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Abstract

Solar power from deserts can contribute significantly to a future renewable energy system.
The technically accessible solar potential in deserts exceeds the global energy demand by a
factor of 20. In the DESERTEC concept, a smart super grid based on HVDC technology
interconnects wind, solar and other renewable energy sources with distant consumers on a
scale of several thousand kilometres. The large grid averages out the natural fluctuations of
renewable energy sources to a large extend. Remaining fluctuations have to be compensated
by storage systems. Two competing technologies, CSP and PV, are available for large-scale
solar power production in desert countries. CSP technology can be combined with thermal
energy storage and water desalination. A large-scale production of solar energy in desert
countries has important socio-economic implications. The interconnection of continents by
large power grids introduces new economical interdependencies, which can help to reduce the
North-South gradient of economic wealth.

1 Introduction

For 200,000 years, mankind had a sustainable energy system, based on biomass, wind, sun
and water for cooking, heating, mobility and mechanical work. 250 years ago, during the
period of industrialization, fossil fuels became available at large scale, and today, they cover
85% of the world energy system. The combustion of fossil fuel caused a steep rise of the
concentration of CO; in the atmosphere by 40% from 280 ppm in the preindustrial era to 390
ppm in the year 2011 [2]. If - in view of the anthropogenic climate change - mankind decides
to replace fossil sources within a short time scale of 20 to 50 years, an energy concept is
needed that works globally and that can be put to practice with limited resources of manpower
and material in a short time. The abundant solar power that is available in the deserts of the
world can play a key role for a future renewable energy supply. The “clean power from
deserts” or “DESERTEC” [3] concept is an inherently international, transcontinental
approach, where the central technical starting point is a super grid that distributes electric
power over distances of thousands of kilometres and averages out fluctuations of the
renewable sources as well as of the energy consumption. The original DESERTEC white
paper proposes to import 15% of the European electricity demand from deserts in Africa. The
challenge to replace coal, oil and gas also in the non-electricity sector is often forgotten in the
public discussion about local renewable energy systems. This paper gives an overview of
basic technical and non-technical aspects of the approach to use the deserts of the world for a
sustainable energy system.

2 Mission impossible - the increasing world power demand

Today, the world power consumption is approximately 15000 GW, averaged over day and
night and over the whole year [15]. The world is facing an increasing world population and an
increasing energy demand per capita, what may lead to an expected global power demand of
approximately 24000 GW in 2050 [16]. This figure corresponds to a projected average power
consumption of 2.6 kW per capita, which is less than half of today's energy consumption of 6

1 This paper is an excerpt of a review published in GREEN.2011.025[1].



kW per person in the OECD countries. Fig. 1 illustrates how the primary power divides into
fossil, nuclear and renewable energies. Taking the climate goals serious, the fossil
contribution has to be reduced by at least 50% in the coming decades to have an significant
effect on the accumulated CO; at all. This means that capacities of 30000 GW of primary
power have to be newly installed without exploiting the remaining fossil resources. The above
numbers are only approximate and ignore additional energy saving potentials and energy
conversion factors. Today, we convert fossil fuels to electricity and loose part of the energy
due to the limited efficiency of the power plants. In future, we might want to produce
synthetic fuels from electrical power, e.g. for applications in aviation, and again we have to
take into account the corresponding conversion factors. Nevertheless, ignoring the various
conversion factors that are hard to compare, the above numbers illustrate the order of
magnitude of additional capacities that have to be installed in the very short time of 40 years.
For illustration, one should keep in mind that 1 GW corresponds to the electrical power of one
nuclear power plant. To build and run 15000 additional nuclear power plants (fission or
fusion) in the next 40 years (i.e. 1 new reactors per day) is simply impossible from the point
of view of the qualified manpower that is needed to do so. To build 15000 GW of PV-
modules is only possible, if the amount of rare chemical elements needed for the production
of the modules is significantly reduced.
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Figure 1: It is assessed that the world primary power demand may increase in the coming 40
years by about 50% from an average of 16000 GW to about 24000 GW [16]. A reduction of
the fossil fuels by 50% requires the installation of additional 15000 GW, corresponding to the
capacity of one additional nuclear reactor every day for the next 40 years.

This illustrates that the future energy system will not be defined by what technology is
possible in principle, but by what technology is available in short time and is feasible from the
point of view of human and material resources.

2.1 The future is electric

If fossil fuels are drastically reduced in future, they will have to be replaced by other energy
carriers. Options are synthetic fuels (liquid, or gaseous like hydrogen), or electricity. Electric
power is a prime choice, as the transport and distribution of electric power is very efficient
and simple and the demand of electric power by the consumer is increasing. This is not only
due to the increasing use of electronics, electric lights, microwaves etc, but electric power can
be a prime choice even for room heating, if heat pumps are used that deliver thermal energy at
a rate which is 3 - 5 times larger than the electrical power consumption of the device [17]. For
mobile applications, where the storage capability of energy plays a prime role, the situation
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may be different, and synthetic fuels may play an important role in future. An efficient way to
produce synthetic fuels by renewable energy sources has to be studied in parallel to the
already intense research on better batteries for e-mobility.

3 The solar potential in deserts

The total solar irradiation in the deserts of the world is immense. The solar constant, i.e. the
solar radiation that the sun delivers to an area at the entrance of the earth atmosphere is 1.37
GW/km®. Using current technology of thermal concentrated solar power plants (CSP), the
technically accessible power is 340000 GW, [18], which exceeds the world energy
consumption by a factor of 20. This number corresponds to the day and night, all year average
and is based on an conservative estimate of the average efficiency of 12% to convert solar
irradiation into electrical power and a land use fraction of 37% for the mirror field. Suitable
desert areas are areas with high direct solar radiation. Areas not suitable for standard
technology, e.g. mountain areas, are excluded in this estimate. Fig. 2 shows a map of those
desert areas that are well suited for standard CSP technology. Overlaid is a satellite photo of
the earth at night. The yellow lights indicate areas where there is a high consumption of
electricity at night. It illustrates the concentration of electrical power consumptions in the
USA, Europe and Japan and also the lack of electrical power in the populated areas of Africa
and South America.

Lights at Night

Figure 2: The red colour indicates desert areas that are well suited for solar power plants
due to large direct solar irradiation. Overlaid is a satellite image of the earth at night. The
yellow lights indicate the areas with concentrated electricity consumption (Source:
DESERTEC:; based on data from NASA and DLR).

4 Solar power plants in deserts

Two competing technologies are available for converting solar radiation into electricity:
thermal concentrated solar power (CSP) and photovoltaics (PV). The CSP systems consist of
a mirror system that follows the position of the sun, an absorber that converts the solar
radiation into heat and a steam engine with generator that converts the heat into electricity.
Optionally, CSP plants can have heat storage and a possibility to run in hybrid mode by firing
fossil fuels at night or all day in addition. PV systems convert the solar irradiation into
electricity without the detour of thermal energy. They are capable to make use of diffuse light
in addition to the direct solar radiation. The following sections give an overview of the
concepts of solar power plants. Details are found e.g. in [7], [10] and [12].



4.1 The parabolic trough

There are several technological realizations for CSP. The most mature one uses a parabolic
trough that follows the position of the sun by a one-axis rotation. It focuses the solar radiation
in one dimension onto an absorber pipe. An alternative similar system, the Fresnel system,
replaces the large rotating parabolic mirrors by small strips of almost-flat mirrors that follow
the position of the sun and focus the light onto a fixed absorber pipe.

Figure 3: Left: A concentrated solar power station with a field of parabolic troughs (front)
and with two large thermal storage tanks (rear). The tanks contain liquid salt that is heated
up by the solar field during day. They provide power for electricity production during the
night (Photo. Solar Millennium). Right: The 20 MW Gemasol plant in Andalucia/Spain uses
molten salt as heat carrier. Storage tanks for hot molten salt permit an electricity generation
of up to 15 hours without sun, which allows for an uninterrupted operation day and night
(Photo: Torresol Energy).

The absorber pipe has the purpose to absorb light (IR, visible and UV radiation) and to
convert it into heat. The absorber pipe is usually made from special, double walled glass with
a vacuum in between (like a thermos jug), to minimize heat dissipation. The inner part of the
absorber pipe has a special coating, which absorbs light but has a small radiant emittance in
the infrared to minimize losses by heat radiation. A special technology uses molten salt at
temperatures of 550 °C as heat transfer medium, which has the great advantage that the hot
molten salt can directly be stored in a tank for a later energy use on demand.

The steam engine with a generator converts thermal energy into mechanical and electrical
power. To optimize the efficiency, most steam turbines use water-cooling. For desert use air
condensers are needed that have a closed-circuit water-cooling system, leading to a loss of
about 10% of efficiency compared to water-cooled systems. An alternative to air-cooling is
cooling with seawater. Sites directly at the coast are usually not suitable for CSP due to the
fog in the air, but an option is to build seawater pipelines, which transport seawater for
cooling from the coast to the optimal sites in the inland. This may pay off, especially when
the residual heat of the power station is used for seawater desalination and local fresh water

supply.

Parabolic trough systems are a proved, mature technology (see Fig. 3 left). Commercial
systems have been operational in the desert for over 25 years in a reliable way. CSP power
plants use components that can, to a large extent, be produced in desert countries themselves.
The materials used are mainly glass, steal, concrete and copper and those are sufficiently
available on the world market, also for large-scale production. The energy repayment period
of a parabolic trough system is 5-6 months for a location in Spain and shorter in sites of
higher solar irradiation as e.g. in North Africa [11].



4.2 The power tower

While the parabolic trough and Fresnel systems focus the sunlight in one dimension, power
towers focus in two dimensions and can therefore reach higher temperatures and higher
Carnot efficiencies. Higher temperatures also mean a more efficient heat storage. The
technology of power towers is very promising for the future, but currently there is little
commercial experience, as only very few power stations are in operation (see Fig. 3 right).
One big advantage of the power tower compared to the parabolic trough is that the power
tower can be built in a hilly area whereas the parabolic trough needs a flat surface. The size of
the mirror field is limited due to the limited height of the tower and due to light losses at large
distances. Therefore the power of a single device is not scalable and is limited to about 100
MW [12]. The technological challenge of power towers is the receiver that has to convert
solar power in the 100 MW range in a limited volume and to transfer it to a heat circle at a
high temperature of about 600-1200 °C [12]. The heat carriers that have been investigated are
steam, liquid sodium, and others. The research tower in Jiilich/Germany uses ambient air that
is aspirated through the absorber.

4.3 Dish Stirling plants

A very efficient way to convert thermal energy into mechanical energy is the Stirling engine.
A dish Sterling system is a device that consists of a large parabolic mirror, an absorber, a dish
Sterling engine and a generator. The whole system follows the position of the sun by rotation
around two axes. Commercial systems produce typically 10-50 kW [12] of electric power
with a solar-to-electric power efficiency up to about 16%. An advantage of a dish-sterling
system compared to a PV system is that it is a low-tech product that can be constructed in any
(non-developed) country without large investments.

4.4 Photovoltaic panels
The modern, high-tech method to produce electricity from light is to use photovoltaic cells
(PV). The various PV technologies, from monocrystalline silicon to thin films and spray-on
solar panels make up a large and fast moving field of research. The reader is referred to more
comprehensive reviews for technical details [13]. PV has the following clear advantages
compared to CSP:

* [t makes efficient use of diffuse light.

* [t needs (almost) no water during operation (except for cleaning the panels).

* Itneeds (almost) no qualified manpower for operation.

¢ [t has no movable parts and needs (almost) no maintenance.

* It is modular and scalable.
The sensitivity to diffuse light makes PV the prime choice for areas like the north of
Germany, where the portion of diffuse light is up to 50%. But also for desert-like areas with
dust or for coastal areas with fog the diffuse component of the light is an important factor in
the decision for or against concentrating systems. Currently the costs of CSP and PV are at a
similar level and both technologies have a large potential for cost reduction. Depending on the
application, the decision will favour one or the other technology. To satisfy high power
demand for air conditioning during the day, PV is currently the technology of choice whereas
for covering power demand after sunset, CSP with thermal storage is appropriate. For an
application at large scale it is important to develop a technology that is not only cost effective
but also effective in terms of the material budget of rare elements, in terms of the energetic
payback time and in terms of the local value added in the country during the construction and
operation of the power plant.

4.5 Concentrated PV



To reduce the amount of semiconductor material in PV panels, arrays of lenses are used
which focus the light on small, highly efficient PV cells. Similar to dish-Sterling systems
these PV panels follow the position of the sun in two dimensions.

4.6 Thermal storage

Solar thermal power stations use heat as intermediate energy medium and allow for a cost
effective storage of energy at large scale. During the day the molten salt from the “cold”
container is pumped into the “hot” container using a heat exchanger that transfers the thermal
energy from the thermo oil coming from the solar mirror field to the molten salt. After sunset
the salt is pumped back to the original container through a heat exchanger that gives the
energy to the steam system. This way the steam turbine can continue to operate during night.
The investment of the heat storage system pays off for two reasons: it allows an electricity
production on demand when the electricity price is highest and it allows to operate the steam
turbine at full load for a longer time every day without having to cut the solar peak power
during midday. To bring the costs down, the storage material has to be cheap and available in
large quantities. For obvious reasons, sand is an attractive medium for solar power stations in
deserts. At the solar tower lab in Jiilich, the option to use sand as storage material is
investigated. The heat is transferred to the sand sufficiently fast by blowing 900 °C hot air
through the sand. The hot sand can be stored in a silo. On demand, the energy is extracted
from the sand using a flow bed exchanger where the heat is transferred to steam that is used to
run a steam turbine. One m’ of sand at 900 °C contains about 300 kWh thermal energy what
means that, neglecting losses and efficiencies, the storage of 10 hours solar power of a 1 GW
solar field requires a sand cube of 30 m size.

4.7 Hybrid power stations

As CSP power stations use conventional steam turbines, one can combine solar power and
fossil power in the same power plant without doubling the investments for the power block.
Even though CSP stations with heat storage can deliver power day and night, there may be
reasons to operate a CSP station with fossil fuels, e.g. to bridge a bad weather period. Another
reason for building hybrid power stations is to minimize initial investments. Starting from an
existing modern combined cycle gas turbine, the fossil fuel can be replaced by solar energy
step-by-step by adding a solar field that delivers part of the exergy.

4.8 Seawater desalination in desert countries

For many desert countries the future fresh water supply is an even more serious issue than the
energy supply. Today, many desert countries exploit fossil water reservoirs for drinking water
and for agriculture. The fossil water sources are limited and the demand for water is
increasing due to the population rise. The problem may be intensified in future by reduced
rainfalls due to climate changes, especially in many regions of Africa.

Seawater desalination can mitigate the problem. As seawater desalination is inherently energy
intensive, about 4 kWh are needed for one cubic meter of water [3], it is important to
integrate seawater desalination into an overall energy concept. An elegant way to combine
electricity production and seawater desalination is to use the waste heat of CSP stations for
desalination [4]. As already mentioned, sites at the coastline are not optimal for CSP because
of fog and clouds, therefore the seawater should be transported to inland CSP plants by
seawater pipelines.

4.9 Wind power in deserts and off-shore

In many desert countries there are trade winds that allow for an efficient and reliable
production of wind power. Modern wind power stations are a highly cost efficient way to
produce renewable energies. Due to the fluctuating nature of wind, wind power has to be



integrated into a large grid to average out fluctuations and it has to be combined with other
sources of renewable energy in a common concept. Naturally, wind energy is not limited to
deserts. There is a large unused energy potential offshore that is waiting to be harvested.
Wind power increases with the third power of the wind speed, and therefore offshore wind
power 1is significantly larger than on-shore wind power. What the desert is for solar energy,
the sea is for wind energy.

4.10 Synthetic gas and liquid fuels from deserts

Today, mobile applications rely on fossil fuels to almost 100%. In spite of efforts to build
reliable and light batteries, for many applications, especially in aviation, synthetic fuels will
still be needed on the long run. It seems that CSP offers a largely unexplored field to
synthesize fuels using catalytic reactions at high temperatures. A prominent example is the
generation of alcohol using synthesis gas that is generated in a solar oven from CO, and
water. Although this technology has been proved only at the laboratory scale and with an
efficiency of 0.8%, there is hope that this technology can be brought to industrial scales at
high efficiencies of e.g. 16-20% or more [19]. The production of hydrogen from water is also
possible with catalytic reactions in CSP without making the detour of electricity generation.
For the transport of synthetic fuels from the desert to the consumers, the existing pipeline
system can be reused.

4.11 Further methods to produce power in deserts

There are other ways to produce electric power in the deserts. A prominent example is the
solar chimney power plant. Despite the height of the chimney of 1000 m and more, the
efficiency of such a power plant is as low as about 1%.

Solar heat can be used directly without the detour of electric energy in many local
applications. Examples are process heat for industry and air conditioning of houses using
absorption refrigeration machines that produce cooling energy from heat.

4.12 The ideal solar thermal power station

To summarize, the ideal solar thermal power station in the desert focuses the light by a large
concentration factor, reaches highest temperatures, stores the heat using a large volume of
cheap storage material, and uses the stored heat to produce electricity on demand. Seawater,
brought in by a pipeline, serves as heat sink to increase the Carnot efficiency. The waste heat
is used for seawater desalination and as process heat for industrial processes. In future, CSP
technology may become a key technology for the large-scale production of synthetic fuels
using catalytic reactions.

5 Power to the people - the super grid

The electric power produced in deserts has to fulfil first the growing power demand of the
local population in the desert country. The large potential will exceed the local demand by far
and can be used to export electrical power to the neighbouring countries [6]. About 90% of
the world population lives within 3000 km from a desert. How is the power brought to the
people? Modern high voltage technology allows for an efficient way to transport the power by
electric cables over thousands of kilometres. By the use of a super grid that spans continents,
all kind of distant, renewable energy sources can be interconnected among each other and
with the consumers.

5.1 Local vs. central

When the DESERTEC concept was born, it met strong opposition by part of the established
solar power community, especially in Germany. The competing concept is the idea of energy
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autonomy, where individual houses or small communities produce their own energy and are
self-sufficient. A main benefit is anticipated from the avoidance of power losses in the grid
and especially from the economical and political independence from large power companies
and the corresponding large investments. From the technical point of view - ignoring the
political issues here - it seems obvious that the decision for a local or a central energy concept
depends on the situation. In a village in a rural area with little energy demand, e.g. in Namibia
with a population of 1 person per km?, it is obvious that the energy supply has to be local,
using a combination of dish-Stirling, PV panels, wind power or biomass. The extension of
existing grids to all villages will not pay off. In a big city like Cairo, Frankfurt or Chicago, a
grid is the most economic, ecologic and reliable way to provide power 24 h a day to every
household and to industrial centres. The grid is needed to supply energy when the fluctuating
solar and wind power does not deliver. Ideas to use local batteries, local hydrogen production
or bio fuels are not practical at a global scale where thousands of GW have to be provided. In
contrast to a battery, an electric cable does not need large amounts of chemicals and is the
easiest and cleanest solution to provide power to a region of dense power consumption.
Therefore in industrialized and populated areas a dense power grid is needed. The idea of
DESERTEC is to interconnect the local grids on a scale of thousands of kilometres for three
reasons: to transport energy from deserts to distant consumers, to average out fluctuations of
renewable energy sources, and to minimize expensive local storage and back-up capacities.

5.2 HVDC technology

The super grid became feasible by recent progress in the technology of high voltage direct
currents (HVDC). Electric power can be transported using direct current (DC) or alternating
current (AC). A draw back of the three-phase alternating current technology are problems
with inductive and capacity reactance of long distance cables and possible black-outs due to
phase instabilities in large area grids. In contrast to AC technology, modern HVDC
technology allows for point-to-point connections with small losses of about 2.5% every
thousand kilometres. The loss in the AC-DC converter stations is of the order of 1% or below
[6]. In addition, modern HVDC connections work bidirectional and can stabilize the existing
AC networks by adjusting and stabilizing the phases of the AC currents.

It is not the technical challenge of HVDC that is regarded as the main difficulty of the
DESERTEC concept. Many people regard the long approval processes for new power lines as
a major obstacle. As the energy supply of a country is of national interest, legislation has to be
adjusted accordingly. To minimize the interference with the environment and with third
parties, one can use ground cables that are placed parallel to railway routes or highways.
Ground cables are more expensive than overhead lines, but compared to the production costs
of electric power, the cost for the net are still moderate. The cost for a line from Africa to
Europe (sea cable and overhead line) has been estimated to 0.01-0.02 €/kWh [6]. The losses
of HVDC lines are typically less than 3% every 1000 km [8].

5.3 Averaging out fluctuations

Sun and wind are fluctuating energy sources. The sun has a daily and a yearly cycle, and due
to clouds and weather conditions there is a stochastic behaviour in addition to the predictable
oscillations. For wind energy the stochastic fluctuations dominate the cyclic variations. The
fluctuations are spatially correlated, and the correlations decrease with distance. By
interconnecting a large number of fluctuating energy sources, part of the fluctuations are
averaged out. A simple example for three almost uncorrelated sources are the daily
fluctuations of wind power generation in the North Sea, and the generation of wind power in
North Africa using trade winds, and the fluctuations of the PV power production in the south
of Germany. In general, renewable wind or solar energy sources are not at all uncorrelated



and a detailed investigation of time series is needed to evaluate the overall performance of the
super grid [9].

5.4 Demand control and smart grids

Standard grids distribute the power of a few power sources to a large number of consumers
and adjust the production of the power plants to the need of the consumer of the power. Smart
grids do not only adjust the production to the consumption, but in addition they adjust the
power consumption to the availability of power. A technical requisite to do so is a
communication line between the power company and the power consumers that allows
switching off certain devices for certain periods, e.g. short times during daily peak hours or
longer time periods e.g. during calms of wind power. Economically that can be introduced by
special power tariffs that make electric power cheaper for consumes at certain times or under
certain operating conditions. Short power breaks are uncritical for a certain class of devices
like air conditioning systems, refrigerators, and heat pumps. Longer power breaks may be
uncritical for water desalination, for water pumps in agriculture, and even for energy intensive
industrial production where energy prices are a dominant factor and more relevant than e.g.
manpower costs. Up to now there are many ideas about how a smart grid could work. A
classical example is to run the washing machine remote controlled during the night, but there
is little practical experience about how well the concept is accepted in daily life and what the
final benefit will be.

6 Energy security

Energy has to be available 24 h/d, every day in the year. Our current fossil energy system
based on coal, oil and gas uses storage capacities to ensure permanent availability. If in future
a major fraction of the electrical power comes from sun and wind, the fluctuations and the
daily and yearly cycles of these renewable energy sources have to be taken into account for a
secure energy supply. The main ingredients for a stable, renewable energy supply based on
energy from deserts are:

1. A large-scale smart super grid

i1. CSP thermal storage

iii. Overcapacities and a “fine-tuning” of the selection of various power sources

iv. Large scale water pump storage

v. Power to gas production

vi. Back-up power stations
The large-scale grid, sufficiently dimensioned, averages out stochastic fluctuations of the
energy sources and of the consumption over a scale of a thousand kilometres. In addition, due
to being “smart”, it allows to reduce the power demand in periods of power shortage. The
daily cycles of solar energy can be handled by thermal storage in CSP, provided the HVDC
lines have overcapacities that match the power consumption during peak hours.
Overcapacities of power stations, especially of wind power stations, are also needed to
minimize the required storage capacities. The idea of “fine-tuning” comes from the fact that
every source of renewable energy as well as every type of consumer has a specific daily and
yearly cycle. By adjusting the number of power stations of each type to each other, the daily
or yearly net variations of power demand and of power consumption can be compensated to
some extent. If, for example, an area needs extensive electric power for air conditioning
during the hot hours of the day, local PV is the ideal power supply, which matches the daily
cycle of the demand. Another example: there are areas which have supplementary wind in
winter, like the regions of the North Sea and the Baltic Sea, and areas which can produce
more power in summer, like CSP and wind power in North Africa. By adjusting the number
of power stations in the north with those in the south the overall variations can be minimized.



6.1 Water pump storage

The most efficient way to store electric power at large scale is to use water pump stations. A
water pump station consists of two large water basins at different heights that are connected
by a turbine which can pump up the water if there is an excess of electric power and that can
run in generator mode when electric power is needed. Water pump stations have a high
efficiency of typically 70-85% [10]. Pump storage systems are characterized by the maximum
power they deliver and the maximum energy they store. Large systems reach a power of about
1 GW and a capacity of about 8 GWh. Much larger systems could be built by using the ocean
as one of the basins. For example, a Fjord in Norway with a size of e.g. 400 km? that is
converted into a barrier lake by a 25 m high dam could store 340 GWh. Another suitable
geographic area is a large lowland in Morocco, up to 60 m below sea level that could be
flooded and used as the lower basin with the Atlantic being the upper basin in this case.

An alternative option for water pump storage is to go underground and use old, unused mines
as lower basins. Recently it was proposed not to reuse old mines but to build new wells for
the purpose of water pump storage. These wells would have a depth on the order of 2000 m,
the water would be pumped up and down using existing pump station technology and they
could be build at a location of choice with almost no impact on the landscape [20].

Another new concept for pump storage is to exploit the high water pressure in deep sea. It is
proposed to build large hollow concrete balls that are stationed at submarine ground at a depth
of 1000-2000 m. They are equipped with a turbine that is able to evacuate the balls. A power
cable connects the balls with the power grid. The hollow spheres act as pump storage by
evacuating them. By floating with seawater the energy is recovered. At a depth of 2000 m the
potential energy density of water is 20 MJ/m>. The electrical energy output obtained from
such a ball equals the one from a natural gas storage of the same volume at normal pressure.

It was proposed to tune the wall thickness of the balls such that its weight compensates the
upwelling, and that a fully evacuated sphere can resurface for maintenance [21].

6.2 Chemical storage

It has been proposed to use batteries of cars as storage capacity of the grid. This concept is
appealing at first sight, but it has some deficiencies. Due to the limited cycles of batteries and
the requirement that the battery has to be full when the car is needed, not everybody will
accept that the battery of his car is emptied every day during peak electricity demand,
especially when the peak demand in winter coincides with the morning rush hour where the
car is needed. Using batteries for buffering grid energy at large scale requires a huge number
of cars that are unused most of the time. Such a concept of individual motor traffic with cars
that are parking most of the time is not a very ecological mobility concept - even though it is
fact today. More ecological concepts like car-sharing or public transport are not compatible
with the idea of using batteries of cars as free storage capacity.

6.3 Power to gas

An alternative to batteries is the production of hydrogen, methane or other synthetic fuels for
energy storage. Hydrogen can be produced from water using electrolysis with an efficiency of
about 60% [22]. Using fuel cells or gas turbines, 60-70% of the energy can be retrieved as
electricity [10], which means that the overall efficiency of the storage medium hydrogen is
about 40%, using current technology.

Recently, an appealing concept is promoted using the label wind gas: Excessive wind power

is used to generate hydrogen, which is then feed into the existing natural gas pipeline
network. There, the gas is stored using the existing gas storage capacities. Due to diffusion
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and its chemical properties, the fraction of hydrogen in the standard gas pipelines has to be
limited to a few vol.-%. In order to overcome this capacity limit, the hydrogen is chemically
converted to methane by the addition of CO,. This renewable methane perfectly replaces
natural gas and can be stored and distributed by the existing gas infrastructure [23]. Currently,
the production of hydrogen or methane has still large conversion losses and future R&D will
show if gas production becomes an option for large-scale energy storage.

6.4 Back-up power stations

In a future energy system based on water, solar and wind power, power stations based on
biomass can be used as buffer and back-up for the case that water, wind, solar, and pump
storage power are insufficient. Also natural gas power stations can play this important role in
the coming decades during the transition time from the fossil and nuclear energy system to a
renewable energy system. The still existing coal and lignite power stations should be
preserved as back-up power stations. They cannot serve as short-term resource to compensate
for daily fluctuations, but their existence reduces the vulnerability of a country against power
cuts, for example in case of a political crisis in one of the solar power generating countries.
Putting fossil power plants into operation for a limited time is a way to overcome power
shortages on the scale of weeks or months.

7 Environmental issues

Numerous large-scale solar power stations, wind parks, overhead lines, and large pump
storage stations certainly have an impact on the environment that has to be carefully studied.
Nevertheless, all conceivable impacts of this renewable energy concept are put into
perspective compared to the impact of global warming, air pollution, oil pollution, nuclear
accidents, or coal and uranium mining and radioactive waste repositories.

8 Socio-economic and political issues

The socio-economic and political preconditions for and implications of a transition to a
sustainable society exceed the scope of this paper and the reader is referred to more
comprehensive reviews [14], [25], [26], [27], [28], [29], [30], [31]. Nevertheless a few key
aspects related to a switch over to renewable energy supply from desert areas will be
discussed.

8.1 The learning curve and the internalization of external costs

The change of our global energy system requires huge investments. Conventional power
plants, like e.g. gas turbines, need a comparably small initial investment, and a large
proportion of the electricity costs comes from the costs of the fossil fuel. Renewable energy
systems have small running costs and the major part of the electricity costs are investment
costs, i.e. manpower and material during construction and the interest of the investor. In
addition, there is a learning curve to pay in the coming years, as the required technologies are
partially still in the pre-commercial development phase and not yet in mass production. All
that makes the switch from an exploiting energy system to a renewable energy system
economically difficult, and political regulations or incentives are needed so that renewable
energies can compete with the old technologies on a free market. Possible political tools are
feed-in tariffs, carbon certificate trading or energy taxes. A first and overdue measure is the
cancellation of governmental subsidies for the mining or use of fossil fuels.

A more difficult step is the internalization of the external costs. Examples for external costs of

fossil fuels are the long-term costs of global warming, the costs of air pollution to the health
of the population and the costs of oil pollution by accidents during drilling and transport of
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the oil. Examples for external costs of nuclear industry are the long-term costs of nuclear
accidents, the costs for keeping nuclear radioactive waste repositories safe over centuries and
the costs to prevent the proliferation of nuclear weapons.

A first political measure to bring the old and the renewable energy industries to an equal
footing would be to force energy companies to re-insure those risks. A full risk assessment
and insurance against costs of possible terroristic attacks in nuclear industry would certainly
make nuclear power economically unattractive. The same will be true for oil and coal
companies if the impact of global warming is internalized.

It can be predicted that even without internalizing external costs and without special feed-in
tariffs, wind, CSP and PV power stations will be economically competitive in many areas of
the world in the coming decades, due to the rising costs of fossil fuels and due to the cost
reduction by mass production of components for renewable energy power stations. This fact
makes investments in new fossil or nuclear power stations uncertain already today, as a power
station that is constructed today will not be competitive during its whole life span any more.
In addition, future investments in fossil and nuclear industry will face an increasing risk of
penalties (taxes, re-insurance, environmental conditions, etc.) due to the decreasing
acceptance in the public opinion. Therefore, feed-in-tariffs and other political measures are
not needed to make the energy revolution happen, but they are urgently needed to make the
energy revolution happen in time, i.e. before humanity runs into serious problems of energy
shortage and climate change.

8.2 The special situation of MENA and Europe

The USA, China, Australia and other countries have their own deserts. For many countries in
Europe, Africa, Asia and South America the use of energy from deserts relies on international
cooperation, which is challenging in many cases, as for example in the case of Europe and
Africa. In MENA (Middle East and North Africa) the population and the need for electricity
are growing rapidly. There is little industry in North Africa, a high unemployment rate and a
lack of prospects for the young generation. The idea of DESERTEC is to construct solar and
wind power stations in MENA. The excess of energy that is not needed in the country itself
can be exported to Europe. That creates an economical interdependence between MENA and
Europe and is a basis for a stronger future collaboration. It is a classical win-win situation.
Europe has the knowledge how to build the power plants and the HVDC grid. It also has the
money to pay for the learning curve. MENA has the optimum sites for solar energy power
stations and the manpower to construct them. Europe can profit from a cost-effective clean
solar power generation, from a political stabilization of North Africa due to the economic
growth, and from a new business market in its vicinity. The rising problem of migration and
extremism can be mitigated by a close collaboration of Europe and Africa. Africa has the
advantage of getting sustainable energy, fresh water from seawater desalination, new
possibilities for industrial growth and a large number of new jobs and perspectives for the
future of the young population. The power connection of the continents can bring the
continents closer together in an economical and may be even in a cultural way.
Representatives from North-Africa have expressed that they do NOT want turnkey power
stations made by European companies any more, but that they want to gain the know-how
themselves how to build solar power stations and have local value added. The DESERTEC
foundation supports this concept and has set up an academic and a university network where
institutes from most of the North African countries are represented [24]. A large number of
(local) engineers is required, so that the goal to build a large amount of power stations in the
coming decades can happen sufficiently fast.
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8.3 Requirements of a future energy system

From the political point of view, the future energy system has to fulfil three criteria (see Fig.
4): reliability, economic efficiency and environmental sustainability. Concerning the
environmental sustainability the renewable energy systems obviously beat the fossil and
nuclear energies, provided that renewable energy systems are chosen that have a good eco-
balance concerning the amount of energy and material needed to construct the renewable
energy systems. The reliability issue is obviously fulfilled by the DESERTEC concept in the
global sense, as there is no fuel needed, sun and wind will not run out and the fluctuations can
be handled. From the point of view of a certain country that has to import electricity from a
neighbouring country, the situation looks different at a first glance, as there is an obvious
dependence on the neighbouring country. However, this situation is not new for most of the
industrialized countries. Already today, Europe's energy security depends on a few suppliers
of oil and gas. The credo of the DESERTEC concept is that the economic interdependence of
the involved countries introduces a partnership that finally is the best guarantor for a safe
neighbourhood far beyond the aspect of a safe energy supply.

SECURE

ECONOMIC ECOLOGICAL

Figure 4: Energy security, economic efficiency and environmental sustainability are the three
main criteria for the political and public acceptance of an energy concept.

A big economical advantage of renewable energies compared to fossil energies is that they do
not depend on a fluctuating world market of fossil resources. The product “electricity from
the desert” is not suited for long-term storage. An African desert country that cuts the electric
power line to Europe will not be able to bunker the electricity to sell the energy at another
month to a different customer. It will simply loose the benefit of its investments. Therefore, it
is in the interest of both partners to maintain good long-term business relations.

The economic efficiency of renewable energy sources is still an issue today, because the
external costs of the competing energy sources are not internalized. It is the prime duty of
political leaders today to negotiate national and international agreements that stop the
apparent cost advantage of fossil and nuclear energies and to support the renewable energies
by feed-in tariffs, by paying the learning curve and by organizing and financing intense
research and development on renewable energy systems to bring the costs down.

More and more important, beyond all economical and political considerations is the
acceptance of a technology by the people. Here, the protagonists of the idea of the “clean
power from the desert” still need to do a convincing job, to overcome the scepticism against a
new technological concept that, in the view of many people, seems to have a large risk of
generating new dependencies as well for the industrialized non-desert countries as for the
developing countries.
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9 Conclusions

Clean power from deserts is ready to go. It has an overwhelming potential for a sustainable
world energy supply. Basic concepts and technologies are available to be implemented.
Nevertheless, the way to an almost 100% renewable, carbon free energy supply still requires
huge efforts of technical R&D, and more important, significant changes in the political and
socio-economic boundary conditions. Looking at today's economical and political decisions,
it seems that many people either ignore or underestimate the range of the required changes of
the world energy system.
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