit is secured against floating by a tie-back foundation plate and
can be constructed without major digging operations. The water supply line is located
under the basement so that the maximum possible inflow pressure is ensured at all times.
Based on these specifications, a civil engineering study for the construction of a single
storage tank was carried out at the University of Applied Sciences in Mainz for the location
of the Hambach open mining pit in Germany. In addition to the pure material and con-



Energies 2024, 17, 73 12 of 17

struction costs, this list also includes costs for engineering support and project planning,
for approval procedures and for construction site logistics.

If the storage tank is built as depicted in Figure 12, the costs can be reduced by
connecting three storage facilities in parallel in a cloverleaf shape with a central pump
turbine (the electrical power is consequently 300 MW). This also reduces the maintenance
effort and the associated costs while at the same time increasing the risk of failure. Further
information can be found in a separate SWAT analysis on the construction and operation of
this storage type.
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Last but not least, the so-called “Ringmauer” storage system (“Ring dam wall” PSH)
might provide one solution for short-term storage (Figure 13) [10,47]. If such an underwater
basin becomes broader and higher, then one may reach the point where it just overlooks
the surface of the lake and a new quality is reached: the “Ringmauer” or ring dam wall
reservoir, an annular closed dam wall giving the lower reservoir of a huge PSH using the
surrounding lake as the upper basin [10].
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Figure 13. Ring dam wall (“Ringmauer-Staubecken”): the lower basin (“storage volume”) of a huge
PSH using the surrounding lake as the upper basin [10,47].

There are several advantages:

1. The technology is based on the well-proven concept of an arch dam, which for many
decades and all over the world has been standard for reservoirs with stable rock supports.

2. However, in the case of the ring dam wall, no pushing away of the structure by water
pressure is possible as the ring is evenly exposed to the water pressure from all sides
so that the displacement forces cancel each other out. Thus, for the ring arch dam,
“stable mountain flanks” are no longer necessary.

3. Because the reservoir enclosed by the ring dam wall is open at the top, no lid with
supports, pillars and domes is necessary.

4. The inside of the ring dam wall represents the air side of a reservoir. There are no
buoyancy problems, which people know from experience with the many reservoirs all
over the world.

5. Exploitation of a large range of level difference between the basins. The level in the
deep inner reservoir, which is optically hidden from the outside, can be varied in
an extraordinarily wide range. This suggests the use of pump turbines connected in
series, which can be placed at different heights on the dam wall to avoid excessive
inlet pressure. In the course of a storage cycle, at least a large proportion of the pump
turbines can be used in different configurations by means of variable parallel and
series connections, resulting in good utilization of the pump turbines.

6. Additional storage space at the bottom (Figure 14, area 37). From the business of open
pit mining, big machines digging deep holes for moving the soil and extracting lignite
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are now available, enabling cost-effective storage space at the bottom of the ring dam
wall reservoir to be produced.
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technology of choice is large pump storage systems, as outlined in this paper. 

Figure 14. Lower storage basin 333, consisting of ring dam wall 3 and bottom storage hole 37, of a
PSH operating in residual lake 0 of a former open cast mine. Storage hole 37 will be dredged out of
the later lakebed 1 with the existing open cast mining machines (for more detail, see [10,47]).

5. Conclusions

The U.PSH installed on the seabed or lakebed can contribute to the ongoing energy
transition [56–59]. Lots of suitable locations around the globe exist for U.PSH, and the over-
all costs can compete with other storage options. The installation of such U.PSH technology
is, however, more economical if larger GWh-scale storage systems are constructed or larger
numbers of smaller units (spheres) are installed. Thus, the initial total investment costs are
huge too. Considering the lifetime and maintenance of the U.PSH components (concrete
structure and turbines), the technology might provide a valuable future storage option for
short-term storage (hours to days). The technology has the potential to ensure that the
energy transition remains feasible and might play an important future role for the safety
and affordability of electricity for industry and every citizen.

The above presented renewable energy production was mainly based on German
energy sources like photovoltaics and on- and off-shore wind power. Considering the
energy sources in a larger area of Europe, renewable energy production can be much
more efficient, especially when including the Mediterranean area. Not only does the
daily sunshine there yield more sun hours but, more important, the so-called “winter
lull” (which, in Germany, is several months in duration) is absent. Therefore, a combined
strategy involving both central European and Mediterranean countries—like in the project
DESERTEC [60,61]—could make use of these important advantages.

The volatility of renewable power generation, as well as the fluctuating consumption
of power (day–night cycle), still requires significant capacities of energy storage, which
can be located at the place of the power generation, at the place of the power consumption
and/or at junctions of big power lines. In addition, significant energy storage is required
at the location of the consumer side for three reasons: to handle the fluctuating power
demand of the consumer, to buffer the local solar and wind power production, and for
energy security in case of problems with long-distance power transport. One storage
technology of choice is large pump storage systems, as outlined in this paper.
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