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Our personal energy consumption: 5 kW
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    [MacKay 2009. wikipedia]

• a typical European needs 5 kW                              
(1 kW electricity + transport + heating …)

• this equals 120 kWh or 12 litres of petrol per day 

• one return flight from Europe to China consumes 
about 1200 litres of kerosene per person (~100 days)

5 kW: one large 
electric heater, 

switched on from 
birth to death 



Dependence on Oil and Gas Imports

• each day, each person in Germany consumes                          
3 litres of petrol and 3 cubic metres of gas                          
(about half from Russia)

• Energy content equivalences (with a grain of salt):
• 1 litre of petrol contains as much energy as 
• 1 cubic metre of gas or 
• 10 kWh electricity 

• our daily consumption of 120 kWh per person 
corresponds to either 12 litres of petrol or 12 cubic 
metres of gas

• thus, today, oil and gas imports cover half of our 
energy needs, in particular for transport and heating. 
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The Most Important Gas Pipelines in Europe
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100% Renewable Energy   =    Electrification

In the carbon neutral future, we need to save energy, 
and all remaining energy needs, including transport 
and heating, need to be powered by renewable 
energy. Concretely, this means:

• significant carbon pricing: tax on coal, oil and gas
• battery electric vehicles for transport (or biogas)
• heat pumps for heating

• ubiquitous use of (renewable) electricity
• fluctuating price of electricity (due to intermittency 

of wind and solar sources)
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Electricity production in Germany in April 2022 [Agora]
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Wind and solar contribute already now significantly to Germany’s electricity 
production  (33% in 2021), but have high variations. 



Last year, 
54% of Germany’s electricity was of nuclear or fossil origin
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[Fraunhofer ISE, Energy Charts, electricity generation in Germany in 2021]
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Sustainable Energy Sources
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Solar and wind energy are abundant and have the potential 
to cover all human energy needs  
E.g. 125 m2 solar cells per person, or 10% of the Sahara desert for humanity. 
Or 10% of the Atlantic covered with offshore wind parks. 

Two main problems of both: 
- not available at all times 
- low power densities 



Worldwide, wind and solar power grow strongly and provide 
already as much electricity as 250 nuclear power plants
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512 GW in 2018
591 GW in 2018

402 GW in 2018

Worldwide installed capacity in GW since 1956
(for solar and wind, divide by 5 to get average production)
(average nuclear power plant produces 900 MW)



What is needed for 5 MW installed power ? 

14

Solar in Southern Europe: area of 125 m x 200 m



Map of Freiburg and Breisgau, and Square of 10 km x 10 km 

Average annual solar production per square metre of PV farm is about 10 W, i.e., each 
person in Germany would need 250 square meters, i.e., about 100 square kilometres for all 
direct and indirect Energy needs of 400 000 people in Freiburg and surroundings



Agri-Photovoltaik allows us to make dual use of land
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What is needed for 5 MW installed power ? 
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Solar in Southern Europe: area of 125 m x 200 m



What is needed for 5 MW installed power ? 
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Wind in North Sea: 
turbine of 150 m heightSolar in Southern Europe: area of 125 m x 200 m



What is needed for 5 MW installed power ? 
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Wind in North Sea: 
turbine of 150 m height

turbine and tower weigh 700 tons



What is needed for 5 MW installed power ? 
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Wind in North Sea: 
turbine of 150 m height

turbine and tower weigh 700 tons
Could we harvest wind power in high altitudes with less material ? 



A sunny morning in Freiburg …

1) Even on a sunny day, there is some wind up in the hills.                   2) There is still a lot of sky above the turbine. 
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A turbine of 500m height is difficult to build
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Long lever arm leads to large torque



A turbine of 500m height is difficult to build
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A turbine of 500m height is difficult to build
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A turbine of 500m height is difficult to build
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A turbine of 500m height is difficult to build
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A turbine of 500m height is difficult to build
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Metamorphosis of a Wind Turbine
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Crosswind Kite Power

• kite flies fast loops in crosswind 
direction 

• very strong force on tether

But where could a generator be driven ?
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Generator on Ground (Pumping Cycle)
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````````` Cycle consists of two phases:
• Power generation phase:

• Fly kite fast, have high force
• unwind cable
• generate power



Cycle consists of two phases:
• Power generation phase:

• Fly kite fast, have high force
• unwind cable
• generate power

• Retraction phase:
• Slow down kite, reduce force
• pull back line
• consume power

Pro: all electric parts on ground

Can deliver about 40 kW 
per m2 wing area

31

`````````

Generator on Ground (Pumping Cycle)



How much is 40 kW per m2  wing area ? 

Two people need 1 m2 
wing surface to cover all 
their energy needs !

32

1 m2 wing surface corresponds to  
250 m2 of photovoltaic cells in Italy

More realistic estimate: wing produces full power only 25% of a year,    
so we get about 10 kW per m2 .

 [master students Wouter Vandermeulen and Jeroen Stuyts]
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Abstract— The airborne wind energy (AWE) paradigm pro-
poses to generate energy by flying a tethered airfoil across
the wind flow at a high velocity. Although AWE enables flight
in higher altitude and stronger wind layers, the extra drag
generated by the tether motion imposes a significant limit to
the overall system efficiency. To address this issue, two airfoils
with a shared tether can reduce overall system drag. Although
this technique may improve the efficiency of AWE systems, such
improvement can only be achieved through properly balancing
the system trajectories and parameters. This brief tackles that
problem using optimal control. A generic procedure for modeling
multiple-airfoil systems with equations of minimal complexity is
proposed. A parametric study shows that at small and medium
scales, dual-airfoil systems are significantly more efficient than
single-airfoil systems, but they are less advantageous at very large
scales.

Index Terms— Airborne wind energy (AWE), dual airfoil,
large-scale optimization, power optimization.

I. INTRODUCTION

TO OVERCOME the major difficulties posed by the
growing size and mass of conventional wind turbine

generators [5], [16], the airborne wind energy (AWE) para-
digm proposes to eliminate the structural elements that are not
directly involved in power generation. An emerging consensus
recognizes crosswind flight as the most efficient approach to
AWE [17]. Crosswind flight extracts power from the airflow
by flying an airfoil tethered to the ground at a high veloc-
ity across the wind direction. Power can be generated by:
1) performing a cyclical variation of the tether length, together
with cyclical variation of the tether tension or 2) using onboard
turbines, transmitting the power to the ground via the tether. In
this brief, option 2) is considered, as investigated by Makani
Power [18].

Because it involves a much lighter structure, a major
advantage of power generation based on crosswind flight
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Fig. 1. Schematic diagram of a dual-airfoil AWE system (see. [21], Fig. 3).

over conventional wind turbines is that higher altitude can
be reached and a larger swept area can be achieved, thereby
reaching wind resources that cannot be tapped by conventional
wind turbines [11].

Unfortunately, the drag because of the motion of the tether
during crosswind flight has a significant impact on the system
performance. To tackle this issue, the dual-airfoil design was
first introduced in [21] and later investigated in [15], [22],
and [25]. The key idea of the dual-airfoil design is to fly two
airfoils connected on a single main tether (Fig. 1) in a balanced
manner. Therefore, only the shorter secondary tethers move at
a high velocity and generate drag, whereas the motion of the
main tether is negligible.

Although the dual-airfoil design has the potential to reduce
the problem of tether drag for AWE systems, the system
design and trajectory must be carefully selected so as to fully
exploit the gains of reducing the tether drag. More precisely:
1) the airfoil trajectories must balance the forces on the main
tether so as to minimize its motion, maintain the optimal
airfoil velocities, and maintain an optimal angle between
the secondary tethers; 2) the aerodynamic forces yielded by
onboard power generation must be appropriately chosen so as
to maximize the system efficiency; 3) the tether lengths must
be chosen so as to achieve the best trade-off between reaching
higher altitude and adding airborne mass; and 4) the tether
diameters must be selected so as to achieve the best trade-off
between reducing the drag and withstanding the forces in the
system.

Defining the optimal system parameters and trajectory is a
highly involved problem that is best cast in the framework
of optimal control. Single- and multiple-kite models were
proposed in [7], [12]–[15], and [24]. This brief, however,
proposes a generic modeling procedure for multiple-airfoil
AWE systems, including a finite element model (FEM) for the
tethers that is well-suited for optimal control and that produces

1063-6536/$31.00 © 2013 IEEE
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over conventional wind turbines is that higher altitude can
be reached and a larger swept area can be achieved, thereby
reaching wind resources that cannot be tapped by conventional
wind turbines [11].

Unfortunately, the drag because of the motion of the tether
during crosswind flight has a significant impact on the system
performance. To tackle this issue, the dual-airfoil design was
first introduced in [21] and later investigated in [15], [22],
and [25]. The key idea of the dual-airfoil design is to fly two
airfoils connected on a single main tether (Fig. 1) in a balanced
manner. Therefore, only the shorter secondary tethers move at
a high velocity and generate drag, whereas the motion of the
main tether is negligible.

Although the dual-airfoil design has the potential to reduce
the problem of tether drag for AWE systems, the system
design and trajectory must be carefully selected so as to fully
exploit the gains of reducing the tether drag. More precisely:
1) the airfoil trajectories must balance the forces on the main
tether so as to minimize its motion, maintain the optimal
airfoil velocities, and maintain an optimal angle between
the secondary tethers; 2) the aerodynamic forces yielded by
onboard power generation must be appropriately chosen so as
to maximize the system efficiency; 3) the tether lengths must
be chosen so as to achieve the best trade-off between reaching
higher altitude and adding airborne mass; and 4) the tether
diameters must be selected so as to achieve the best trade-off
between reducing the drag and withstanding the forces in the
system.

Defining the optimal system parameters and trajectory is a
highly involved problem that is best cast in the framework
of optimal control. Single- and multiple-kite models were
proposed in [7], [12]–[15], and [24]. This brief, however,
proposes a generic modeling procedure for multiple-airfoil
AWE systems, including a finite element model (FEM) for the
tethers that is well-suited for optimal control and that produces
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Dual Kite Systems
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TO OVERCOME the major difficulties posed by the
growing size and mass of conventional wind turbine

generators [5], [16], the airborne wind energy (AWE) para-
digm proposes to eliminate the structural elements that are not
directly involved in power generation. An emerging consensus
recognizes crosswind flight as the most efficient approach to
AWE [17]. Crosswind flight extracts power from the airflow
by flying an airfoil tethered to the ground at a high veloc-
ity across the wind direction. Power can be generated by:
1) performing a cyclical variation of the tether length, together
with cyclical variation of the tether tension or 2) using onboard
turbines, transmitting the power to the ground via the tether. In
this brief, option 2) is considered, as investigated by Makani
Power [18].

Because it involves a much lighter structure, a major
advantage of power generation based on crosswind flight
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Fig. 1. Schematic diagram of a dual-airfoil AWE system (see. [21], Fig. 3).

over conventional wind turbines is that higher altitude can
be reached and a larger swept area can be achieved, thereby
reaching wind resources that cannot be tapped by conventional
wind turbines [11].

Unfortunately, the drag because of the motion of the tether
during crosswind flight has a significant impact on the system
performance. To tackle this issue, the dual-airfoil design was
first introduced in [21] and later investigated in [15], [22],
and [25]. The key idea of the dual-airfoil design is to fly two
airfoils connected on a single main tether (Fig. 1) in a balanced
manner. Therefore, only the shorter secondary tethers move at
a high velocity and generate drag, whereas the motion of the
main tether is negligible.

Although the dual-airfoil design has the potential to reduce
the problem of tether drag for AWE systems, the system
design and trajectory must be carefully selected so as to fully
exploit the gains of reducing the tether drag. More precisely:
1) the airfoil trajectories must balance the forces on the main
tether so as to minimize its motion, maintain the optimal
airfoil velocities, and maintain an optimal angle between
the secondary tethers; 2) the aerodynamic forces yielded by
onboard power generation must be appropriately chosen so as
to maximize the system efficiency; 3) the tether lengths must
be chosen so as to achieve the best trade-off between reaching
higher altitude and adding airborne mass; and 4) the tether
diameters must be selected so as to achieve the best trade-off
between reducing the drag and withstanding the forces in the
system.

Defining the optimal system parameters and trajectory is a
highly involved problem that is best cast in the framework
of optimal control. Single- and multiple-kite models were
proposed in [7], [12]–[15], and [24]. This brief, however,
proposes a generic modeling procedure for multiple-airfoil
AWE systems, including a finite element model (FEM) for the
tethers that is well-suited for optimal control and that produces

1063-6536/$31.00 © 2013 IEEE
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Circular AWE Farmswith High Surface Power Density
Moritz Diehl1, Jakob Harzer1, Jochem De Schutter1

1 University of Freiburg

The Power Density (PD) per ground surface area of
existing wind power farms is estimated to be around
pPD = 2 MW/km2 [1]. For solar PV farms we have a PD of
around 10 MW/km2. Despite the fact that wind and solar
power would - even with these low PD - need only a tiny
fraction of the earth’s surface area in order to generate
all of humanity’s energy needs, the PD still matters be-
cause many of the infrastructure costs of renewable en-
ergy farms such as grid connection and installation logis-
tics scale proportionally with the farm area.

The PD of any wind harvesting system is limited by Betz’
law and by the reachable altitude of the installation. One
distinct advantage of airborne wind energy systems with
small tether drag - such as dual-kite systems - is the pos-
sibility to locate them at arbitrarily high locations above
the ground and harvest wind power at distinct locations
on the sky.

This work proposes and simulates circular AWE farms
with high PD. These farms consists of many indepen-
dently ground located dual-kite AWE systems that are all
flying at the same tether inclination angle α = 30� but
with di�erent tether lengths, depending on the wind di-
rection, such that all wings fly in a large planar ellipti-
cal area that is vertical to the tethers. The individual
systems are assignednon-overlapping “operation cones”
that depend on the wind direction. Otherwise, the indi-
vidual systems are completely independent and can e.g.
be started and landed independently.

Detailed calculations that take into account Betz’ limit
show that the e�ective wind harvesting area is propor-
tional to the ground area of the farm for this concept, but
reduced by several factors: first the circle packing loss

factor ηcirc = 0.7, second the cosine and area reduction
loss factor ηgeo = cos(α)2 sin(α) = 0.375, third the Betz
factor ηBetz = 16/27. Together, they lead to an e�ective
area reduction factor ηtotal = ηcirc ηgeo ηBetz = 0.15. As-
suming a cubically averaged wind speed of v = 7 m/s,
the yearly average wind power density in the air would
be given by pair = 1/2ρairv3 = 206 W/m2, such that the
PD of the AWE farm would be given by pPD = ηtotalpair =
32 MW/km2, which is more than 15 times the PD for con-
ventionalwindand3 times thePDof solarPV. This assess-
ment is supported bymore detailed simulation studies of
a wind farm consisting of many moderately sized dual-
kite systems.

References:

[1] VanZalk, J. andBehrens, P., The spatial extent of renewable and
non-renewable power generation: A review and meta-analysis of
power densities and their application in the US. Energy Policy, 123,
pp.83-91, 2018.

2 MW/km2 for Conventional Wind Farm

20 MW/km2 for Solar Photovoltaic Farm

 30 MW/km2 for “Vertical Wind Farm”
consisting of dual kite systems in 
varying altitudes (estimate by M.D.)



Summary and Personal Conclusions

We need:

• consistently high carbon prices that drive fossil fuels out of the market

• 100% renewable electricity (wind, solar, hydro, …) as soon as possible

• lots of solar and wind power installations (also above fields and forests) 

• lots of battery electric vehicles

• heat pumps for heating (and cooling)

• adaptive electricity consumers, varying electricity prices

• incentives for research on novel renewable technologies such as airborne 
wind energy
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Our Vision: replace tons of steel and concrete…
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Our Vision: replace tons of steel and concrete…
…by a cable and intelligent control

38



Short Term Vision of Researchers in Freiburg 
(Company Kiteswarms + University of Freiburg)
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