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AIRBORNE RIGID KITE WiTH ON-BOARD POWER PLANT
FOR SHIP PROPULSION

CROSS-REFERENCE TO RELATED APPLICATIONS

18061] This Application claims priority to U.S. Provisional Patent Application No.
61/981,0580, filed April 17, 2014, U.5. Patent Application No. 14/485,412, filed September
12, 2014, and U.S. Patent Applicanon No. 14/620,201, filed February 12, 2018, all of which
arc hereby incorporated by reference in their entireties.

BACKGROUND
[6662] Unless otherwise indicated herein, the materials deseribed 1 this section are
not prior art to the claims iu this application and are not admtited to be prior art by inclusion
in this section.
{8083} Power generation systems may convert chemical and/or mechanical energy
(e.g., kinetic energy) to electrical energy for various applications, such as utility systems. As
one example, 2 wind encrgy system may convert kinetic wind energy to clectrical energy.

SUMMARY

{8804] A vehicle-based airborne wind turbine syster capable of pulling 2 ship is
provided. The system include an aerial wing having a plurality of rotors each having
rotatable blades positioned on the wing. The aerial wing is attached to a ground station
positioned on the ship with an clectrically conductive tether, The acrial wing is adapted to
operate in a flying mode where wind energy is harpessed by the wing during #light and a
pulling force is directed through the tether to the ship. The aerial wing 15 also adapted to
operate in a powered flying mode where the rotors are powered 1o rotate the blades that serve
as thrust-gencrating propellers to provide additional pulling force to pull the ship. The aerial

wing may also operate in a power generation mode during the flying mode or powered flying
]
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mode where air moving across the rotatable blades of one or more of the rotors forces them to
rotate, thereby driving a generator o produce clectrical encrgy.

[8005] in another aspect, a vehicle-based atrborne wind turbine system is provided
having an aerial wing, a plorality of rotors each having a plorality of rotatable blades
positioned on the aerial wing, an electrically conductive secured to the acrial wing and to a
ground station positioned on a vehicle, wherein the acrial wing is adapied to receive electrical
power from the vehicle that is delivered through the electrically conductive tether, wherein
the aerial wing is adapted to operate in a flying mode to harness wind energy to provide a
first pulling force through the tether to pull the vehicle, and wherein the acrial wing is also
adapted to operate in a powered flying mode wherein the rotors may be powered so that the
turbine blades serve as thrust-generating propellers to provide a sccond pulling force through
the tether to pull the vehicle.

8006} In another aspect, an airborne wind turbine system is provided having an acrial
wing, a ploarality of rotors each having a plurality of rotatable blades positioned on the aerial
wing, an electrically conductive tether having 8 first end secured to the aerial wing and a
second end sccured 1o a ground station positionable on a vehicle, whercin the aerial wing is
adapted to receive clectrical power from the vehicle that is delivered to the aerial wing
through the electrically conductive tether, wherein the acrial wing s adapted to operate in a
flying mode to harness wind energy to provide a first pulling force through the tether to pull
the vehicle, and whercin the acrial wing is also adapted o operate in a powered flying mode
wherein the rotors may be powered so that the torbine blades serve as thrust-generating
propeliers to provide a second pulling force through the tether to pull the vehicle.

{8007} In a further aspect, a method of pulling a vebicle is provided including the

steps of providing an acrial wing, and a plorality of rotors cach having a plorality of rotatable
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blades positioned on the aerial wing, and having an electrically conductive tether having a
first end secured to the acrial wing and a second end secured 1o a ground station positioned
on a vehicle, wherein the acrial wing is adapted to receive clectrical power from the vehicle
that is dehivered to the aerial wing throogh the electrically conductive tether; wherein the
acrial wing is adapted to operate in a flying mode to hamess wind energy to provide a first
pulling force through the tether to pull the vehicle: and wherein the aerial wing is also
adapted to operate in a powered flying mode wherein the rotors are be powered so that the
turbine blades serve as thrust-generating propellers to provide a second pulling force through
the tether 1o pull the vehicle, and operating the acrial wing in the powered flying mode to

provide a pulling force through the tether to pull the vehicle.

HETRY In a further aspect, means for pulling a vehicle are provided.
16069} These as well as other aspects, advantages, and aliernatives, will become

apparcut to those of ordinary skill in the art by reading the following detailed description,
with reference where appropriate to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
814} Figure 1 is a perspective view of airborne wind turbine 10 including aenial
vehicle 20 attached 1o 2 ship 1000 with an clectrically conductive tether 30, according to an
example embodiment,
{811} Figure 2 is a close-op perspective view of the airborne wind tirbine 10 and
aerial vehicle 20 shown in Figure 1.
{8612} Figure 3 is a closc-up perspective view of the aerial vehicle 20 shown in
Figures 1 and 2.
18013] Figure 4 is a simplified block diagram illustrating components of an airbomne

wind turbing, according to an example embodiment,

3



WO 2015/160697 PCT/US2015/025553

{8814} Figure § is a side view of airtbormne wind turbing 10 with an agrial vehicle 120
positioned on a perch 54, with an clectrically conductive tether 30 attaching the ship 1000 1o
acrial vehicle 120, according to an cxampic cmbodiment.

8815} Figure 6 is a side view of aitborne wind turbine 10 shown in Figure §, with the
acrial vehicle 120 unreching from rotatable drom 53 positioned on ship 1000, according to an
example embodiment,

{8016} Figure 7A is a top view of the perch platform 95with tether 30 extending from
rotatable drom 53 with perch platform 95 in a first position relative to extending arm 38 of
the perch platform 95, according 1o an example crubodiment.

[8017] Figure 7B is a top view of the perch platform 95 shown in Figure 7A with
tether 30 extending from rotatable drum 53 with perch platform 95 in a second position
relative to extending arm 38 of the perch platform 93, according to an example embodiment.
[8818] Figure 7C is a top view of the perch plaiform 95 shown in Figures 7A-7B with
tether 30 extending from rotatable drum 53 with perch platform 95 in a third position relative
to extendable arm 58 of the perch platform 95, according to an example embodiment.

18019] Figure 8A is a simplified Ulustration of an ocean-going vessel 300, according
{0 an example embodiment.

18024] Figure 8B is an illustration showing an airborne wind turbine instalied on an

ocecan-going vessel 300 and operating in a vessel-steering mode, according to an example

embodiment.
{8021} Figwre 9 1s a method of pulling a vehicle, according to an cexample
embodiment.
8022} Figure 10 is a flowchart illustrating a process that may be implemented by one

or more control systems on an gcean-going vessel, according to an example embodiment.
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DETAILED DESCRIPTION

{8623} Exampic methods and systems arc described hercin, Any exanple
embodiment or feature described hercin is not necessarily to be construed as preferred or
advantageous over other embodiments or features. The example embodiments described
herein are not meant to be Hmiting. it will be readily understood that certain aspects of the
disclosed systems and methods can be arranged and combined in a wide variety of different
configurations, all of which are contemplated herein.

18024} Furthermore, the particular arrangements shown in the Figures should not be
viewed as limiting. It should be understood that other embodiments may include more or less
of cach element shown in a given Figure. Further, some of the illustrated clements may be
combined or omitied. Yet further, an example embodiment may include clements that are not

itlustrated in the Figures.

1. Overview

18025] Ships have been used to transport products for centuries. Historically, ships
were equipped with sails to harness wind energy to propel the ship. More recently, wind
powered ships have given way to large modern cargo ships propelled by underwater
propeliers driven by fuel powered engines. The use of a traditional sail systers on a moedern
cargo ship is often not feasible due to the large physical size required for such a sail system
given that the propulsion requirements for a modem cargo ship are often in the megawatt
range. Additionally, the upredictable natwre of wind resources is often not attractive for

cargo ships because allocated timeslots in ports often require sirict adherence to scheduled
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arrival times. Thus, conventional sail systems to harness wind energy are not typically used
with modern cargo ships.

{8026} Instead, modern cargo ships are typically propelled using onc or more
anderwater propeliers that are driven by a fuel powered engine. However, a typical modern
cargo ship has the drawbacks of having high fuel costs and the potentially adverse
environmental impact based on the use of fossil fuels to provide ship propulsion.

8827} The use of wind turbines as a means for hamessing energy has been used for a
number of vears. Conventional wind tirbines typically include large turbine blades
positioned atop a tower.,  An alicrnative to the costly conventional wind turbine towers that
may be used to harness wind encrgy is to use an acrial vehicle atiached to a ground station
with an electrically conductive tether. Such an alternative may be referred to as an Awrbome
Wind Turbine or “AWT.”

[8028] An AWT is a wind based energy generation device that includes an aerial
vehicle constructed of a rigid wing with mounted tbines that flics in a path, soch as a
substantially circular path, across the wind at, for example, between 230 and 600 meters
above the ground (or water) to convert kinetic wind energy to clectrical energy. The acrial
vehicle is attached to a ground station via an clectrically conductive tether. In the cross wind
flight, the aerial vehicle may fly across the wind m 2 circular pattern similar to the tip of a
wind turbine. The rotors attached 1o the rigid wing may be used to gencrate power. In the
power generating mode, air moving across the turbine biades forces them to rotate, driving a
generator to produce electricity. The aerial vehicle is typically comnected to a ground station
via an electrically conductive tether that transmits power generated by the aerial vehicle to
the ground station, where it may be used for various purposes, imchuding powering the aerial
vehicle or other auxiliary purposes.

6
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[B029] The aerial vehicle may be parked on a perch positioned with the ground
station when not in use, for example during poor weather conditions. In some crubodiments,
when parked, the acrial vehicle may be perched in an upward position with the axis of the
fuselage positioned generally perpendicular to the ground. When it is time to launch the
aerial vehicle, the rotors may be operated n a thrust gencrating mode, where the rotors may
be powered so that the turbine blades serve as thrust-generating propellers.

{3830] During launch, the acrial vebicle may operate in 2 hover mode, with the
fusclage generally perpendicular to the ground (e, less than 45 degrees away from
vertical), the rotors may operate in the thrust generating roode, where the thrust-gencrating
propellers power the acrial vehicle to a desired height. In some embodiments, the power to
rotate the turbine blades in the thrust genervating mode is provided through the elecinically
conductive fether from the ground station, and v other embodiments the power to rotate the
turbine biades is supplied from power stored on the acrial vehicle.

{8831} When a desired height is attained, the acrial vehicle may transition from a
hover mode to a cross-wind flight or flying mode, and operate in the power generation mode.
During cross-wind flight, the acvial vehicle may fly cross-wind in a substantially circular
path. When it is desired to land the acrial vehicle, soch as during inclement weather, the
clectrically conductive tether is wound onto 4 spool or drum in the ground station and the
acrial vehicle is reeled in towards a perch on the ground station.  Prior fo landing on the
perch, the acrial vehicle transitions from a flying mode to a hover mode. The drum is further
rotated to further wind the tether onto the drum until the aerial vehicle eventually comes o
rest on the perch.

18032} A dram may be used to store the tether as it is reeled in towards the ground

station doring a landing procedors. In an example embodiment, the drum may rotate about
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horizontal axis. The platform may include a perch that extends from ground station and
ncludes perch supports.  In some embodiments, the perch and perch supports may rotate
about the top of the ground station to allow for a desired positioning of the perch during
landing and launch.

{6633} Example embodiments are divected to an airbormme wind tarbine system
positioned on a cargo ship, or other scagoing vessel. Tt is known that airborne wind turbines
may fly at a distance of 500 meters above the ground where the wind is significantly stronger
than closer to the ground (c.g. 70 meters). The wind at 500 meters may provide twice the
power as wind at 70 meters. Furthermore, strong, consisterd winds may be found in offshore
lpcations.

6634} Example embodiments are directed to an airhorne wind turbine system that
may be positioned on the cargo ship or scagoing vessel where an acrial vehicle is attached by
an electrically conductive tether that extends from the aerial vehicic to a ground station
located on the ship. The aerial vehicle may be used to tow the cargo ship or other vessel by
harnessing wind energy during cross wind flight and/or by propelling the aerial vehicle
forward with its ounboeard propellers.

[6835] In particular, the present cmbediments are directed to the use of a rigid
airhborne, powered, tethered craft (referred to as an acrial wing hereatier) for ship propulsion.
The atrborse wind turbine system may be the same as that described above that is used on a
ground-based atrtborne wind turbine system. The airborne wind turbine may inclede an aerial
wing having an aserodynamic swrface designed to be propelled by the wind using the
crosswind principle in a flying mode, and a power plant mounted on the acrial wing
consisting of rotors having propellers, electric motors and motor controllers. The power plant

is capable of both generating thrust (thrust generating mode} to tow the ship and also of
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generating drag to generate electricity {(power gencrating mode) that may be transferred to the
ground station or stored on the aerial wing for later use. The airbomne turbine system may
imciude an electrically conductive cabic or tether capable of transferring the gencrated tension
to an anchor point on the ship and capable of transferring electric power to and from the
power plant on the acrial vehicle. The awbome turbine system may also mchude an anchor
point on the ship capable of transferring the tether tension in the ship hull, as well as active
autonomous control which maintains the acrial wing on a predefined, stable trajectory.
{6036 When installed on 4 vessel, the following modes of operation may be used:
{a} Under good wind conditions, the acrial wing is propelicd by the wind during cross
wind flight in a flying mode, thereby generating tension in the tother and thereby
pulling or towing the ship forward.
(b} Under very favorable wind conditions, the onboard power plant slows the acrial
wing down by absorbing part of the wind energy and operating in power generation
mode while in flying mode, or power generation mode. This mode of operation
results in pulling or towing power identical to (a) and the conversion of wind energy
to electrical encrgy which may be transferred through the clectrically conductive
tether to the ship where it may be used or stored on the vesscl for either propulsive o
auxiliary purposes, or used or stored on the acrial wing for either propulsive or
auxiliary purposes.
(¢} Under fair wind conditions, electric cnergy stored or gencrated on the vessel
{battery bank, main engine with generator or auxiliary generator), or stored on the
aerial wing, can be delivered to the power plant on the acrial wing through the
clectrically conductive tether to operate the aerial wing in thrust gencrating mode

while in the flying mode (hereinafter referred to as powered flying mode). In this
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mode of operation, the energy may be vsed to power the propellers on the aerial
vehicle, therchy providing an additional pulling force that generates tension in
addition to the pulling force as in (a).
18037} As long as there is a component of the true wind speed in the travel divection of
the vessel, the net propulsive efficiency using this powered flying mode is higher compared
to a marine propeller referencing against water. Although clectric energy is consumed in this
mode, the propulsive efficiency is significantly higher than using a marine propeller. Under
certain conditions, the net efficiency {electric power in / propulsive power out) can be on the
order of 200% -- 300%. This can be achicved because the system is still extracting energy
from the available wind field whilc operating in the powered flying maode, thus the pulling
force of the hamessed wind from the flying mode is combined with the pulling force from the
rotating blades of the rotors.
{8838] It will be appreciated that the powered flying mode of operation may also be
used during many different types of wind conditions, mchuding the fair, good, and very
favorable conditions referred to above. Further, during the flyving mode of operation, power
may be supplied to the rotors to provide for steering and control purposes.
{8639} In some embodiments, the aerial wing could have some rotors operating in
power gencrating mode, and others operating i powered flight mode, in which case the acrial
wing may operate in both power generation mode and powered thying mode at the same time.
18648] Under unfavorable wind conditions, the acrial wing may be reeled in and
perched or parked on the ground station.
{8041} The aerial wing embodiments provide significant advantages over a non-

powered kite system. In particular, in non-powered kite systems, there is a narrow operating
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range. The propulsive power of the kite system 1s entirely dependent on the wind conditions
{speed and direction) and vessel velocity.

{8042} Furthermore, the system cfficiency of a non-powered kite system drops as vessel
velocity increases, and therefore the non-powered kite system technology only makes sense
for slow vessels and/or windy routes. Moreover, only wind-powered operation is possible,
thus Hmiting the technology to a power-assisting system, which could not take the place of
marine propeliers

{6043 The present embodiments provide significant advantages over a flexible kite
system. Using a rigid structure for the acdial wing compared to a flexible kite allows an order
of magnitude higher performance (pulling power) per unit arca of kitc or aerial wing. In
addition, using a powered aerial wing allows operation in the power generation mode and/or
the powered flytng mode as described above.

{8844} The powered flying mode advantageously increases the range of wind directions
i which the system can be used. Furthermore due to the powered mode of operation, the
system performance is less sensitive to vessel velocity compared to passive pulling only, 1.2
such as provided by a non-powered flexible kite systern.  Morcover, because the present
cmbodiments may operate over a wider range of wind directions, they couid prove a cost-
effective power-assist system for ships with power requirements ranging from kW's to MW's.
In addition, they may alse be useful to serve as a backap propulsion system in the event of ag
engine failore. When implemented, the present embodiments may lead to sigunificant fuel
savings and reduction in CQO, omissions. In certain applications, because the present
embodiments can be powered, they could actually replace the marine propeller(s) of a ship.
[8045] In addition, when the ship is docked, the airborne wind turbines may alse be
ased to generate energy that may be used later for propulsion or other aoxiliary purposes.

i1
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{6048 The present embodiments have been described with respect to use with a water-
based vehicle such as a vessel or ship. However, the present embodiments may also be used
in connection with pulling land-based vehicles such as trains, trucks, or buses, or even an
aerial vehicle such as a balloon or blimp. For example, a blimp in the jetstream may harvest
energy from surrounding air, or vice versa.  Therefore as used hercin the term “vehicle”
includes water-based vehicles such as a vessel or ship, land-based vehicles such as a train,

track, or bus, as well as aerial vehicles such as a baloon or blimp.

2. Hustrative Vehicle-Based Arborne Wind Turbines

[6647] As disclosed in Figures 1-3, a vehicle-based airborne wind turbine system 10
is disclosed, according to an example embodiment. The airborne wind turbine system 10 is 2
wind based encrgy harnessing and energy generation deviee that inchudes an aerial vehicle 20
constructed of a nigid wing 22 with mounted turbines or rotors 40a, 40b that may fly in a
path, such as a substantially circular path, across the wind. In an example cmbodiment, the
acrial vehicle 20 may fly between 250 and 600 meters above the water to hamness wind
encrgy. However, an agrial vehicle may fly at other heights without departing from the scope
of the invention.

{6648} In the flying mede of operation doring cross wind flight, wind encrgy may be
haroessed by the surface of the wing 22 that s facing the direction of the wind and & pulling
force transmitted through the tether 30 to pull the ship.

[8849] Advantageously, clectrical encrgy stored or generated on the ship 1000 can be
delivered to the acrial wing 20 through the electrically conductive tether to operate the aerial
wing in thrust generating mode while in the flying mode (powered flying mode). In some
embodiments, the clectrical encrgy may come from a generator installed on the main engine

12
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of a normal transport ship. In other embodiments, power for the acrial wing comes from an
auxiliary engine of the ship, reducing required encrgy from the main engine, or cormaes from a
water turbine used to gencrate clectricity due to the boat’s forward velocity in the water. In
any ovent, in the powered flying mode, the energy may be used to power the blades 45 on the
rotors 40a-40b on the aerial vehicle 20, such that the blades 45 serve to operate as thrust
generating propeliers, thereby providing a puiling force transferred through the tether 30 to
the ship 100(.

{8058 As long as there is a component of the true wind speed in the travel divection of
the vessel, the net propulsive efficiency using this powered flving mode mode is higher
compared to a marine propeller referencing agamst water. Although electric energy is
consumed in this mode, the propulsive efficiency is significantly higher than using 2 marine
propeler. Under certain conditions, the net efficiency (electric power in / propulsive power
cut) can be on the order of 200% -- 300%. This can be achieved since the system is stifl
extracting energy from the available wind field by harsessing energy in the same manner as
m the flying mode, but also providing additional pulling force created by the power of the
rotating blades 45 on the rotors 40a-40b. The powered flying mode of operation may be used
on a boat where it is desired to be run at a constant spped to make port at a given time, as an
example, or where speeds may be marginally increased or decreased according to wind
availability.

16651] In some embodiments, the power used to rotate the blades 45 of the rotors 40a-
40b on the acrial wing may be delivered from the ship 1000 through the electrically
conductive tether 30, and in other embodiments it may be from energy stored on the aerial

vehicle 20.
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[B053] In a third mode of operation, during the flying mode, the acrial vehicle may be
operated in a power generation mode to convert kinetic wind encrgy to clectrical energy. In
the power generation mode of operation, the acrial vehicle 20 flics across the wind in 2
circular pattern similar to the tip of a wind tarbine. The rotors 40a and 40b attached to the
rigid wing 22 arc used to generate power by slowing the wing 22 down. Al moving across
the turbine biades forces them fo rotate, driving a generator to produce clectrical energy. The
acrtal vehicle 20 is connected to ship 1000 via an electrically conductive tether 30 that
transmits power generated by the aerial vehicle 20 to the ship 1000 where it may be used for
propulsive or auxiliary purposes. The encrgy generated during power gencration mode may
also be stored on the acrial wing and later used to power the rotors or other auxiliary
purposes.

HHIRR]! As shown in Figure 1, the aerial vehicle 20 may be connected to the tether 30,
and the tether 30 may be connccted to a ground station 50. In this example, the tether 30 may
be attached to the ground station at one location on the ground station 50, and attached to the
acrial vehicle 20 at three locations on the aerial vehicle 20 using bridle 32a, 32b, and 32¢.
However, 1n other examples, the tether 30 may be attached at different locations on the ship
1000 or the acrial vehicie 20.

6654} The ground station 50 may be used to hold and/or sapport the aerial vehicle 20
undil it i in an operational mode. The ground station 50 may include a vertically oricnted
main member 52 that may extend above the deck 1010 of the ship 1060 on the order of 15
meters. However a main member is not required and the ground station could be located so
that the end of the tether 30 extends into the hull of the ship to reduce the moment created
when a main member 52 is extended above the deck 1010 of the ship 1000, The ground
station 30 may alse inclode a drum 53 rotatable about dnm axis 55 that s used to reel in

14
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acrial vehicle 20 by winding the tether 30 onto the rotatable dnum 53, In this example, the
drum 53 is oriented horizountally, although the drum may also be orionted vertically (o7 at an
angle). Further, the ground station 50 may be further configured to receive the aerial vehicle
20 doring a landing. For example, perch support members 56a and 56b are attached to perch
panel 54 and extend outwardly from rotatable drom 53, When the tether 30 1s wound onto
druin 53 and the acrial vehicle 20 is reeled in towards the ground station 50, the acrial vehicle
2{ may come to rest upon perch panel 54,

{BOS5] During power generation mode, the tether 30 may transmit electrical energy
generated by the aerial vehicle 20 to the ground station 50, which may then be used for
propulsive or auxiliary purposes {e.g., stored). In addition, the tether 30 may transmit
clectricity to the aerial vehicle 20 in order to power the aerial vehicle 20 during takeoff,
landing, hover mode, powered flying mode or other purposes, such as aleron control. The
tether 30 may be constructed in any form and using any material which may allow for the
transmission, delivery, and/or harnessing of electrical energy generated by the aerial vehicle
20 and/or transmission of electricity to the aerial vehicle 20, The tether 30 may also be
configired to withstand one or more forces of the acrial vebicle 20 when the aerial vehicle 20
is in an operational mode. For example, the tether 30 may mclude a core configured to
withstand one or more forees of the aerial vehicle 20 when the aerial vehicle 20 is in hover
mode, flying mode, powered flying mode, or power gencration mode.  The core may be
constructed of any high strength fibers or a carbon fiber rod. 1n some examples, the tether 30
may have a fixed length and/or a variable length. For example, in one example, the tether has
a fixed length of 500 meters.

18056} The aerial vehicle 20 may include or take the form of various types of devices,
such as a kite, a helicopter, a wing and/or an airplane, among other possibilities. The acrial
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vehicle 20 may be formed of solid structures of metal, plastic and/or other polymers. The
acrial vehicle 20 may be formed of any material which allows for a bigh thrust-to-weight
ratic and generation of electrical energy which may be used in wutility applications.
Additionally, the materials may be chosen to allow for a lighining hardened, redundant and/or
fault tolerant design which may be capable of handhing large and/or sudden shifts in wind
speed and wind direction. Other materials may be possible as well

[6857] As shown in Figure 1, and in greater detail in Figures 2 and 3, the aerial
vehicle 20 may nclude a main wing 22, rotors 40a and 40b, tail boom or fuselage 24, and tail
wing 26. Any of these components may be shaped m any form which allows for the use of
components of Hift to resist gravity and/or move the acrial vehicie 20 forward.

18058] The main wing 22 may provide a primary hift for the aerial vehicle 20. The
main wing 22 maay be ove or mwore rigid or flexible airfoils, and may jnclude various control
surfaces, such as winglets, flaps, rudders, elevators, etc. The control surfaces may be used fo
stabilize the aerial vehicle 20 and/or redoce drag on the aerial vehicle 20 during hover mode,
flying mode, powered flying mode, and/or power generation mode. The main wing 22 may
be any suitable material for the acrial vebicle 20 to engage in the operational modes and, for
cxample, the main wing 20 may include carbon fiber and/or e-glass. Morcover, the main
wing 22 may have a variety dimensions. For example, the main wing 22 may have one or
more dimensions that correspond with a convertional wind turbine blade. As avother
example, the main wing 22 may have a span of & meters, an area of 4 moeters squarced, and an
aspect ratio of 15.

{B059] Rotor connectors 43 may be used to connect the apper rotors 40a to the main
wing 22, and rotor conneciors 41 may be used to connect the lower rotors 40b to the main
wing 22. In some examples, the rotor connectors 43 and 41 may take the form of or be

t6



WO 2015/160697 PCT/US2015/025553

similar in form to one or more pylons. In this example, the rotor connectors 43 and 41 are
arranged such that the upper rotors 40b are positioned above the wing 22 and the lower rotors
40a arc positioned below the wing 22.

{8868} The rotors 40a and 40b may be configured to drive one or more generators for
the purpose of generating clectrical energy, such as in power generation mode. In this
example, the rotors 40a and 40b may cach inclode one or more blades 45, such as three
blades. The one or more rotor blades 45 may rotate via interactions with the wind and which
could be used to drive the one or more generators. In addition, the rotors 40a and 40b may
also be configured to provide a thrust to the aerial vehicle 20 during pewered flying maode.
With this arrangement, the rotors 40a and 40b may function as one or more propulsion nits,
such as a propeller. Although the rotors 40a and 40b are depicted as four rotors in this
example, in other examples the aerial vehicle 20 may include any number of rotors, such as
iess than four rotors or more than four rotors, e.g. six or eight rotors.

{8861} Referring back to Figure 1, when it is desired to land the acrial vehicle 20, the
drum 53 1s rotated to reel in the acrial vehicle 20 towards the perch panel 54 on the ground
statton 30, and the clectrically conductive tether 30 is wound onto drum 53, Prior to landing
on the perch pancl 54, the acrial vehicle 20 trausitions from a flying mode to a hover mode.
The drum 53 4s further rotated to further wind the tether 30 onto the drum 53 wntil the aerial

vehicle 20 comes to rest on the perch panel 54.

3. IHwstrative Examples of a Vehicle-Based Airborne Wind Turbine System
{6062] Figure 4 is a simplified block diagram illustrating components of the AWT
200, which may take the form of AWT shown ia Figure 3. In particular, the AWT 200

includes a ground station 21{), a tether 220, and an aerial vehicle 230, which may take
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the form of aerial vehicle 20 in Figures 1-3, or aertal vehicle 120 shown in Figures 5 and
6. The ground station 210 may take the form of or be similar in form to the ground
station 50, the tether 220 may take the form of or be similar in form to the tether 30, and
the acrial vehicle 230 may take the form of or be similar in form to the aerial vehicle 20
shown in Figures 1-3, or acrial velicle 120 shown 1n Figures 5 and 6.

{8063] As shown in Figure 4, the ground station 210 may include one or more
processors 212, data storage 214, and program instractions 216, A processor 212 may be
a general-purpose processor or a special purpose processor (e.g., digital signal
processors, application specitic integrated cireuits, ctc.). The one or more processors 212
can be configured to execute computer-readable program imstructions 216 that are stored
in a data storage 214 and are executable to provide at least part of the functionality
described herein,

{B064] The data storage 214 may include or take the form of one or more computer-
readable storage media that may be read or accessed by at least one processor 212, The
one or more computer-readable storage media may include volatile and/or non-volatile
sterage components, such as optical, magnetic, organic or other maemory or disc storage,
which may be imtegrated in whole or in part with at lcast one of the one or more
processors 212, In some embodiments, the data storage 214 may be implemented using a
single physical device (e.g., one optical, magnetic, organic or other memory or disc
storage unit), while in other cmbodiments, the data storage 214 can be tmplemented
using two or more physical devices.

{68165] As noted, the data storage 214 may include computer-readable program

instructions 216 and perhaps additional data, such as diagoostic data of the ground
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station 210. As such, the data storage 214 may mnclude program instructions to perform
or facilitate some or all of the functionality described herein.

{8066] in a further respect, the ground station 210 may include a comumumnication
system 218, The commmunications system 218 may include one or more wircless
interfaces and/or one or more wireline interfaces, which allow the ground station 210 to
communicate via one or more networks., Such wircless interfaces may provide for
comynication under one or more wirgless communication protocols, such as Bluctooth,
WiF1 {e.g., an TEEE 802.11 protocel), Long-Term Hvolution (LTE), WiMAX (e.g., an
1EEE 802.16 standard), a radio-frequency 1D (RFID) protocol, near-ficld communication
(NFC, and/or other wireless commumnication protocols. Such wireline interfaces may
include an Ethernet interface, a Universal Serial Bus (USR) interface, or similar interface
10 comuwmicate via a wire, a twisted pair of wires, a coaxial cable, an optical link, a
fiber-optic link, or other physical connection to a wireline network, The ground station

210 may communicate with the aerial vehicle 230, other ground stations, and/or other

#]

entities (e.g., a command center) via the communication system 218,
16067} In an cxample embodiment, the ground station 210 may include
communication systems 218 that may sllow for both short-range communication and
long- range commumication. For example, ground station 210 may be configured for
short-range communications using Bluctooth and may be configured for long-range
communications under 2 CDMA protocol In such an embodiment, the ground station
210 may be configured to function as a "hot spot”; or in other words, as a gateway or
proxy between a remote support device {e.g., the tether 220, the aerial vehicle 230, and
other ground stations) and onc or more data networks, such as cellular network and/or
the Internet. Configired as such, the groond station 210 may facilitate data
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communications that the remote support device would otherwise be unable to perform by

iself.

{8068] For example, the ground station 21 may provide a WiFi connection to the

remote device, and serve as a proxy or gateway to a cellidar service provider's data
network, which the ground station 210 might connect to under an LTE or a 3G protocol,
for instance. The ground station 210 could also serve as a proxy or gateway o other
ground stations or a command station, which the remote device might not be able to

otherwise acoess.

16069] Moreover, as shown in Figure 2, the tether 220 may include transmission

components 222 and a communication ok 224, The transmission components 222 may
be configured to transmit electrical energy from the aerial vehicle 230 to the ground
station 210 and/or transmit clectrical energy from the ground station 210 to the acrial
vehicle 230. The transmission components 222 may take various different forms in
various different embodiments. For example, the transmission components 222 may
mclude one or more conductors that are configured to transmit electricity. And in at least
one such example, the ene or more conductors may jnchude aluminum and/or any other
material that may allow for the conduction of electric current. Moreover, in some

implementations, the transmission components 222 may surround a core of the tether

763 The ground station 210 may communicatc with the acrial vehicle 230 via the
communication link 224, The communication link 224 may be bidirectional and may
mnclude one or more wired and/or wireless tterfaces. Also, there could be one or more
routers, switches, and/or other devices or networks making up at least a part of the

communication link 224,
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{6871} Further, as shown in Figure 2, the aerial vehicle 230 may inchude one or more
sensors 232, a power system 234, power generation/conversion components 236, a
communication systern 238, onc or more processors 242, data storage 244, and program

instructions 246, and a control system 248,

(%]

§8872] The sensors 232 could mclude various different sensors v various different
cmbodimenis. For example, the sensors 232 may inchide a global a global positioning
system (GPS) receiver. The GPS receiver may be configored to provide data that is
typical of well- known GPS systems {(which may be referred to as a global navigation
satclite system (GNNS)), such as the GPS coordinates of the aerial vehicle 230. Such

16 GPS data may be utilized by the AWT 200 {o provide various functions described

herem.

{8873] As another example, the sensors 232 may include one or more wind sensors,
such as one or more pitot tubes. The one or more wind sensors may be configured o
detect apparent and/or relative wind. Soech wind data may be otilized by the AWT 200 1o

5 provide various functions described herein.

16074} Still as another example, the sensors 232 may nclode an inertial measurcment
unit (IMU}. The IMU may inciude both an accelerometer and a gyroscope, which may
be used together to determine the orientation of the aerial vehicle 230, In particular, the
acceleroraeter can measure the oriendation of the aerial vehicle 230 with respect to carth,

20 while the gyroscope measures the rate of rotation around an axis, such as a centerling of

the aerial vehicle 230, IMUs are commercially available in low-cost, low-power

packages. For instance, the IMU may take the form of or include s miniaturized

MicroElectroMechanical System (MEMS) or a NanoElectroMechanical Systom

{(NEMS). Other types of IMUs may also be utilized. The IMU may include other sensors,
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in addition to accelerometers and gyroscopes, which may help to better determine
position. Two examples of such sensors are magnetometers and pressure sensors, Other
examples arc also possible.

{88751 While an accelerometor and gyroscope may be effective at determining the
orientation of the aerial vehicle 230, shight crrors in measurement may compound over
time and resuft in 2 more significant error. However, an example acrial vehicle 230 may
be able mitigate or reduce such errors by using 8 magnctometer to measure direction.
One example of a magnetometer is a low-power, digital 3-axis magnetometer, which
may be vsed to realize an orientation independent clectronic compass for accurate
heading information. However, other types of magnetometers may be utilized as well.

18876} The aerial vehicle 230 may also include a pressure sensor or barometer, which
can be used to determine the altitude of the acrial vehicle 230, Aliornatively, other
sgnsors, such as sonic altimeters or radar altimeiers, can be used to provide an indication
of altitude, which may help to improve the accuracy of and/or prevent drift of the IMU.

{68771 As noted, the aerial vehicle 230 may include the power system 234, The
power systern 234 could take various different forms 1o various different embodiments.
For cxample, the power system 234 may include one or more batleries for providing
power to the aerial vehicle 230, In some implementations, the one or more batterics may
be rechargeable and cach battery may be recharged via a wired connection between the
battery and a power supply and/or via a wircless charging system, such as an inductive
charging system that applies an external time-varying magpetic field to an mternal
battery and/or charging system that uses energy collected from one or more solar panels.

{8678] As another example, the power systemn 234 may include one or more motors of

engines for providing power to the aerial vehicle 230, In some implementations, the ong
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OF more motors or engines may be powered by a fuel, such as a hydrocarbon-based fucl.
And in such implomontations, the fuel could be stored on the aerial vehicle 230 and
delivered to the one or more motors or engines via one or more fluid conduits, such as

piping. In some implementations, the power system 234 may be implemented in whole

5 ot in part on the ground station 210.
{B879] As noted, the aerial vehicle 230 may inchude the power generation /

conversion components 236. The power generation/conversion components 236 could
take various different forms in various different embodiments. For example, the power
generation / conversion corpponents 236 may include one or more generators, such as
16 high-speed, direct-drive generators. With this arrangement, the onc or more generators
may be driven by one or more rotors, such as the rotors 40a and 40b. And in at least one
such example, the one or more generators may operate at full-rated-power wind speeds
of 11.5 meters per second, at a capacity factor which may exceed 60 percont. As such,
the one or more generators may generate clectrical power from 40 kilowatts to 600
15 megawatis.

{00388] Moreover, as noted, the acrial vehicle 230 may include a communication
system 238, The communication system 238 may take the form of or be similar in form
to the communication system 218, The aerial vehicle 230 may communicate with the
ground station 210, other acrial vehicles, and/or other entities {¢.g., a command center)

20 via the communication system 238,

{B081] In some implementations, the aerial vehicle 230 may be configured to function
as a "hot spot”; or in other words, as a gatewsay or proxy betwceen a remote support
device {c.g., the ground siation 210, the tether 220, other acrial vehicles) and one o

more data networks, such as cellular network and/or the Internet. Configured as such, the
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acrial vehicle 230 may faciliate data communications that the remote support device
would otherwise be vnable to perform by itself,

{8082] For example, the acrial vehicle 230 may provide a WiFi connection to the
remote device, and serve as a proxy or gateway to a cellular service provider's data
network, which the aerial vehicle 230 might connect to under an LTE or a 3G protocol,
for instance. The aerial vehicle 230 could also serve as a proxy or gateway to other aerial
vehicles or a command station, which the remote device might not be able to otherwise
ACCESS.

{6883] As noted, the aerial vehicle 230 may include the one or more processors 242,
the program instructions 244, and the data storage 246. The one or more processors 242
can be configured to execute computer-readable program mstractions 246 that are stored
in the data storage 244 and arc exccutable to provide at least part of the functionality
described berein. The one or more processors 242 may take the form of or be similar in
form to the one or more processors 212, the data storage 244 may take the form of or be
stmilar m form to the data storage 214, and the program mstructions 246 may take the
form of or be strailar in form to the program fostructions 216,

188841 Moreover, as noted, the acrial vehicle 230 may include the control system 248,
In some tmplementations, the control system 248 may be configured to perform one or
more functions described herein, The control system 248 may be implemented with
mechanical systems and/or with hardware, firmware, and/or sofiware. As one exanple,
the control system 248 may take the form of program instractions stored on a non-
transitory computer readable medium and a processor that executes the instructions. The
control system 248 may be implemented in whole or in part on the acrial vehicle 230
and/or at least one entity remotely located from the aerial vehicle 230, such as the
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groumd station 210. Cenerally, the mamner in which the control system 248 is
mplemented may vary, depending upon the particular application.

{B885] While the acrial vehicle 230 has been described above, it should be understood
that the methods and systems described herein could nvolve any suitable aerial vehicle
that is connected to a tether, such as the tether 230 and/or the tether 30.

16080} Figures 5 and 6 show an example embodiment of vehicle-based airborne wind
tarbine 10 that includes aerial vehicle 120 having a fuselage 124, In Figure §, aerial vehicle
120 1s shown perched on perch panel 54 extending from perch support 56a attached to ground
station 50, An clectrically conductive tether 30 is shown extending from rotatable drum 33
that rotates about horizontal drum axis 55 to aerial vehicie 120. The rotatable drum 53 is
positioned atop upper end 52a of main vertical member 52. An extending arm 58 extends
from the top 52a of main member 52 to provide additional truss support to the main member
52.

18887 Figure 6 is a side view of the airborne wind turbine 10 shown in Figure §, with
the acrial vehicle 120 unrecling from rotatable drom 53, Rotatable drum 53 may be used to
store the tether 30 as it is recled in towards the ground station 50 during a landing procedure.
In a one embodiment, the drum 53 may rotate about horizontal axis 55,

{6688} Figure 7A is a top view of the perch platform 95 that may be used, with tether
30 extending from rotatable drom 53 with perch platform 95 attached to perch supports 56a
and 56b attached to perch pancl 54 and perch bar 54a in a first position relative to cxtending
arm S8, according to an example embodiment.

[B089] Figure 78 is a top view of the perch platform 95 shown in Figure 7A with

tether 30 extending from rotatable drum 53 with perch platform 95 attached to perch supports
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S6a and 56b attached to perch panel 534 and perch bar S4a in a second position relative to
extending arm 5%, according to an example embodiment.

{8094} Figure 7C is a top view of the perch platform 50 shown in Figores 7TA-7B with
tether 30 extending from rotatable drum 53 with perch platform 95 attached to perch sapport
S56a and 56b attached to perch panel 54 and perch bar 54a in a third position relative to
extending arm S8, according to an cxample embodiment.

{8091} In the embodiments shown in Figures 7A-7C, perch platform 95, perch
supports 56a and 56b and perch panel 54 may rotate about the top 52a of mam element 52 to
allow for a desired positioning of the perch panel 54 during landing and launch.

{8092} It will be appreciated that the tether 30 must withstand significant tonsion
forces. For example, the tension of the tether doring crosswind flight may be 15 kilonewtons
(KN}, and even great during powered flying mode. Tether 30 may be constructed of a carbon
fiber core swrrounded by aluminum conductors. The carbon fiber core and aluminum
conductors may be positioned within an outer insulation. In an example embodiment that
may be used in the present embodiments, the diameter of the carbon fiber core is 14
mitlimetors and the diameter of the tether is 24 milliroeters.

{8693} The positioning of the rotatable dram 53 and/or rotation of the perch platform
95 may be used for purposes of steering or tamning the ship 1000, For example, the acrial
wing 120 could fly in 2 direction perpendicular to the longitudinal axis of the ship 1000, and
when attached at the front of the ship (as shown in Figures 1 and 2} would tend o turn or
steer the ship to the right {or left). This ability to use forces from the aerial wing 120 to turn
ot steer the ship may be advantageous. In particular, 1t a tight nrning radius is required or if
the rudder or steering mechanism onboard the ship is not working properly, then the aerial

vehicle could be used to turn or steer the ship. Furthermore, if there was a need to tum the
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ship quickly, the acrial vehicle could be used to tumn the ship more quickly and with a smaller
trning radius than using only the marine propelier propulsion system on the ship. In some
cmbodiments the acrial wing could fly in direction having 8 component vector opposite of the
movement of the ship, and oven against the wind, to perform the steering or turning
functions. For example, the aerial wing may fly between at an angle of 45 and 135 degices
from the longitodinal axis or the ship to effect a steering or mning maneuver in certain
applications.

{6094 In some applications, it may be possible to include two or more aernial vehicles to

provide more pulling force thao a single acrial vehicle,

4. Mustrative OQcean~-Going Vessels
{86951 Figure 8A is a simplified illustration of an ocean-going vessel 300, according

io an cxample embodiment. As shown, the ocean-going vessel 300 includes an
clectrodialysis system 302, an electrolysis system 304, a refinery system 306, an AWT
308, and a fuel storage container 310.

{8096] In the iblustrated cxample, the ocean-going vessel 300 15 a ship. As such,
ocean-going vessel 300 may include one or more cleciric- or gas-powered propulsion
systems (e.g., engines coupled to submerged propellers) that ave typical of ships. Other
types of propulsion systems are also possible. Alternatively, ocean-going vessel 300
could be a sailboat. Further, ocean-going vessel 300 may be implemented on various
types of ships, which may have various types of hulls, and which may have a different
number of hulls {¢.g., a single-hull, a catamaran, a trimaran, ctc.).

{86971 Figure 10 is a flow chart illustrating a process that may be implemented by

one or more control systems on an ocean-going vessel that includes an AWT, according
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to an example embodiment. As shown, method 400 involves operating at least one AWT
to convert wind energy to clectrical energy, such that the AWT provides power o at
lcast one of an clectrolysis system and an electrodialysis system for at least some period
of time, where both the electrodialysis system and the electrolysis system are disposed
on an ocean-going vessel, as shown by block 402, Further, method 400 imvolves
operating the electrodialysis system to extract carbon dioxide (CO») gas from seawater,
and operating the clectrolysis system to apply electrolysis to seawater to produce
hvdrogen {Hy) gas, as shown by blocks 404 and 406, respectively, Yet further, method
400 involves operating a vefinery system o0 (@) receive both the Hy gas produced by
electrolysis system and the C0O, gas extracted by the clectrodialysis system and (b)
process a mixture of the Hy gas and the CO» gas to produce a fuel or chemical, as shown

by block 404,

A Electrodialysis Systems
{B898] Referring again to Figure 8A, n an example embodiment, ocean-going vessel

300 includes an clectrodialysis system 302, which is configured to exiract carbon
dioxide (COy) from scawater that passes through ope or more mombranes of the
clectrodialysis systern 302, The CO; that is produced can then be supplied to the refinery

system 306,

{6699] Further, once a BPMED systom removes the dissolved COy from the acidified

seawater, the acidified scawater can be combined with the basified seawater. Combining
the stripped and acidified seawater with the basified seawater may neutralize the pH of

the resulting solution, such that it can be safely output into the ocean.



WO 2015/160697 PCT/US2015/025553

{60108 In some embodiments, an ocean-going vessel 300 may include a system that

~

uses fractional distillation of water to separate CO» from other absorbed gases. Other
techniques for cxtracting €O, from scawater are also possible. In general, # is
contemplated that an ocean-going vessel 300 may use any feasible technique and/or
system for extracting CO; from seawater

{88101} In a further aspect, an intake 320 is arranged such that movement of the vessel
through water forces seawater to flow into the clectrodialysis system 302, In the
illostrated configuration, the intake 320 mclodes an angled feature 316. The angled
feature cxtends from the bottom of the vessel 300, such that when the vessel moves
through waier {e.g., in the general direction indicated by arrow 312), water is forced to
flow through the intake 320 into electrodialysis system 302, as mdicated by arrow 314,
This intake configuration may be beneficial as it uses the motion of the vessel through
the water to provide the energy needed to move seawater o the clectrodialysis system
302, and thus may alleviate the need to vse an electric or fucl-powered pump to supply
seawater 1o and/or move scawater through the electrodialysis system 302,

{88102] It should be understood that mtake 320 is just one example of a structural
design that forces water into the electrodialysis system 302, and thus alleviates or
reduces the need for a pomp. 1t 15 contemplated that other structural designs providing
similar functionality may be utilized. Further, it is possible that an ocean-going vessel
may utilize one or more pumps to supply scawater to and/or move seawater through the
clectrodialysis system 302, insicad of or in addition to using a structoral design that
forces water to the electrodialysis system 302,

1868103] As ong additional cxample, in some ombodiments, the intake to the

electrodialysis system 302 and/or o the clectrolysis system 304 may include an impeller
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through which water flows before entering the electrodialysis systern 302 and/or to the
electrolysis system 304, As such, when the vessel moves forward the forward motion of
the vessel creates a pressure gradient that pulls water through the intake and spins the
impeller, thus ncreasing the pressure of water flowing into the clectrodialysis system

302 and/or into the electrolysis system 304.

B. Electrolysis Systems

{68104] In an example embodiment, ocean-going vessel 300 includes an electrolysis
system 304, which 1s contfigured to apply clectrolysis to seawater to produce hydrogen
{H,). In particular, the clectrolysis system 304 takes in and processes scawater in order to
produace COp Ho gas; e.g., by applying a cuvrent to water to drive the following reaction:
2HO—> 2 Hy +Os

{60105] The H, gas that is produced by electrolysis system 304 can then be supplied to
the refinery system 306 for production of fuels or chemicals. Further, the oxygen (O)
gas that is produced by the electrolysis system 304 may be vented nto the atmosphere or
used for some other purpose.

{80106} in g further aspect, an intake 322 is arranged such that movement of the vessel
through water forces seawater 1o flow into the clectrolysis system 304, In the illustrated
configuration, the intake 322 mclades an angled feature 318, which functions stmilarly
to the angled feature 316 of imtake 320. As such, when the vessel moves through water
{e.g., in the general divection ndicated by arrow 312), water is forced to flow through
intake 322 into electrolysis system 304, as indicated by arrow 315,

{88167} it should be understood that intake 322 is just one example of a structural

design that forces water indo the electrolysis system 304 and thos alieviates the need for

o
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a pump to do so. [t is contemplated that other structural designs providing similar
fumctionality may be utilized. Further, it 18 possible that an ocean-going vessel may
utilize onc or more pumps to supply secawater to and/or move seawater through the
electrolysis system 304, instead of or in addition to using a structural design that forces

water 1o the electrolysis system 304.

. IBustrative Airborne Wingd Turbines
{38108] As noted above, ocean-going vessel 300 mncludes an AWT 308, which is

operable generate electrical enorgy for the vessel. As such, the AWT 308 may be utilized
to generaie power for the clecirolysis system 304, the electrodialysis systom 302, and/or
other components or systems on the ocean-going vessel 300, The AWT 308 may take a
form and operate as described in reference to Figures 1-3, , 5, 6, and 7A-7B, or may take
another form and/or may operate in a different maoner.

{68169} As described above, an AWT such as AWT 308 may be configored to operate
in a hover-flight mode, as well as n a flying mode or powered flying moede. Tn a further
aspect of some embodimenis, an AWT 308 may be configured fo operate in a vessel-
stecring mode. in such an cmbodiment, the AWT 308 may fly so as to steer and/or puli
the ocean-going vessel 300

{80116 For example, Figure 8B 15 an illustration showing an AWT 35% operating in a
vessel-steering mode. As shown, in the vessel steering mode, the acrial vehicle 360 may
be positioned for forward flight in the direction indicated by arrow 362. (Note that
"forward flight” should be understood 1o mean that at least a component of the vehicle's
trajectory is in the forward direction.} Thus, the acrial vehicle may use its propulsion

system {e.g., its rotors, which also function as wind twrbines when in power generation
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mode) to ereate a thrust vector having a horizontal component as indicated by arrow 362,
such that Uf tows the occan-going vessel 350 via tether 352.

{66111} In some embodiments, the acrial vehicle 360 may be configured to tow the
ogean-going vessel 350 in a desired direction. To do s, the aerial vehicle 360 may
maneguver such that its thrust vector has a horizontal component in the direction in which
it is desired for the vessel to fravel. Doing so may cause the vessel 350 to turn until the
vessel's is travelling in the divection of the horizontal component of the acrial vehicle's
thrust vector.

1601124 In a further aspect, an acrial vehicle may be operable 1o tow the vessel 356 in
order to assist the vessel in tuming. For example, if the ocean-going vessel 350 is using
its own propulsion and stecring systems to tum to the right or the lefi, the aerial vehicle
may operate in forward-flight mode and turm right or left such that the horizomtal
component of its thrust vecior is angled to the right or left of the vessels corrent
direction of travel Doing so may thus help the ccean-going vessel 350 to turm more
quickly than it otherwise could, if only using its other propulsion systems.

{68113] In some embodiments, the aerial vehicle 360 may be configured to tow the
ocean-going vessel 350 in g desired dircction, while at the same time operating in 2
power generation mode. Fov example, 8 route may be chosen which provides mostly
down-wind travel for high efficiency. In particular, while aerial vebicle 360 is in
crosswind-flight, there may be a horizontal component of the force that the acrial vehicle
360 exerts on the vessel 350, The vessel 350 may finther include a keel and/or a rudder
{or other featares), that can help to steer the vessel when the horizontal component of the
force that the aerial vehicic 360 excerts on the vessel differs from the desired direction of

travel Essentially, the acrial vehicle may operate in a similar manner as a traditional sail

(5]
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does, in comjunction with a keel and/or a rudder {or other featuves), in order to steer

vessel 350,

o, Hustrative Power Systems

5 {80114} Referring back to Figure 8A, in an exemplary embodiment, some or all of the
cnergy that used to power the clectrolysis systern 304 may be provided by the AWT 308,
Accordingly, the ground station of the AWT may be electrically connected to the
electrolysis system, such that electrical power that is generated by airtlow rotating the
rotors of the aerial vehicle 330 can be relayed to the clectrolysis system 304 via the

10 tether 332, ground station 334, and an clecirical connection 336, Provided with this
clectricity source, the electrolysis system 304 can then apply a current to water 1o
perform electrolysis, Further, note that while clectrical connections between the AWT
308 and other componenis of the ocean-going vessel are not shown in Figure 8A, the

AWT 308 may also be electrically coupled to other components, such as electrodialysis

15 system 302, in order to provide generated clectrical power 1o such components.
{B80115] In some embodiments, other energy sowrces may be used to supplement the

power provided by AWT 308, For example, ocean-going vessel 300 may otilize one or
more other renewable or "green” encrgy sources, such as a solar energy generation
system {e.g., sclar cells), 2 bio-fuel cnergy genecration system, and/or a synthetic fuel
20 cnergy gencration systom, among other possibilities. An occan-going vessel 300 could
additionally or alternatively utilize a low carbon power generation method to supplement
the AWT 308, such as by inchuding a nuclear power system that generates electricity for
the vessel. Further, in some embodiments, ocean-going vessel 300 could also utilize one

or more non-renewable sources energy sources, such as by using an internal combustion

2]
o]



WO 2015/160697 PCT/US2015/025553

engine and/or other types of cnergy generation systems that burn a fossl fuel
{(Preferably, however, the ccean-going vessel 300 is designed so as to odnimize and
hopefully climinate use of such fossil fuels.)

{88116} In some scenarigs, the ocean-going vessel 300 may cven be configured to
power 1is systems using some of the fuel that has been stored fuel storage container 310,
which was previously preduced by its refinery system 306. For example, there might be
scenario where there is an extended period of withowt winds that are suitable for
electrical power generation by the AWT, and/or where conditions ave such that other
grecn energy sources are not able to gonerate adequate amounds of energy to power the
ocean-going vessel 300. In such a scenario, the ocean-going vessel 300 might utilize
some of the fucl that the refinery system 306 has produced and stored in fuel storage
container 310 in order that the vessel can contbnue operation until winds are again
conducive for clectrical power generation by the AWT and/or until conditions are such

that ancther green power generation system can again be utilized to power the vessel

E. Hllustrative Refinery Systems

{88117} In an cxampic embodiment, ocean-going vessel 300 includes at least one
refinery systern 306. The refinery systern 306 is operable to use both the Hy produced by
clectrolysis system 304 and the CO; extracied by the clectrodialysis system 306 to
produce at least ong type of fuel or petrochemical, Further, in some cmbediments, an
ocean-going vessel 300 may include multiple refinery systems, such that the vessel is
capable of producing multiple types of fucls or petrochemicals. 1t is also possible that a
single refinery system may be operable to produce a number of different types of fuels or

petrochemicals. In embodiments, where an ocean-going vessel 300 is capable of
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producing two or more different types of fuels or petrochemicals, the vessel may include
multiple storage containers 310, such that the cach fuel or petrocheniical can be stored in
3 separate condainer.
{88118} Various types of refinery systems, which prodace various fuels or
& petrochemicals from the inputs of hydrogen (Hy) and carbon diexide (CO;), are currently
known in the art. Further, there is much interest in developing new and more efficient
processes for producing foel from renewable inputs sach as hydrogen (Hy) and carbon
dioxide (COp) (and from COy in particular, due to the urgent need to prevent further
increase, and hopefully decrease, the amount of CO; in the atmosphere and oceans).

16 {88119} Some cxamples of processes that may be used by a refinery sysiem 306 will
now be described. In some embodiments, refinery system 3036 may use a number of
catalyzed syngas reactions to sclectively produce cthancl directly from COy and Hy. In
some cases, CO; and Hy; may be used to create methanol, which may then be used to
create ethanol However, it should be understood that these examples are provided for

15 explanatory purposes, and are not intended to be hmated. It is contemplated that an
occan-going vessel's refinery system counld potentially wtilize any process that is

currently known or later developed for fuel or chemical production using Hy and €05 as

nputs.
{08120} In some embodiments, a refinery system 306 may inchude or take the form ofa
20 Fischer-Tropsch reactor, which utilizes a Fischer-Tropsch process to produce 2 lguid

hydrocarbon. A typical Fischer-Tropsch process mvolves a soquence of chemical
reactions that produces a higuid hydrocarbon from a mixnme of carbon monoxide (CO)
PR .

and hydrogen (H:) gases (3 mixture that may also be veferred to as “syngas™). For

instanice, a number of useful hydrocarbons following the formula of C.Hpuio) may be

(3]
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produced using Fischer-Tropsch processes.  In particular, various Fischer-Tropsch
processes may produce such hydrocarbons via reactions that follow the formula of: (2n +
Dy Hy + 2 CO - C o + 1 HROL

{80121} Since a typical Fischer-Tropsch process utilizes carbon monoxide {CO) as an
input, a refinery system 306 may be configured to produce CO from the CO; that is
supplied by clecirodialysis system 302, For example, refinery sysiem 306 may
implement a reverse water gas shift process that takes Hy and CO; gases as toputs and
produces carbon monoxide and water as follows: 11 CGy+ 11 Hy— 11 CO + 11
HzO. Other cxamples are also possible.  The carbon monoxide that is produced from
such a process may then be used in a Fischer-Tropsch process. Fusther, the occan-going
vessel 300 may release the water that is produced n the reverse water gas shift process
back into the ocean, and/or use this water for other purposes.

{B8122] In an exemplary cmbodiment, a Fischer-Tropsch process may be used o

(14

produce a synthetic fuel {(also referred to as a “synfuel”) from syngas. The refinery
systemn 306 may be further configured to process some or all of the synthetic fuel to
convert the synthetic fuel inte ethanol. For example, the refinery system 306 may use
syngas fermentation, which is & microbial process where certain microorganisms, such
as various acetogens, are used to produce cthavol and other chemicals via syngas
utilization.

{88123] In some embodiments, a refinery system 306 could utilize a Fischer-Tropsch
process to produce synthetic jet fuel {e.g., C11Hzu) or a synthetic diesel fuel, which may
then be stored in an appropriately-designed fuel storage container 310, For example, Hp
and CO; may be used by the refinery as inputs to a reverse water gas shift process that

produces carbon monoxide and water as described above. The following Fischer-
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Tropsch process may then be applied to convert a mixture of the carbon moenoxide and
hydrogen into a hiquid jet fuel and oxygen gas as follows: 11 COy + 12 HyO — CiHu +
17 Go.

{80124} {Other types of Fischer-Tropsch processes may be implemented by an example
refinery system 306, Additionally or alternatively, a refinery system may mplement
processes other than Fischer-Tropsch processes, which wtilize Hy and CO» to produce
cthanol and/or other fuels and/or chemicals.

5. Exampie Method of Pulling a Vehicle With An Aerial Wind Turbine System

188125] Figure 9 shows a method 700 that may be used for pulling a vehicle with an
acrial wind turbine system. Method 704 includes the step 702 of providing an acrial wing
with a fuselage attached 1o the aerial wing, and a plurality of rotors cach having a plurality of
rotatable blades positioned on the acrial wing, and having an electrically conductive tether
having a first end secured to the acrial wing and a sccond end secured to a ground station
positioned on a vehicle, wherein the acrial wing is adapted to receive electrical power from
the vehicle that is delivered to the aenal wing through the electrically conductive tether;
wherein the acrial wing is adapted to operaie in a flying mode to harness wind energy to
provide a first pulling force through the tether to pull the vehicle; and wherein the acrial wing
is also adapted to operate in a powered flying mode wherein the rotors may be powered so
that the turbine blades serve as thrust-generating propellers to provide a second pulling foree
through the tether to pull the vehicle, and the step 704 of operating the acrial wing in the
powered flying mode to provide a pulling force through the tether to pull the vehicle.

{80126 Method 700 may further optionally include the step of including the step of

operating the acrial wing in power gencration mode during the powered flying mode where

(]
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alr moving across the rotatable blades of one or more of the rotors forces them to rotate,
therchby driving & generator to produce clectrical energy.

186127} The present embodiments may be used to provide a pulling force to pull the
ship by operating the aerial wing in flying mode or powered flying mode, while at the same
time operating the aerial wing in power generation mode, wherein the generated power may
be used to power an clectrolysis system or an clectrodialysis system focated on board the
ship. The electrodialysis system may then be osed to extract carbon dioxide (C(Op) gas from
seawater, and the electrolysis system may be used to apply electrolysis to seawater to produce
hydrogen (Hy). A further process may be used to process a myixture of the Hp gas and the CO»

gas to produce a fuel or chemical,

5. Ceonclusien

[66128] The above detailed description describes various features and functions
of the disclosed systems, devices, and methods with reference to the accompanying figures.
While various aspects and embodiments have been disclosed herein, other aspects and
embodiments will be apparent to those skilled in the art.  The various aspects and
cmbodiments disclosed herein are for purposes of illustration and are not intended to be

hmiting, with the trae scope and spirit being indicated by the following claims.

,‘
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CLAIMS

What is claimed is:
1. A vehicle-based aithorne wind turbine system, comprising:

an acrial wing;

a plurality of rotors cach having a plurality of rotatable blades positioned on the acrial
wing;

an electrically conductive tether having a first end secured to the acrial wing and a
second end secured to a ground station positioned on a vehicle;

wherein the aerial wing is adapted to receive electrical power from the vehicle that is
delivered to the aerial wing through the electrically conductive tether;

wherein the acrial wing is adapted to operate in a flying mode to harness wind energy
to provide a first pulling force through the tether to poll the vehicle; and

whergin the acrial wing is also adapted to operate in a powered flying mode wherein
the rotors may be powered so that the turbine blades serve as thrust-generating propellers to

provide a8 sccond pufling force through the tether to pull the vehicle.

2. The system of claim 1, wherein when the aerial wing 15 operated in the powered
fiying mode, the rotors are powered by electrical power that is delivered from the vebicle

through the electrically conductive tether.

3. The systern of claim 1, wherein when the acrial wing is operated in the powered

fiying mode, the rotors are powered by clectrical power that is stored on the acrial wing.

Lo
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4. The system of claim 1, wherein the aerial wing 15 also adapted to operate in a power
generation mode during the flying mode where air moving across the retatable blades of one
or more of the rotors forces them o rotate, thereby driving a generator to produce electrical

energy.

5. The syster of claim 4, wherein at least some of the electrical energy produced during
the power gencration mode is delivered through the electrically conductive tether to the

vehicle.

6. The system of claim 4, wherein the aerial wing provides a pulling force on the vehicle

while in a flying mode.

7. The syster of claim 4, wherein the acrial wing is adapted to operate in the powered
flight mode and the power generation mode at the same time.
8. The system of claim 5, further comprising:

an electrodialysis system arranged on the vehicle and configured to extract
carbon dioxide (C0y) from seawater;

an electrolysis syster arcanged on the vehicle and configured fo apply
clectrolysis to scawater to produce hydrogen (Hy),

arefinery system configored to use both the Hj produced by electrolysis system and
the

C0; extracted by the electrodialysis system to produce a fuel or chemical; and
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wherein electrical energy produced during power generation mode is adapted to

provide power for at least one of the clectrolysis system and the electrodialysis syster.

9. The system of claim 8§, wherein the refinery system is configured to:
5 use both the Hy produced by electrolysis system and the C0; extracted by the

clectrodialysis system to produce a synthetic fuel; and

convert at least some of the synthetic fuel into ethanol.

10. The system of claim 1, further comprising:
10 a rotatable drum positioned with the ground station
wherein rotation of the drum causes the tether to be wrapped around the drum causing

the aerial wing to be recled in towards the ground statiou.

1L The system of claim 18, further comprising:
5 an aecrial wing perch positioned with the ground station;

wherein the acrial wing is adapted to be parked on the acrial wing perch.
12 The system of claim 11, wherein the acrial wing is adapted to fly in a hover mode
where a fuselage that is attached to the acrial wing is generally perpendicular to hovizontal

20 when the acrial wing is approaching or departing the acrial wing perch.

13 An airborne wind turbine system, comprising:

an acrial wing;
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a plurality of rotors each having a pharality of rotatable blades positioned on the aerial
wing;

an electrically conductive tether having a first end secured to the acrial wing and a
second end secured to a ground station positionable on a vebicle;

wherein the aenal wing s adapted to receive electrical power from the vehicle that is
delivered to the acrial wing through the clectrically conductive tether;

wherein the aerial wing is adapted to operate in a flying mode to harness wind energy
to provide a first pulling force through the tether to pull the vehicle; and

wherein the acrial wing is also adapted to operate in a powered flying mode wherein
the rotors may be powered so that the turbine blades serve as thrust-gencrating propellers to

provide a second pulling foree throngh the tether to pull the vehicle.

14. The syster of ¢laim 13, wherein the acrial wing is also adapied to operate in a power
generation mode during the flying mode where air moving across the rotatable blades of ong
ot more of the rotors forces them to rotate, thereby driving a generator to produce electrical

cnergy.

15. The system of claim 14, wherein the aerial wing is adapted to operate in the powered

flight mode and the power generation mode at the same tige.

16. A method of pulling a vehicle, comprising the steps of!

providing an acrial wing with a plarality of rotors each having a plurality of rotatable
blades positioned on the agrial wing, and baving an clectrically conductive tether having a
first end secured to the acrial wing and a second end secured to a ground station positioned
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on a vehicle, wherein the acrial wing is adapted 1o receive electrical power from the vehicle
that is delivered to the aerial wing through the electrically conductive tether; wherein the
acrial wing is adapted to operate in a flying mode to harness wind energy to provide a first
pulling force through the tether to pull the vehicle; and wherein the aerial wing is also
adapted to operate in a powered flying mode wherein the rotors are powered so that the
turbine blades serve as thrust-generating propellers to provide a second pulling force through
the tether to puli the vehicle,

operating the acrial wing in the powered flying moede to provide a pulling force

through the tether to pull the vehicle.

17. The method of claim 16, further inchiding the step of operating the aerial wing in
power generation mode during the flying mode where abr moving across the rotatable blades
of one or more of the rotors forces them to rotate, thereby driving a generator to produce

electrical energy.

18. The method of claim 17, further including the step of delivering at least some of the
clectrical energy produced during the power generation mode through the electrically

conductive tether 1o the vehicle.

19. The method of claim 16, further inclading the step of operating the acrial wing in
power generation mode during the powered flying mode where air moving across the
rotatable blades of one or more of the rotors forces them 1o rotate, thereby driving a generator

to produce electrical encrgy.

43



WO 2015/160697 PCT/US2015/025553

o

L. The method of claim 16, further meluding a rotatable dnum positioned with the
ground station wherein rotation of the drum causes the tether to be wrapped around the drum
causing the aerial wing to be reeled in towards the ground station, and an acrial wing perch
positioned with the ground station wherein the aerial wing s adapted to be parked on the

aerial wing perch.

21 The method of claim 20, further inclading the step of operating the acrial wing in a
hover mode where a fuselage that is attached to the aerial wing is generally perpendicular to

horizontal when the acrial wing is approaching the acrial wing perch.

22. The method of claim 20, further inchiding the step of operating the aerial wing in a
hover mode where a fuselage that is attached to the acrial wing is generally perpendicular to

horizontal when the acrial wing is departing the acrial wing perch.

23, The method of claim 16, further inchuding the step of operating the acrial wing in

powered flying mode at an angle from a longitudinal axis of the vehicle to steer or turn the

vehicle
4. The method of clatms 23, wherein the angle s between 45 and 135 degrecs.
25, The method of claim 18, further including the steps of:

operating an clecirodialysis system arranged on the vehicle to extract carbon dioxide
{CO,} from seawater;

44
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operating an clecirolysis system arranged on the vehicle to apply electrolysis to
seawater to produce hydrogen (Hy);

operating a refinery system arranged on the vehicle to use both the H, produced by
the electrolysis system and the C0; extracted by the electrodialysis system to produce a fuel
or chemieal; and

using electrical energy produced during power gencration mode to provide power for

at least one of the electrolysis system and the electrodialysis system.

Claim 26. The method of claim 25, further including the step of operating the refinery

system to use both the H; produced by the clectrolysis system and the CO; exiracted by the

electrodialysis system to produce a synthetic fuel.

~
‘
7

Claim 27. The method of claim 26, further including the step of converting at least some

of the synthetic fuel into cthanol.
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w100

702
~

Providing an aerial wing with a fuselage attached o the aerial wing,
and a plurality of rotors each having a plurality of rotatable blades
positioned on the aerial wing, and having an electrically conductive
tather having a first end secured to the aerial wing and a second end
secured 1o a ground siation positioned on a vehicle, wherein the aerial
wing is adapled io receive electrical power from the vehicle that is
delivered to the aerial wing through the electrically conductive tether;
wherein the aerial wing is adapted to operate in a fiying mode {0 harmess
wind energy to provide a first pulling force through the tether to pull the
vehicle; and wherein the aerial wing is also adapted to operate in &
powered flving mode wherein the rolors may be powered so that the
turbine blades serve as thrust-generating propellers to provide a second
pulling force through the tether to pull the vehicle, and

704 ~ l

Operating the aerial wing in the powered flying mode to provide a pulling
force through the tether to pull the vehicle,
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402
~

Operate at least one AWT to convert wind energy to slectrical energy,
such that the AWT provides power to at least one of an slectrolysis
sysiem and an electrodialysis system

404 ~ l

Operate the electrodialysis system to extract CO» gas from sea waler

406 ~ l

Operate the electrolysis system {o produce Hy gas

408 ~ l

Operate a refinery system to: (8) receive both the Ho gas and the
CO»2 gas and (b) process a mixture of the Hs gas and the CO»
gas 1o produce a fusl or chemical

FIG. 10
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