An Introduction to Airborne Wind
Technology and Cost Reduction Trends

Stephanie Mann | February 2019 | AP-0020

Summary

Ask someone to picture a wind turbine, and most will describe the type with a tall tower and three
blades spinning on a horizontal axis. This is the image that comes to mind for most when we think about
wind power - but it is also possible to capture wind energy by flying a tethered device across the wind to
produce lift and drag. These devices are referred to as airborne wind energy generators.

Here, electricity is generated by adding lift or drag to the device and passing energy down the tether
electrically or mechanically. The lightweight nature of airborne wind allows for a step change in the
levelised cost of energy (LCoE), especially when looking offshore. These reductions have been quantified,
and the data shows that airborne wind has a potential LCoE of £30/MWh by 2030.

This paper provides a high-level introduction to how airborne wind works, the two main technology
types, trends in the industry, and explores how airborne wind offers cost advantages when compared to
traditional bottom-fixed offshore wind farms.

Headlines

e The higher operating altitude of airborne wind devices allows them to exploit the faster, more
constant, and less turbulent wind speeds found above normal turbine operating heights.

e Airborne wind also harnesses energy without the cost of large, material-heavy towers and
foundations, reducing its financial and environmental impacts.

e It is currently an emerging technology with multiple design types: as of yet, there has been no
convergence of technology.

e Airborne wind has a high potential to drastically lower the LCoE of offshore wind to £30/MWh
before 2030.


https://ore.catapult.org.uk

Introduction

Figure 1:

Figure 1: Energy kite developer Makani’s prototype rests on its perch at a test site in
Parker Ranch, Hawai'i. Image: Makani.

Airborne wind energy (AWE) uses lightweight, tethered devices to harness the currently-untapped
wind resource that exists 300-500 metres above sea level - much higher than conventional wind
turbines. A pioneering paper written in 1980 demonstrated mathematically that flying a

tethered device across the wind could produce power outputs up to three times the power of
comparably-sized wind turbines in similar wind conditions.

The higher operating altitude of airborne devices allows them to exploit the faster, more constant,
and less turbulent wind speeds found above normal turbine operating heights. Airborne wind also
harnesses energy without the cost of large, material-heavy towers and foundations, reducing its
financial and environmental impacts. It also brings increased benefits when deployed on floating
platforms in deeper waters offshore, as they operate in tension rather than in bending, allowing the
platforms to require much less ballasting to restrict movement. The massive reduction in weight
significantly reduces capital expenditure (capex) on platforms and subsea structures; and the
reduced size of the devices allows for rapid installation at a lower cost. All these factors combined
could result in a step change reduction in the levelised cost of energy (LCoE) of offshore wind.

The need for autonomous operation, including take-off and landing, has so far been a barrier to
development. But recent technological advancements such as drones, advanced aerodynamic
modelling, and lightweight electronics have allowed modern tethered devices to be flown and
controlled autonomously. Thus, there is renewed interest and research being carried out to test the
feasibility of airborne devices for energy production.


https://blog.x.company/makani-takes-to-the-ocean-with-shell-5aa74551917a
http://homes.esat.kuleuven.be/~highwind/wp-content/uploads/2011/07/Loyd1980.pdf

With enough commercial advancement, airborne wind has the potential to become a game-changing
technology, especially in the offshore sector. However, there are a number of technological,
regulatory and commercial challenges facing the sector. This technology review outlines the key

players in the sector, the technology’s progression to date, and explores the key industry needs on
the path to commercialisation.

How Airborne Wind Works

Airborne wind devices broadly fall into two categories: static and crosswind.

The static device’s primary benefit over conventional wind turbines is that they can access the
higher, more persistent wind resource that exists high above even the largest, most modern
conventional wind turbines. Using lighter-than-air balloons to stay aloft, these lift their turbines
high above the ground and are linked to the ground electrically and mechanically using one or more
cables.

Crosswind devices stay in the air by flying across the wind, producing enough lift to stay aloft and
produce electricity. The crosswind motion allows higher relative wind speed, thereby allowing cross-
wind devices to generate between three and five times more power than static devices at the same
height. They also increase the effective swept area of the device, increasing the capture area and
potential power output.

Crosswind devices can be constructed from either soft material like kites, or hard composites like
wings.



To generate electricity using crosswind motion, the wings or kites have a high lift-to-drag ratio.
Electricity production for crosswind devices can happen either via on-board generation (OBG) or
ground-based generation (GBG).

On-Board Generation

On-board generation devices produce
electricity by having added drag on the wing via
rotor blades that generate continuously while
flying in a crosswind motion (see Figure 3). In
this case, the lift coefficient is enough to
compensate for the device plus the added drag.
The high lift-to-drag ratio requires a hard wing
that results in increased performance when
travelling across the wind. The power produced
on-board is then transmitted down a cable

connected to the ground. Figure 3: Crosswind device with on-board generation.

Image: Makani

Ground-Based Generation

Ground-based generation devices use the lift of

the device to pass mechanical power through

the tether, winding and unwinding a ground-

based winch (see Figure 4). Power is produced

when the device flies in a high-power, crosswind

motion; the kite is then flown to a low-resis-

tance position to be reeled back in at a lower

power. This “production then consumption”

cycle is repeated autonomously and produces a

net positive power. The lack of on-board power

allows the devices to be constructed from either

hard or soft materials, and the ground-based Figure 4: Crosswind device with ground-based
generator allows a heavier and more bespoke generation. Image: KPS
design than on-board generation. Thus, there is

greater diversity within, and more research into,

ground-based generation devices than on-board.

Winging it: go hard or go soft?

They each come with benefits and compromises: hard wings are more expensive, heavier, and can require
sophisticated launching and landing mechanisms. However they are durable, have higher performance, and are much
easier to model and control. Soft wings, on the other hand, are very cheap and easy to repair and replace - but they
have the drawback of being harder to fly autonomously.

Most early-stage airborne wind developers have tested generation using soft kites, but there is a growing trend towards
hard kite devices throughout the industry.




Technology Progression

Key Players

The airborne wind industry is gradually moving from proof of concept stage to technology
demonstration. The largest-scale devices currently undergoing testing are ’s 600kW device,
based in California, and Rite Power Systems’ 250kW prototype, based in the UK. Other companies
are testing devices at around 100kW, and many more are testing small-scale devices in the range of
50-100kW. The main technical challenges facing developers are fully-automated launching and
landing, and control for flight optimisation. There are also regulatory challenges, especially when
upscaling to large-scale testing in field conditions. A more in-depth discussion of the challenges for
the airborne wind industry, and how to tackle them, will be explored in the second paper in this
series.

Industry Scale and Trends

Table 1 shows the leading companies developing airborne wind systems. Most systems involve
dynamic flight, in order to gain the crosswind motion that greatly increases yield per square metre.
There is a trend toward ground-based generation, and though most prototype devices use soft kites,
many of the larger-scale devices are moving towards hard or partially-sparred kites or wings (for
example, Kite Power Systems and ). This is primarily to give better flight control and to
improve efficiency and autonomy while generating. Small, test-scale devices tend to have soft wings
due to the lower manufacturing costs and ease of launching and landing.

Company Location Wing Type Generation TRL Device

Makani USA Hard On-board 600kwW
Ampyx Netherlands Hard Ground 5-6 250kw*
KPS UK Soft Rib Ground 5-6 250KW*
(WIS Netherlands Soft Ground S 100kW
Enerkite Germany Hybrid Ground 4 100kw*
TwingTec Dubendorf Hybrid Ground 4 100KW*
E-Kite Netherlands Hard Ground 4 100kw*
Skysails Germany Soft Ground 4** 1.5SMW

Kitegen Italy Soft Ground 4 40kwW

Table 1: Airborne wind developers and TRLs
*In production
** Generator at TRL 4, kites currently used in shipping propulsion at 1.5MW, and not for electricity generation,



https://makanipower.com/
http://www.kps.energy/
https://www.enerkite.de/en/

Potential for LCoE Reduction

The levelised cost of wind energy is calculated by adding all the costs of a project in net present
value (capex and operational costs (opex)) in Pounds (£), and dividing by net production costs, in
megawatts (MW). This gives a total value of £/MW. Thus, lowering a project’s costs, or increasing its
production, reduces the LCoE. The LCoE of conventional offshore wind, for example, has
significantly reduced: from £142/MWh in 2010/11 to nearly £50/MWh. This is largely due to
contributing factors such as larger turbines reducing the cost per megawatt installed, and more
efficient operating costs, which have slashed operating costs.

Airborne wind is currently an emerging technology, and at smaller scales costs are higher than
market value at over £100/MWh. However, airborne wind has the potential to both reduce costs
and increase production, resulting in a step change in the LCoE of offshore wind. Figure 5a shows
this potential cost reduction, with big gains through deployment in markets where the cost of energy
is high. The reduction potential will then be commercially competitive before the year 2040, by the
Catapult’s estimations.

Figure 5a: Airborne wind'’s potential for cost reduction



Increased Power Production

Figure 5b: Airborne and conventional wind power curves

The power output of a conventional wind turbine varies with the swept area of the blades and the
cube of the air velocity. Thus, doubling the blade length would quadruple the power output, and
doubling the wind speed increases power by a factor of eight. Airborne wind provides the potential
to vastly increase the swept area covered by flying in larger trajectories. The device would replace
the outer 1/3 of a wind turbine blade, where the majority of the lift and power is imparted to the
generator. The effective wind speeds experienced by devices at higher altitudes and over these large
swept areas also increases, increasing power output significantly. The wind speeds are also expected
to be steadier at operating levels, which increases the capacity factor of airborne wind turbines.

Therefore, the power curve of a conventional turbine, compared to a similarly-rated airborne turbine
would look like the graph in Figure 5b. Here, the optimum increase in power comes below 10.5m/s,
where airborne wind outperforms conventional wind turbines. Below 2m/s, airborne wind consumes
power to remain in the air.

Resource Analysis

Offshore, wind speeds have been shown to increase steadily with height up to the upper surface
layer (around 100m above sea level). In the transition layer (between 100 and 150m above sea level),
there are known cases of extreme loadings on turbine rotors due to low-level jetting and boundary
separation. Above this layer, wind speeds are steadier: they do not increase following frictional laws,
but increase following a mixture of friction and forcing from the upper boundary layer. For this rea-
son, there are significant benefits to operating well above the surface transition layer offshore.



Lower Costs

Not only does airborne wind have the potential to increase power output, but it can also cut
expenditure on materials, and during the installation and maintenance phases of the offshore wind
project lifecycle. This benefit increases as turbines move to deeper waters or floating structures.

Reduction in Materials

Given the increase in the price of steel in recent years!?, generating electricity without a large
dependence on steel can bring significant cost benefits. Typical offshore wind turbines have a tower
head mass of about 60,000kg/MW (from Siemens’ 6MW turbine brochure!®).

Airborne wind, on the other hand, uses less mass and is inherently lightweight. An equivalent
ground-based generator would have an airborne weight of 100kg/MW! ., This represents a 60x mass
reduction, with added benefit of not needing a tower and blades made of steel. Also, the heavy
generator is on the platform, reducing loads on the tower and overall system, and lowering the costs
of foundations and subsea structures.

Installation and Maintenance Cost Reductions

The installation phase of an offshore wind farm can represent around 15-20% of the project’s

total capital costs. This is largely due to the specialist nature of the vessels required for installation,
and the restricted weather windows these vessels are able to operate in. Airborne wind, on the
other hand, can be installed using much smaller vessels that are more readily available at a lower
cost. Installation can be managed from the nearest port in most cases, rather than relying on large
ports that may be further away - as is the case in offshore wind installations. Finally, much of the
construction work can be carried out onshore, allowing the installation to happen quickly and at a
fraction of the cost. Airborne wind therefore benefits from installation costs that are 30% lower than
existing offshore wind (assuming equivalent wind farm sizes).

Maintenance of a future offshore airborne wind farm can be difficult to quantify, as reliability and
failure mode and effects analysis (FMEA) values are currently unknown. Current models assume that
for a 20-year lifetime, the airborne wing and tether would need to be replaced completely two or
three times in that period. This is possible because of the lightweight and cheap nature of the
devices. Allowing three replacements in a lifetime (at five, 10 and 15 years), still keeps the LCoE to
below £30/MWh: considerably lower than even the most optimistic targets for offshore wind by
2030.



Benefits for Floating or Deep Water

The benefits of using airborne wind are further increased when deployed on a floating platform. The
devices work in tension rather than in bending, allowing the platforms to require much less ballasting
to restrict movement. In addition, for on-board generation devices, any movement of the platform
relative to the generator doesn’t inhibit generation, as all production happens in the air. Changes in
tension can be controlled by the device in real time and can compensate for movements of the
platform. This could allow more freedom of movement, and thus lighter platforms. Ground-based
generators may need a slightly more stable platform, as all the generation happens on the ground
and can be affected by the change in tension of the device. However there can still be much greater
freedom of movement than in current floating wind designs.

Conclusions and Next Steps

A conservative calculation of a hypothetical 6MW offshore airborne wind turbine could achieve a
levelised cost of energy of £30/MWh. This is largely due to the decreased weight and lower
materials cost of the generator, and an increased capacity factor from steadier, higher wind speeds.
Airborne wind still faces many challenges, with the earliest estimates of market entry by 2030.
However, the potential reduction in costs represents an important incentive to continue to pursue
the development of the technology in the short- to medium-term.

The Catapult is currently engaged in designing test strategies for UK-based airborne wind
developers and continuing to work alongside AWEurope, the association of the European airborne
wind energy industry, to lend an industry voice to the sector’s continuing dialogue.

The second paper in this series will explore the key technical challenges facing airborne wind
developers, and how these barriers can be overcome.
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