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(5§7) Abstract: The irvention relates to a method of coordinating and stabilizing the delivery of wind gencrated powes, such as to
A power grid, so as to avoid sudden surges and spikes, despite wind speed fluctuations and oscillations. The method preferably
& uscs a plurality of windmill stations, including a number of immediare use stations, energy storage stations, and hybrid stations,
& whercin energy can be used directly by the power grid, and stored for later use when demand is high or wind availability is low. The
method contemplates forming an encrgy delivery schedule, 1o coordinate the use of direct energy and cnergy from storage, based on
daily wind speed forecasts, which help to predict the resulting wind power availability levels for the upcoming day. The schedule
preferebly seets a reduced number of constant power output periods during the day, during which time encrgy delivery levels reraain
substantially constanr, despite fluctuaions and oscillations in wind speed and wind power availability levels.
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AMETHOD OF COORDINATING AND STABILIZING THE DELIVERY
OF WIND GENERATED ENERGY
Field of the Invention
The present invention relates fo wind generated energy systems, and in
particular, to a method of coordinating and stabilizing the delivery of wind generated
energy, such as to a power grid.

Background of the Invention

Generation of energy from natural sources, such as sun and wind, has been an
important objective in this country over the last several decades. Attempts to reduce
reliance on oil, such as from foreign sources, have become an important national issue.
Energy experts fear that some of these resources, including oil, gas and coal, may
someday run out. Because of these concerns, many projects have been initiated in an
attempt to harness energy derived from what are called natural “alternative” sources.

While solar power may be the most widely known alternative source, there is
also the potential for hamessing tremendous energy from the wind. Wind farms, for
example, have been built in many areas of the country where the wind naturally blows.
In many of these applications, a large number of windmills are built and “aimed” toward
the wind. As the wind blows against the windmills, rotational power is created and then
used to drive generators, which in turn, can generate electricity. This energy is often
used to supplement energy produced by utility power plants and distributed by electrical
power grids.

Wind farms are best operated when wind conditions are relatively constant and
predictable. Such conditions enable a consistent and predictable amount of energy to
be generated and supplied, thereby avoiding surges and swings that could adversely
affect the system. The difficulty, however, is that wind by its very nature is
unpredictable and uncertain. In most cases, wind speeds, frequencies and durations
vary considerably, i.e., the wind never blows at the same speed over an extended
period of time, and wind speeds themselves can vary significantly from one moment to
another. And, because the amount of power generated by wind is mathematically a
function of the cube of the wind speed, even the slightest fluctuation or oscillation in
wind speed can result in a disproportionate change in wind-generated power. For
example, a three-fold change in wind speed (increase or decrease) can result in a
twenty-seven-fold change in wind-generated power, i.e., 3 cubed equals 27.

This is particularly significant in the context of a wind farm delivering energy to

an electrical power grid, which is a giant network composed of a multitude of smaller
1
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networks. These sudden surges in one area can upset other areas and can even bring
down the entire systsm in some cases. Because of these problems, in current
systems, wind farm power outputs are often difficult to deal with and can cause
problems for the entire system.

Another problem associated with wind fluctuations and oscillations relates to the
peak power sensitivity of the transmission lines in the grid. When wind speed
fluctuations are significant, and substantial wind power output fluctuations occur, the
system must be designed to account for these variances, so that the system will have
enough power line capacity to withstand the power fluctuations and oscillations. At the
same time, if too much consideration is given to these peak power outputs, the system
may end up being over-designed, ie., if the system is designed to withstand surges
during a small percentage of the time, the power grid capacity during the greater
percentage of the time may not be used efficiently and effectively.

Anather related problem is the temporary loss of wind power associated with an
absence of wind or very low wind speed in some circumstances. When this occurs,
there may ke a gap in wind power supply, which can be detrimental to the overall grid
power output. This is especially important when large wind farms are used, wherein
greater reliance on wind-generated power, to offset peak demand periods, exists.

Because of these prablems, attempts have been made in the past to store
energy produced by wind so that wind generated energy can be used during peak
demand periods, and/or periods when little or no wind is available, i.e., time-shifting the
energy from when it is most available to when it is most needed. Nevertheless, these
past systems have failed to be implemented in a reliable and consistent manner. Past
attempts have not been able to reduce the inefficiencies and difficulties, as well as the
fluctuation and oscillation problems discussed above, inherent in using wind as an
energy source for an extended period of time.

Notwithstanding these problems, because wind is a significant natural resource
that will never run out, and is often in abundance in many locations throughout the
world, there is a desire to develop a method of harnessing power generated by wind, to
provide electrical power in @ manner that allows not only energy to be stored, but
enables the delivery of the energy to the power grid to be coordinated, managed and
stabilized, to smooth wind power fluctuations and oscillations, while at the same time,
filling in wind energy gaps prior to delivery, such that energy swings and surges that
can adversely affect the power grid can be eliminated.

-4-



15

20

25

30

35

WO 2004/113720 PCT/US2004/018899

Summary of the Invention
The present invention relates to a method of using and storing wind generated

energy and effectively coordinating, managing and stabilizing the delivery of that energy
in a manner that enables wind power fluctuations and oscillations to be reduced or
avoided, by smoothing and stabilizing the delivery of power to the grid, and avoiding
sudden surges and swings which can adversely affect the power delivery system. The
present method generally comprises a process that ufilizes daily wind forecasts and
projections to anticipate the wind conditions and characteristics for the upcoming day,
and then using that data to effectively plan and develop a delivery schedule, with the
objective of enabling the system to provide the longest possible periods of time where
wind generated power output levels to the power grid can remain constant for the
upcoming 24 hour period. In this respect, the present system contemplates using
various types of energy generating systems, including those that can store energy for
later use, and control systems that can determine how much energy is stored and haw
much is being used from storage at any given time.

In one aspect, the present system comprises windmill stations that are dedicated
to various uses to determine how wind power is generated. The first of these stations is
dedicated to creating energy for direct and immediate use by the power grid or
community (hereinafter referred to as “immediate use stations”). The second of these
windmill stations is dedicated to energy storage using a compressed air energy system
(hereinafter referred to as “energy storage stations’). The third of these windmill
stations can be switched between the two (hereinafter referred to as *hybrid stations”).
The system is preferably designed with a predetermined number and ratio of each type
of windmill station to enable the system to be both economical and energy efficient in
generating the appropriate amount of energy for both immediate use and storage at any
given time. These systems are preferably used in communities where there is a need
for a large number of windmill stations, i.e., a wind farm, and/or access to an existing
power grid, such that energy from the system can be used to supplement conventional
energy sources.

Each immediate use station preferably has a horizontal axis wind turbine
(HAWT) and an electrical generator located in the nacelle of the windmiill, such that the
rotational movement caused by the wind is directly converted io electrical energy via
the generator. This can be done, for example, by directly cennecting the electrical
generator to the rotational shaft of the wind turbine so that the mechanical power
derived from the wind can directly drive the generator. By locating the generator
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downstream of the gearbox on the windmill shaft, and by using the mechanical power of
the windmill directly, energy losses typically attributed to other types of arrangements
can be avoided.

The energy storage stations are more complex in terms of bringing the
mechanical rotational energy from the high above ground nacelle down to ground level
as rotational mechanical energy. Likewise, each energy storage station is connected to
a compressor in @ manner that converts wind power to compressed air energy directly.
The horizontally oriented wind turbine of each energy storage station preferably has a
horizontal shaft connected to a first gear box, which is connected to a vertical shaft
extending down the windmill tower, which in turn, is connected to a second gear box
connected to another horizontal shaft located on the ground. The lower horizontal shaft
is then conrected to the compressor, such that the mechanical power derived from the
wind can be converted directly to compressed air energy and stored.

The compressed air from each energy storage station is preferably channeled
into one or more high-pressure storage tanks or pipeline storage system, where the
compressec air can be stored. Storage of compressed air allows the energy derived
from the wind to be stored for an extended period of time. By storing energy in this
faghion, the compressed air can be released and expanded by turbo expanders at the
appropriate time, such as when little or no wind is available, and/or during peak
demand periods. The released and expanded air can then drive an electrical
generator, such that energy derived from the wind can be used to generate electrical
power on an “as needed” basis, i.e., when the power is actually needed, which may or
may not coincide with when the wind actually blows.

The present invention contemplates that the storage tank, pipeline system,
and/or related components, and their masses, can be designed to absork and release
heat fo maintain the stored air at a relatively stable temperature, even during
compression and expansion. For example, when large storage tanks are used, the
preferred embodiment comprises using a heat transfer system made of tubing
extending through the inside of each tank, wherein heat transfer fluid (such as an
antifreeze) can be distributed through the tubing to provide a cost-efficient way to keep
the temperzture in the tank refatively stable.

The present system can also incorporate other heating systems, including
heating devices that can be provided with the storage tanks that can help generate
additional heat and pressure energy, and provide a means by which the expanding air
can be prevented from freezing. Alternatively, the present invention also contemplates
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using a combination of solar heat, waste heat from the compressor, combustors, and
low level fossil fuel power, etc., to provide the necessary heat to increase the
temperature and pressure of the compressed air in the storage tank. The present
system also contemplates that the cold air created by the expansion of the compressed
air exhausting from the turbo-expander can be used for additional refrigeration
purposes, i.e., such as during the summer whers air conditioning services might be in
demand.

It can be seen that the immediate use stations discussed above can be used to
produce electricity directly from the windmill stations for immediate delivery to the
power grid. On the other hand, it can be seen that the energy storage stations can be
used to time shift the delivery of wind generated power, so that wind generated power
can be made available to the power grid even at times that are not coincident with when
the wind actually blows, i.e., even when no wind is blowing, and/or during peak demand
periods. The coordination and usage of these stations enables the current system to
providza continuous and uninterrupted power in a stabilized manner to the power grid,
despite fluctuations and oscillations in wind speed, by coordinating and managing the
flow of energy from the various stations to the power grid.

The present system preferably incorporates hybrid windmill stations that can be
customized and switched between energy for immediate use, and energy for storage,
i.e., a switch can be used o determine the levels of energy dedicated for immediate
use and storage. In such case, the ratio between the amount of energy dedicated for
immediate use and that dedicated for storage can be further changed by making certain
adjustments, i.e., such as by using clutches and gears located on the hybrid station, so
that the appropriate amount of energy of each kind can be provided. This enables the
hybrid staticn to be customized to a given application at virtually any time, to allow the
system to provide the appropriate amount of power for immediate use and energy
storage, depending on wind availability and energy demand at any given moment.

Using these three types of windmill stations, the present system is better able to
allocate wind-generated erergy to either immediate delivery to the power grid, or
ansrgy storage and usage, dspending on the wind conditions and needs of the power
grid. That is, the hybrid stations can be used in conjunction with the immediate use
and energy storage stations to provide the proper ratio of power which would enable
large wind farms to be designed in a more flexible and customized manner, e.g., so that
the appropriate amount of energy can be delivered tc the grid at the appropriate time, fo

meet the particular demands of the system. In short, using a combination of the three
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types of windmill stations enables a system to be more specimcally adapiea ana
customized so that a constant supply of power can be provided for longer pericds of
time. ’

The wind patterns in any particular location can change from time to time, Le.,
from one season to anather, from one month to ancther, and, most importantly, from
day to day, hour to hour, and minute to minute. Accordingly, these fluctuations and
oscillations must be dealt with in conjunction with energy storage for the system to
provide continuous power at a mare constant rate.

The present invention contemplates that daily wind forecasts be obtained for the
particular aresa where the wind farm is located, to project the wind conditions and
characteristics for each upcoming day. These wind forecasts are intended to be based
on the latest weather forecast technologies available to approximate as closely as
possible the actual expected wind conditions over the course of the upcoming 24-hour
period. While these forecasts may not be entirely accurate, they can provide a very
close approximation of the expected wind conditions, sufficient for purposes of planning
and developing the wind delivery schedules, that will enable the system to continually
operate.

Once each daily forecast is obtained, the present method contemplates using
the data to formulate an energy delivery schedule for the upcoming day, based on the
forecast, with the objective of creating the longest possible periods of time during which
the wind generated power output level to the grid can remain constant. For example, in
the preferred embodiment, it is desirable to have no more than about three constant
power output periods during any given day, such that there would be less than three
changes to the rate of power output being supplied to the power grid on any given day
(although up to as many as 7 or so constant power periods can be provided if
necessary). By enabling the system to provide longer periods when the wind generated
power output is constant, the present system enables power surges and swings, such
as those caused by wind speed fluctuations and ascillations, to be reduced and in some
cases eliminated altogether.

The manner in which the daily schedules are planned and carried out utilizes the
windmill stations discussed above, as well as a valve control system for controlling the
amount of energy that is stored and used from storage. The system contemplates
being able to control the amount of wind gsnerated power output levels at any given
fime by implementing an appropriate number of immediate use and energy storage
stations for generating energy, and by converting the appropriate number of hybrid
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stations, and then controlling how much energy Is supplied directiy to the power gnd,
and how much is provided via energy storage, using compressors and expandsrs, at
any given moment in time. The controls are also necessary to maintain proper levels of
energy in storage, based on continually updating the wind forecasts, so that the system
never runs out of stored energy. Based on wind forecasts, it is possible during any
given day to anticipate the need for additional energy in storage (such as when it is
expectad that the power needed may exceed the power supplied during the upcoming
24 hour period), and when it is not needed (such as when it is expected that there will
be sufficient wind to provide direct energy during the next 24 hour period).
Brief Description of the Drawings

FIGURE 1a shows a flow-chart of a horizontal axis wind turbine system
dedicated to generating energy for immediate use;

FIGURE 1b shows a flow-chart of a modified horizontal axis wind turbine system
dedicated to storing energy in a compressed air energy system;

FIGURE 2a shows a flow-chart of a hybrid horizontal axis wind turbine system
for generating electricity between immediate use and energy storage,;

FIGURE 2b shows an example of a pressure release valve system,;

FIGURE 3 shows a wind histogram for a location in Kansas during the month of
November 1996;

FIGURE 4 shows six daily wind histories for the period between November 1 and
November 6, 1996 at the same Kansas site;

FIGURE 5 shows a comparison between the Nordex N50/800 and a computer
model;

FIGURE 8 contains two charts showing two potential delivery schedules for
November 1, 1996;

FIGURE T7a contains two charts showing an 87/13 ratio between immediate use
and energy storage, the top chart comparing the constant output periods with the
wind/power availability curve, and the bottom chart comparing the constant output
periods with the amount of power supplied into storage, both for the same November 1,
1996 day;

FIGURE 7b contains two charts, the top chart showing the amount of energy in
storage over time, and the bottom chart showing the pressure and temperature curves
in storage, both for the same November 1, 1996 day;

FIGURE Ba contains two charts for November 5, 1996 at the same site showing
a 60/40 ratio between immediate use and energy storage, the top chart comparing the
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constant outpul Pereas witn tne WINno/power avadiapbilily curve, ana uig pouuin cidil
comparing the constant output periods with the amount of power supplied into storage;

FIGURE 8b contains two charts for November 5, 1998, the top chart showing the
amount of energy in storage over time, and the bottom chart showing the pressure and
temperature curves in storage;

FIGURE 9a contains two charts for November 6, 1996 at the same site showing
a 50/50 ratio between immediate use and energy storage, the top chart comparing the
constant output periods with the wind/power availability curve, and the bottom chart
comparing the constant output periods with the amount of power supplied into storage;

FIGURE 9b contains two charts for November 6, 1998, the top chart showing the
amourit of energy in storage over time, and the bottom chart shawing the pressure and
temperature curves in storage; and

FIGURE 10 is a chart showing the daily delivery schedules for the three days,
indicating the number of immediate use and energy storage windmilis that were
operational, based on the settings of the hybrid stations, and the number of storage
tanks used and the cost of generating the power each day.

Detailed Description of the [nvention

The apparatus portion of the present invention comprises three different types of
windmill stations, including a first type having a horizontal axis wind turbine that
converts rotational mechanical power to elestrical energy using an electrical generator
and providing energy for immediate use (hereinafter referred to as "immediate use
stations"), a second type having a harizontal axis wind turbine that converts mechanical
rotational power to compressed air energy for energy storage (hereinafter referred to as
"energy storage stations"), and a third type that combines the characteristics of the first
two in a single windmill station having the ability to convert mechanical rotational power
to electrical energy for immediate use and/or energy storage (hereinafter referred to as
"hybrid stations"). The present system is designed to use and coordinate the three
types of windmill stations described above so that a predetermined portion of the wind
generated energy can be dedicated to energy for immediate use and a predetermined
portion of the energy can be dedicated to energy storage.

The following discussion describes each of the three types of windmill stations,
followed by a description of how to coordinate the windmill stations for any given
application:
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TA Immediate Use stations:

Figure 1a shows a schematic flow diagram of an immediate use station. The
diagram shows how mechanical rotational power generated by a windmill is converted
to electrical power and supplied as electrical energy for immediate use. Energy derived
from the wind can be converted to electrical power more efficiently when the conversion
is direct, e.g., the efficiency of wind generated energy systems can be enhanced by
directly harmessing the mechanical rotational movement caused by the wind as it blows
onto the windmill blades to directly generate electricity.

Like conventional windmill devices used for creating electrical energy, the
present invention contemplates that each immediate use station will comprise a
windmill tower with a horizontal axis wind turbine located thereon. The tower is
preferably erected to position the wind turbine at a predetermined height, and each
wind turbine is preferably "aimed" toward the wind to maximize the wind intercept area,
as well as the wind power conversion efficiency of the station. A wind turbine, such as
those made by various standard manufacturers, can be installed at the top of the tower,
with the windmill blades or fans positioned about a horizantally oriented rotational shaft.

In this embodiment, a gearbox and an electrical generator are preferably located
in the nacelle of the windmill such that the mechanical rotational power of the shaft can
directly driva the generator to produce electrical energy. By locating the electrical
generator directly on the shaft via a gearbox, mechanical power can be more efficiently
converted to electrical power. The electrical energy can then be transmitted down the
tower via a power line, which can be connected to other lines or cables that feed power
from the immediate use statlon to the grid or other user.

The present invention contemplates that the immediate use stations are to be
used in connection with other windmill stations that are capable of storing wind energy
for later use as described in more detail below. This is because, as discussed above,
the wind is generally unreliable and unpredictable, and therefore, having only
immediate use stations to supply energy for immediate use will not allow the system to
be used to provide power output at a constant rate. Accordingly, the present invention
contemplates that in wind farm applications where multiple windmill stations are
installed, additional energy storage stations would also be installed and used.

B. Energy Storage Stations.

Figure 1b shows a schematic flow chart of an energy storage windmill station.
This station preferably comprises a conventional windmill fower and horizontal axis
wind turbing as discussed above in connection with the immediate use stations.
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T LiKewise, the wind turpine 1S preferably log¢ated at tne 10p Or e winamin iower ana

capable of being aimed toward the wind as in the previous design. A rotational shaft is
also extended from the wind turbine for conveying power.

Unlike the previous design, however, in this embodiment, energy derived from
the wind is preferably extracted at the base of the windmill tower for energy storage. As
shown in Figure 1b, a first gearbox is preferably located adjacent the wind turbine in the
nacelle of the windmill, which can transfer the rctational movement of the horizontal
drive shaft to a vertical shaft extending down the windmill tower. At the base of the
tower, there is preferably a second gearbox designed to transfer the rotational
movement of the vertical shaft to another horizontal shaft located on the ground, which
is then conrected to a compressor. The mechanical rotational power from the wind
turbine on top of the tower can, therefore, be transferred down the tower, and converted
directly to compressed air energy, via the compressor located at the base of the tower
or somewhere nearby. A mechanical motor in the compressor forces compressed air
energy into one or more high pressure storage tanks or pipeline system located on the
ground. With this arrangement, each energy storage station is able to Cohven
mechanical wind power directly to compressed air energy, which can be stored for later
use, such as during peak demand periods, and/or when little or no wind is available.

The energy storage portion of the present system preferably comprises means
for storing the compressed air energy, such as in storage tanks or a pipeline system.
Reference can be made to U.S. Application Serial No. 10/263,848, filed on October 4,
2002, for additional information regarding the storage tank, heating and other
apparatuses and methods that are capable of being used in connection with the present
invention, and to the U.S. Provisional Application filed by applicants on May 30, 2003,
entitied “A Method of Storing and Transporting Wind Generated Energy Using a
Pipeline System,” and the related non-provisional application filed on June 1, 2004, for
additional information regarding the pipeline system for storing and transporting wind
generated energy which can be used in connection with the present invention. The
starage facility is preferably located in proximity to the energy storage stations, such
that compressed air can be canveyed into storage without significant pressure losses.

Various size storage facilities can be used. The present system contemplates
that the sizing of the storage facilifies can be based on calculations relating to a number
of factors. For example, as will be discussed, the volume size of the storage facility can
depend on the number and ratio of energy storage and immediate use stations that are
installed, as well as other factors, such as the size and capacity of the selected wind

10
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Any of the many conventional means of converting the compressed air into
electrical energy can be used. In the preferred embodiment, one or more furbo-
expanders are used to release the compressed air from storage to create a high
velocity airflow that can be used to power a generator to create electrical energy. This
electricity can then be used to supplement the energy supplied by the immediate use
statiors. Whenever stored wind energy is needed, the system is designed to allow
compressed air in the storage tanks to be released through the turbo-expanders. As
shown in Figure 1b, the turbo-expanders preferably feed energy to an alternator, which
is connected to an AC to DC converter, followed by a DC to AC inverter, and then
followed by a conditioner to match impedances to the user circuits.

The present invention contemplates that the storage facilities be designed to
absorb and release heat to maintain the stored air at a relatively stable temperature,
even during compression and expansion. For example, when large storage tanks are
used, the preferred embodiment comprises using a heat transfer system made of thin
walled tubing extending through the inside of each tank, wherein heat transfer fluid
(such as an antifreeze) can be distributed through the tubing to provide a cost-efficient
way to keep the temperature in the tank relatively stable. The tubing preferably
comprises approximately 1% of the total area inside the tank, and copper or carbon
steel material. They also preferably contain an antifreeze fluid that can be distributed
throughout the inside of the storage tank, wherein the tubing acts as a heat exchanger,
which is part of the thermal inertia system. The storage tanks are preferably lined by
insulation to prevent heat loss from inside.

The present system can also incorporate other heating systems, including
heating devices that can be provided on top and inside the storage tanks that can help
generate additional heat and pressure energy, and provide a means by which the
expanding air can be prevented from freezing. In some cases, although not in the
preferred system, the present invention can use a combination of solar heat, waste heat
from the compressor, combustors, low-level fossil fuel power, efc., to provide the
necessary heat to increase the temperafure and pressure of the compressed air in the
storage tank. The present system also contemplates that the cold air created by the
expansion of the compressed air exhausting from the turbo-expander can be used for
additional refrigeration purposes, i.e., such as during the summer where air conditioning
servicas might be in demand.

"
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C. 7 Hybrid Stations:

Figﬁre 2a shows a hybrid station. The hybrid station is essentially a single
windmill station that comprises certain elements of the immediate use and energy
storage stations, with a mechanical power spliting mechanism that allows the wind
power to be allocated between power for immediate use and energy for storage,
depending on the needs of the system,

Like the two stations discussed above, a conventional windmill tower is
preferably erected with a conventional horizontal axis wind turbine located thereon.
The wind turbine preferably comprises a horizontal rotational shaft having the ability to
convey mechanical power directly to the converters.

Like the energy storage station, the hybrid station is adapted so that wind energy
can be extracted at the base of the windmill tower. As schematically shown in Figure
2a, the wind turbine has a rotational drive shaft connected to a first gearbox located in
the nacelle of the windmill, wherein horizontal rotational movement of the shaft can be
transferred to a vertical shaft extending down the tower. At the base of the tower, there
is preferably a second gearbox designed to transfer the rotational movement of the
vertical shaft to another horizontal shaft located at the base.

At this point, as shown in Figure 2a, a mechanical power splitter can be
provided. The splitter, which will be described in more detail below, is designed to split
the mechanical rotational power of the lower horizontal shaft, so that an appropriate
amount of wind power can be transmitted to the desired downstream converter, i.e., it
can be adjusted to send power to an electrical generator for immediate use, and/or a
compressor for energy storage.

Downstraam from the mechanical splitter, the hybrid station preferably has, on
one hand, a mechanical connection to an electrical generator, and, on the other hand, a
mechanical connection to a compressor. When the mechanical splitter is switched fully
to the electrical generator, the mechanical rotational power from the lower horizontal
shaft is transmitted directly to the generator via a geared shaft. This enables the
generator to efficiently and directly convert mechanical power to electrical energy, and
for the electrical power to be transmitted to the user for immediate use.

On the other hand, when the mechanical splitter is switched fully to the
compressor, the mechanical rotational power from the lower horizontal shaft is
transmitted directly to a compressor, to enable compressed air energy to be stored,
such as in a high-pressure storage tank. This portion of the hybrid station is preferably
substantially similar to the components of the energy storage station, insofar as the
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mechanical power generated by the hybrid station Is iniended to be directly converted
to compressed air energy, wherein the stored energy can be released at the
appropriate time, via one or more turbo-expanders. Like the previous embadiment, a
high-pressure storage tank or pipeline system is preferably located in close proximity to
the windmill station so that compressed air energy can be efficiently stored in the tank
for later use.

As will be discussed, the hybrid stations are preferably incorporated into large
wind farm applications, and installed along with other stations for immediate use and
energy storage. In such case, the compressor on gach hybrid station can be connected
fo centrally located storage facilities, such that a plurality of energy storage and hybrid
stations can feed compressed air into them. In fact, the system can be designed so
that all of the hybrid stations and the energy storage stations can be connected to a
single storage facility.

The mechanical power splitter, which is adapted to split the mechanical power
between power dedicated for immediate use and for energy storage, can comprise
multiple gears and clutches so that mechanical energy can be conveyed directly to the
converters. In one embodiment, the mechanical splitter comprises a large gear
attached to the lower horizontal drive shaft extending from the bottom of the station, in
combination with additional drive gears capable of engaging and meshing with the large
gear. A firsi clutch preferably controls each of the additional drive gears to move them
from a first position that engages (and meshes with) the large gear, to a second
position that causes them not to engage the large gear, and vice verse. This way, by
operation of the first clutch, an appropriate number of additional drive gears can be
made to engage (and mesh with) the large gear, depending on the desired distribution
of mechanical power from the lower drive shaft to the converters.

For example, one system can have one laige gear and five additional drive
gears, wherein the first clutch can be used to enable the large gear to engage, at any
one time, one, two, three, four or five of the additional drive gears. In this manner, the
first cluich can control how many of the additional drive gears are activated and
therefore capable of being driven by the large gear (which is driven by the lower
horizontal drive shaft), to determine the ratio of mechanical power to be conveyed to
the appropriate energy converter. Thatis, if all five additional drive gears are engaged
with the large gear, ach of the five additional drive gears will be capable of conveying
one-fifth or 20% of the overall mechanical power to the energy converters. If only three
of the additional drive gears are engaged with the large gear, then each engaged
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‘Additional drive gear will convey onhe-third or 33.33% of the mechanical power
generated by the windmill. If two drive gears engage the large gear, each will convey
one half or 50% of the transmitted power, etc.

The mechanical splitter of the present invention preferably has a second cluich
to enable each of the additional drive gears to be connected downstream to either an
electrical generator (which generates energy for immediate use) or an air compressor
(which generates compressed air energy for energy storage). By adjusting the second
clutch, therefore, the mechanical power conveyed from the large gear to any of the
additional drive gears can be directed to either the electrical generator or compressor.
This enables the amount of mechanical power supplied by the windmill station to be
distributed and allocated between immediate use and energy storage cn an individual
and adjustable basis. That is, the amount of power distributed to each type of energy
converter can be made dependent on the adjustments that are made by the two
clutches, which determine how many additional drive gears engage the large gear, and
to which energy converter each engaged additional drive gear is connected. Those
connected to the electrical generator will generate energy for immediate use, and those
connected to the comprassor will generate energy for storage.

Based on the above, it can be seen that by adjusting the two clutches of the
mechanical power splitter mechanism, the extent to which energy is dedicated for
immediate use and energy storage can be adjusted and allocated. For example, if it is
desired that 40% of the mechanical power be distributed to energy for immediate use,
and 60% of the mechanical power be distributed to energy for storage. the first cluich
can be used to cause all five of the additional drive gears to be engaged with the large
gear, while at the same time, the second clutch can be used to cause two of the five
additional drive gears (each providing 20% of the power or 40% total) to be connected
fo the electrical generator, and three of the five additional drive gears (each providing
20% of the power or 60% total) to be connected to the compressor. This way, the
mechanical splitter can divide and distribute the mechanical power between immediate
use and energy storage at a predetermined ratio of 40/60, respectively.

In another example, using the same system, if It is desired that all of the
mechanical power be distributed fo immediate use, the first ciutch can be used to cause
the large gear to engage only one of the additional drive gears, and the second clutch
can be used to connect the one engaged additional drive gear to the electrical
generator, i.e., 50 that all of the mechanical power generated by the windmill station will
be conveyed for immediate use. Likewiss, if it is desired that all of the mechanical
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power be distributed to energy storage, the secand clutch can be used to connect the
one engaged additional drive gear to the compressor, i.e., so that all of the mechanical
power generated by the windmill station will be conveyed for storage.

The present system contemplates that any number of additional drive gears can
be provided to vary the extent to which the mechanical power can be split. It is
contemplated, however, that having five additional drive gears would fikely provide
enough flexibility to enable the hybrid station to be workable in most situations. With
five additional drive gears, the following ratios can be provided: 50/50, 33.33/66.65,
66.66/33.33, 20/80, 40/60, 60/40, 80/20, 100/0, and 0/100.

By using the clutches on the mechanical power splitter, each hybrid station can
be adjusted at different times of the day to supply a different ratio of power between
immediate use and energy storage. As will be discussed, depending upon the power
demand and wind availability forecasts, it is contemplated that different ratios may be
necessary to provide a constant amount of power to the user for extended periods of
time, despite unreliable and unpredictable wind conditions. This system is designed to
enable those ratios to be easlly accommodated. Other systems for splitting the power
are also contemplated.

D. Control and Valve Mechanism:

The present system preferably comprises a system to control the operation of
the windmill stations, the clutches on the hybrid stations, the amount of compressed air
being fed into and out of storage, the operation of the compressors, the operation of the
turbo-expanders, etc. The control system is preferably able to set the total number of
windmill stations that are to be in operation at any given time, including how many
immediate use stations are operated, how many energy storage stations are operated,
and how many hybrid stations are operating in immediate use mode, and how many are
operating in energy storage mode. This way, at any given time, the total amount of
energy to be supplied by the system, and how the energy is allocated between
immediate use and energy storage, can be accurately confrolled and adjusted.

For example, if a system has a total of 50 windmill stations, with 20 immediate
use, 20 energy storage, and 10 hybrid stations, the operator can determine how many
stafions wili be dedicated for immediate use, on one hand, and storage, on the other
hand, by using the control system to determine how many of the immediate use and
energy storage stations will be in operation, and how many of the hybrid stations will be
set to either immediate use or energy storage mode. For example, if it is determined
that power from 28 immediate use windmill stations are needed for a particular period,
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fhie system can run all 20 of the immediate use stations, and convert & T e 1uU nyoria
stations to immediate use mode. At the same time, if only 16 of the energy storage
stations are needed during the same period, 16 of them can be placed in operation, and
the other 4 can be shut down, or the energy supplied by them can be disconnected or
vented.

The contro! system is also preferably designed to be able to maintain the level of
compressed air energy in storage at an appropriate level, by regulating the flow of
compressed air into and out of storage. Compressed air is introduced into storage via
compressors, and released from storage via turbo-expanders.

On the releasing end, a valve system, like the one shown in Figure 2b, can be
provided to allow a predetermined amount of compressed air to be released through
the turbo-expanders at any given moment. Figure 2b shows an examgle of a storage
tank with three couplings attached to three turbo-expanders, wherein valves can be
used to allocate an appropriate amount of air through the turbo-expanders. The chart
shows 5 different valve sequences, each associated with a particular pressure amount
in the storage tank.

Valve sequence A is suited for 600 psig. According to this sequence, only valve
numbers 3 and 5 are closed, and all others are open. In this manner, air flowing
through valve 1 enters into the first turbo-expander, and can be convered to electrical
energy, via the first alternator. Also, because valves 2 and 4 are open, some of the
compressed air enters into the second and third turbo-expanders, and can be
converted io electrical energy via the second and third alternators. Because valves 3
and 5 are closed, only air flowing through valve 1 is used.

Valve sequence B is suited for 300 psig. According to this sequence, only valve
3 is open, and the other release valves, i.e., 1 and 5, are closed. In this manner, air
flowing through valve 3 enters into the second turbo-expander, and can be converted to
electrical energy via the second altemator. Also, because valve 4 is open and valve 2
is closed, some of the compressed air can enter the third turbo-expander, and be
converted to electrical energy via the third alternator. The first alternator remains
unused because valves 1 and 2 are closed.

Valve sequence C is suited for 100 psig. According to this sequence, only one
valve, i.e., number 5, is open. in this manner, air flowing through valve 5 enters into the
third turbo-expander, and can be converted to electrical energy via the third alternator.
The first and second turbo-expanders and alternators remain unused.
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YWhen there IS No pressure (i the 1ank (See vaive sequence ), Ul vdives die
closed, in which case compressed air energy introduced into the tank from the
compressors can build up over time, to help increase pressure in the tank. Similar
controls are used in connection with the compressors to enable the tank to be filled, i.e.,
to determine the rate at which compressed air will enter into storage via the
compressors. The controls preferably enable the amount of pressure in the tank to be
maintained and moderated.

The controls can also be used to operate the heat exchangers that are used to
help control the temperature of the air in the tank. The controls determine which heat
exchangers are to be used at any given time, and how much heat they should provide
to the compressed air in the storage tanks.

The control system preferably has a microprocessor that is pre-programmed so
that the system can be run automatically, based on the input data provided for the
system, as will be discussed. The present invention contemplates that an overall
system comprising immediate use, energy storage and hybrid stations can be
developed and installed, wherein depending on the demands that are placed on the
system by the area of intended use, a predetermined number of immediate use, energy
storage and hybrid stations, can be in operation at any one time. This enables the
present system to be customized and adapted to accommodate various wind forecasts
during different times of the year, where wind conditions can vary significanty.

E.  Method:

The present method will now be discussed using an example, based on actual
wind conditions found at a site in Kansas during November of 1996 provided by Kansas
Wind Power LLC. This period was selected because it contained wind histories that
were varied enough to show how the present method can be applied in different
circumstances.

Figure 3 shows what is commonly called a wind histogram for the site. This
chart represents an actual wind history taken at an actual location. In general, this
chart shows the average number of times or occurrences the wind reached a certain
speed (when measured at hourly intervals) during the month of November 1996. The
wind history is designed to enable a study to be made of the average wind speeds at
any given location, during any given time, from one season of the year to another.

This information can be useful, for example, in helping to formulate a sclution for
the entire year, which can be based on the best and worst case scenarios presented by
the studies. Figure 3 shows that the peak number of occurrences for any particular
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wind speed measurement was about 43, which occurred when the wind velocity
reached about 9 meters per second. Stated differently, during the month of November,
when measured every hour, the wind speed was about 9 meters per second more often
than it was at any other speed, i.e., for a time estimated to equal about 43 hours (43

5 occurrences multiplied by one hour intervals equals 43 hours). Another way to look at
this is that the wind was blowing an average of about 9 meters per second during an
average of about 43 measurements taken at hourly intervals during the month.

The chart also shows that the wind speed was below 2 meters per second for
only a few occurrences during the month. Likewise, the chart shows that the wind

10 speed was above 18 meters per second maybe once. Stated differently, what the chart
shows is that the wind blew at below 2 meters per second and above 18 meters per
second for only a few hours during the entire manth of November, which is helpful in
determining the proper equipment and method to be used in connection with the site.

What this also means is that depending on what kind of wind turbines are

15  selected, the chart can predict the amount of time that the wind turbines would be
operational and functional during the month to produce energy. For example, if it is
assumed that the wind turbines that are selected are designed to operate only when the
wind speed is between 3 meters per second and 15 meters per second, due to
efficiency and safety reasons, it can be predicted that during any given day during the

20  month of November those wind turbines would be operational for mast, but not all, of
the time.

In an actual application, mare than cne month will have to be investigated and
studied. Indeed, such a determination generally comprises a cost verses benefit
analysis, and energy efficiency study, that takes into account the availability of wind

25 during the worst and best case scenarios over the course of an entire year, and the
demands that are likely to be placed on the system at that location year round.

The amount of wind generated power produced by the wind turbines during the
above mentioned period will then depend on the wind speed at any given time during
the period. In general, the wind power to be derived by a wind turbine is assumed to

30 follow the equation:

P=C;*05”Rho *A*U°
Where

C1 = Constant (which is obtained by matching the calculated power with the

dimensions of the wind turbine area and wind speed performance)

35 Rho = Density of air
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A = Area swept by wind turbine rotors

U =Wind Speed
This means that the amount of wind power generated by the wind is proportional to the
cube of the wind speed. Accordingly, in a situation where the wind turbines are fully
operational within the velocity range between 2 meters per second and 18 meters per
second, the total amount of wind power that can be generated will be a direct function
of the total wind speed between those ranges.

On the other hand, various wind turbines are designed so that the wind power
output remains relatively constant during certain high wind velecity ranges. This can
result from the windmill blades becoming feathered at speeds above a cerfain
maximum. For example, certain wind turbines may function in a manner where within a
certain velocity range, i.e., between 13 and 20 meters per second, the wind power
generated remains constant despite changes in wind speed. Accordingly, in the above
example, during a period where the wind speed is hetween 13 meters and 18 meters
per second, the amount of wind power generated by the wind turbine would be equal to
the power generated when the wind speed is 13 meters per second. Moreover, many
wind turbines are designed so that when the wind speed exceeds a maximum limit,
such as 15 meters per second, the wind turbines will shut down completely, to prevent
damage due to excess wind speeds. Accordingly, the total amount of energy that can
be generated by a particular windmill must take these factors into consideration.

Figura 3 also compares the actual number of occurrences with averages
determined by the Weibull distribution over a period of time. In this respect, it should be
noted that wind histograms for wind speeds are typically statistically described by the
Weibull distribution. Wind turbine manufacturers have used the Weibull Distribution
association with the “width parameter” of k=2.0, although there are sites wherein the
width parameter has attained a value as high as k=2.52.

While it is desirable to know how often, on the average, certain wind speeds
actually accur during the year, it is also important for purposes of the present invention
to know when the various wind speeds will occur during the day, i.e., forecasted on a
daily basis, and the magnitude of those wind speeds, so that they can be used to
formulate daily energy delivery schedules, which is one of the goals of the present
invention. To develop a system that can be applied on a daily basis, it is necessary to
obtain daily wind speed forecasts and predictions in advance of the upcoming day, to
enable a plan or schedule to be established which can be applied the next day.

19

21-



10

16

20

25

30

35

WO 2004/113720 PCT/US2004/018899

In this respect, Figure 4 shows daily wind histories that have occurred during a
particular week in the same November time frame at the same site. Figure 4 shows a
compilation of measurements taken over a period extending from November 1, 1996 to
November 6, 1996. This particular chart shows the wind speeds that were measured at
hourly intervals throughout each day during that period.

The line that represents November 1, for example, starts after midnight with the
wind blowing sfightly under 7 meters per second and ends at before midnight with the
wind blowing slightly under 8 meters per second. During that day, the wind fiuctuated
very little, with some of the lowest measurements, of about 4 meters per second,
occurring in the moming hours, with a peak (spike) of about 7 meters per second
oceurring at about 2:00 p.m. The wind speeds then increased toward midnight.

The line that represents November 2, on the other hand, shows the wind to be
more varied. The wind starts just after midnight at slightly below 8 meters per second,
and begins to slow down ta a low of about 2 meters per second at about 10:00 a.m. and
continues at a low level. Then beginning at about 5:00 p.m., the wind starts to pick up,
ending the day with wind speeds of close to 13 meters per second by midnight.

The next day, November 3, the wind continues to stay relatively high, while
fluctuating up and down, reaching a low of about 8 meters per second at about 8 a.m.,
and reaching a peak of about 15 meters per second at about 1 p.m. On this day, the
wind began after midnight at slightly below 13 meters per second, and ended with wind
speeds of slightly below 11 meters per second by midnight.

On November 4, the wind continues to fluctuate, reaching a peak of about 13
melers per second, but begins to subside, reaching a speed of about & meters per
second by midnight.

On November 5, the day begins shortly after midnight with winds reaching as low
as 2 meters per second, but then begins to increase dramatically, with winds reaching a
peak of about 14 meters per second by about 4 p.m. The wind speed continues to stay
relatively high and reaches about 12 meters per second at midnight.

On the next day, the wind fluctuates again, reaching another peak of about 14
meters per second at about nhoon, and then begins to subside, reaching a low of about
7 meters per second by midnight.

What this chart tracks are the wind speeds that actually occurred during the first
week of November 1996 at the site. In the present invention, however, wind speed
forecasts are obtained for a particular site, so that each day's anficipated wind speeds
are predicted at least one day in advance. That is, while Figure 4 shows examples of
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" wind histories, the present invention contemplates using wind speed forecasts, which

are similar in content to the histories, except that they are projections for the future, not
records of the past. Such forecasts can be developed from data obtained from weather
bureaus and other data resources, and using the latest weather forecasting
technologies. The present invention contemplates that relatively accurate forecasts can
be developed, particularly when made within 24 hours before the forecasted day.

Once the data is obtained, the wind speed forecasts that are similar to the wind
histories for the upcoming day are prepared, which can be used to determine the daily
power delivery schedules that should be implemented to maintain a relatively constant
power output level for the longest pessible periods during the upcoming 24 hour period.
Again, the objective is to deliver power to the power grid using a reduced number of
constant power autput level periods per day, i.e., preferably three or less, although up
1o about 7 or more can be acceptable as will be discussed. This allows for the number
of times that the delivery output level will have fo be changed to be minimized, thereby
placing less stress and work on the switching mechanism.

For purposes of this example, three of the six days in November 1996, i.e.,
November 1, 5 and 8, have been chosen for their extreme varied wind speeds, which
are helpful in showing various aspects of the present method. Days where wind speed
variations are high require the use of stored energy to smooth the delivery of energy to
the grid, whereas days that have fewer wind speed variations typically do not. These
three days will be studied and plotted to show how the present method can be applied
to determine a daily delivery schedule that can satisfy the stated objectives.

Before discussing the development of the delivery schedules, it is pertinent to
discuss the selection of the wind turbines, which wil determine the power output
capacity for each windmill station, and therefore, play a role in the design of the daily
delivery schedules. In this respect, it is important to note that the overall design of the
wind farm, including the total number of windmill stations that are o be installed, can be
based on the criteria that have been explained in Applicants’ previous application,
which has been incorporated herein by reference. In the particular example shown
here, Applicant has selected the Nordex N50/800 wind turbine, the performance of
which Is being compared to a computer model in Figure 5. This product has been
chosen for this example, but any conventional wind turbine could have been used. The
selected wind turbine has a 50 meter diameter blade, a 50 meter tower height and a
swept area of 1,964 square meters. It turns on at 3 meters per second, and has a
design wind speed of 14 meters per second. This size was selected because the
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power generation capacity is suited for large applications, such as 100 to 1,000 MW
wind farms, while at the same time, the product is small enough to be transported by
truck and rail.

The example storage facility has also been designed with 62 storage tanks, each
being 60 feet long and 10 feet in diameter, with a rating of 600 psig. This allows for the
use of standard off-the-shelf components and hardware, which can reduce the overall
cost of installation. The desigﬁ takes into account the worst case scenarios, i.e., days
where the most number of tanks are required, to determine the total number of tanks
that are needed for the wind farm at the site under consideration. The pipeline system
can similarly be designed with the appropriate storage capacity, based on the size of
the pipe, and its length.

The methodology applied in formulating a delivery schedule for sach upcoming
day involves at least the following three design considerations that relate to how much
energy is generated by the immediate use stations, and how much is generated by the
energy storage stations (including the hybrid stations that have been converted to one
or the other):

1 The peak pressure in storage should nol excead 600 psig;

2, At any moment in time, the pressure in storage should never be less than
100 psig; and ‘

3 Pressure in storage at the end of each day should equal or exceed that at the
beginning of each day, if possible.

Based on these considerations, an iterative process is preferably used to
determine how many of each type of windmill station should be in operation at any
moment in time. Using the methodologies discussed in the previous application, and
the concepts discussed herein, the design that has been chosen for this example is as
follows: 24 immediate use stations, 6 energy storage stations, and 19 hybrid stations.
This enables the system to be adjusted within a range of between a maximum of 43
immediate use windmills (24 immediate use stations and 19 hybrid stations converted
to immediate use), and a maximum of 25 energy storage windmills (6 energy storage
stations and 19 hybrid stations converted to energy storage). In general, more
immediate use stations are used when there are fewer variations in wind speed, and
more energy storage stations are used when there are more variations in wind speed.
The system also has the ability to shut off or otherwise vent power from any of the
windmill stations, so that the appropriate ratio between immediate use and energy

storage can be obtained at all times, if necessary.
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" Figure 6 shows two different delivery schedules that have been developed for a
24-hour period on November 1, 1996. Both charts compare the constant output curve
(shown by the two straight lines) with the wind/power availability curve. The difference
between the two schedules refates to how many immediate use and energy storage
stations have been placed in operation during the day. The first chart represents a
system with a sefting where 87% of the total wind generated power is delivered to the
grid directly from the immediate use stations, and 13% of the power is processed
through storage. The second chart represents a setting where 40% of the wind
generated power is delivered to the grid from the immediate use stations, and 60% of
the power is processed through storage.

In both examples, each delivery schedule has been developed to provide two
constant power output periods, one lasting 20 hours, and the other lasting 4 hours.
This was primarily based on the shape of the wind speed curve on that day, which
shows that the wind speed fluctuated around 5 meters per second during the first 20
hours, and then jumped to fluctuate around 7 meters per second during the last 4
hours. For this reason, the schedule was designed to provide a substantially constant
energy output level of about 2,500 kW during the first 20 hour period, and a
substantially constant energy output level of about 5,000 kW during the last 4 hour
period.

Setting the delivery schedule to provide relatively few constant power output
level periods during each day enables the system to avoid surges and swings that
could otherwise adversely affect the system. Had only the immediate use stations been
used, like in a conventional windmill system, the amount of energy supplied to the grid
would have followed the peaks and valleys of the wind speed curve, which had severe
fluctuations and oscillations. In such case, a severe peak ar spike of energy would
have been delivered fo the grid at about 3 p.m., along with other fluctuations and
oscillations, placing additional stress and strain on the power system. By using the
present invention, on the other hand, it can be seen that the amount of power delivered
to the grid was very predictable and constant over an extended period of time.

It can also be seen from Figure 6 that the cost of supplying power using the first
schedule was $.033/kW-Hr, while the cost of the power using the second schedule was
$0.051/kW-Hr. This is due to the inefficiencies asscociated with having to obtain a
greater percentage of the energy from storage than from the immediate use stations.
For this reason, what this shows it that it is usually desirable to use the schedule that
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relies for a greater percentage of the power on the immeadiate use stations than on the
energy storage stations. ‘

During the time that the system is in operation, in addition to selecting a
schedule that relies as much on energy from immediate use than from energy storage,
it is also desirable to balance the energy that is in storage, by keeping a balance
between the energy that is introduced into storage, with the energy that is being
extracted from storage, so that at the end of each day, the amount of energy in storage
is no less than it was at the end of the previous day. Moreover, as discussed above,
another consideration is to always maintain at least 100 psig of pressure in storage, so
that in case the wind conditions do not actually occur as predicted in the forecasts,
there will be sufficient energy left over that could be relied upon at a later time if
needed. At the same time, it is also desirable not to have more than a predetermined
amount of pressure in storage, in which case pressure may have to be vented and
wasted.

The energy processed through storage involves the following three scenarios,
which must be accounted for in the development of the delivery schedule:

First, the system must be designed to account for periods when the input level
into storage is equal to the output. That is, if the constant delivery power output level
matches the rate at which power is being supplied from a combination of the immediate
use and energy storage stations, then theoretically, the amount of energy in storage will
remain substantially constant during these periods. Of course, this does not take into
account certain inefficiencies, as well as waste heat from the compressor, and any of
the heating devices discussed above. Nevertheless, it is clear that there will be times
when the amount in storage will remain substantially constant. This can oceur, for
example, when no energy from storage is used, and all of the energy is obtained from
the immediate use stations, to maintain the constant power output level.

Second, the system must be designed to account for periods when the input
level into storage is less than the output. During these periods, it can be seen that a
greater percentage of energy will be extracted from storage, than will be provided into
storage, to maintain a constant power output level, in which case the amount of energy
in storage can be reduced over time. While this can go on temporarily for a short
period of time, eventually, the delivery schedule would have to be adjusted so that the
energy in storage will be re-stored, to maintain the level of energy in storage in
substantial equilibrium. In other words, the delivery schedule must be adapted to factor

in the potential for more energy being infroduced back into storage later that day, in
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order for the amount of energy in storage at the end of each day to equal or exceed the
amount in storage at the beginning of each day.

Third, the system must be designed to account for periods when the input level
into storage is more than the output. In this case, energy will be introduced into storage
at a rate that is greater than that at which it is extracted. As discussed, this is important
because of the second scenario, where the energy in storage can otherwise become
reduced. In this case, the delivery schedule must be adapted to account for the
possibility that during some periods a greater percentage of energy will be introduced
into storage than would be extracted from storage, such that the amount of energy in
storage can be increased over time. At the point that the pressure becomes too high,
however, the pressure will have to be vented, and/or the compressors will have to be
turned off.

The first chart in Figure 7a shows the two constant power output periods (one
lasting 20 hours and the other lasting 4 hours) being compared to the amount of energy
that is being supplied into storage, which is shown by the up and down curve. It can be
seen that there are severe differences between these curves, which represent the
second and third scenarios discussed above, i.e., periods where input exceeds oufput,
or output exceeds input. As shown in the second chart of Figure 7a, there are changes
in the “wind stored” curve, which occur by virtue of the energy level in storage being
increased at times, and reduced at times, depending on which of the above scenarios
apply at any moment in time. This chart shows that less than 1,000 kW of net power
was supplied into storage at any given time based on 87% of the power being supplied
directly to the grid, and 13% of the power being processed through storage. The
curvature of the “wind stored” line also shows that the amount of energy being supplied
into storage can fluctuate over time.

Figure 7b shows the net energy accumulated into storage during the day, again,
based on the occurrence of the three scenarios discussed above. It can be seen from
the top chart in Figure 7o that the accumulated energy in storage fluctuates over the
course of the day, which Is necassary for the power output levels to remain constant. |t
can also be seen in the bottom chart that the pressure level (shown by the top curve) in
storage drops to aimost 100 psig at about 1:00 p.m. and then again between 6:00 and
8:00 p.m., which is a result of a combination of the three scenarios discussed above,
where net energy being exiracted may exceed the net energy being supplied. It can
also be seen that the delivery schedules have been plotted successiully to ensure that
the pressure never goes below 100 psig, and that an equal amount or more energy is in
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strage at tie"end of th& day tian at the beginning of the day. The pressure aiso never
exceeds 500 psig.

In actual practice, since these delivery schedules will be based on projected
wind speed forecasts, the actual planning of the schedules will have to reflect a fairly
conservative approach, to account for the possibility that the actual wind conditions may
not be as anticipated. If the schedules are not conservative, it may be possible that the
pressures could fall below 100 psig or run out altogether, in which case there will not be
enough pressure in storage to supply power to the grid. If energy in storage does run
out, the system will fail to be able to provide a constant power output level during those
times, i.e., wind speed fluctuations will continue to cause fluctuations in the delivery of
power output, since there will be no energy in storage to offset and smooth the wind
speed and power generafion fluctuations from the immediate use stations. In such
case, the delivery schedule will have to be adjusted to make up for the loss of power in
storage during the previous periods, which the present invention contemplates may be
necessary at times. On the other hand, if the schedules are too conservative, pressure
in storage may have to be vented, in which case energy may be wasted.

Figures 8a and 8b, and ¢a and 9b, show similar charts for the 24 hour periods on
November 5 and 6, 1996, respectively.

Figure Ba shows a delivery schedule that has been developed for the 24-hour
period on November 5, 1996, based on the wind history that occurred on that day. This
chart represents a delivery schedule where 60% of the total wind generated power is
delivered to the grid directly from the immediate use stations, and 40% of the power is
processed through storage. Because the wind speed curve on this day varied
significantly, this delivery schedule was developed to provide seven different constant
power output periods, not two or three.

The first constant level period (from midnight to 3:00 a.m.) provides very little if
any power to the grid. This is mairly due to the fact that there was little or no wind
during that time.

The second constant level period from 3:00 a.m. to 9:00 a.m. provides about
4,000 KW, which is due to a slight increase in wind speed beginning at about 4:00 a.m.
The third constant level period extends only from 9:00 a.m. to 10:00 a.m. due to the
sharp increase in wind speed that begins at about 8:00 am. This period is short
because the increase in wind speed is so dramatic that the output had to be increased
to 10,000 kW to efficiently use the energy being supplied and generated.
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TheTatirth cohistant 1ével period extends from 10:00 a.m. to 1:00 p.m,, at a leve!
of about 24,000 kW, which reflects the increasing wind speeds during that time. |
Because the wind speed continues fo increase after 1:00 p.m., and continues to blow at
very high levels, the fifth constant level period is set at 35,000 kW and extends for nine
hours from 1:00 p.m. to 10:00 p.m. This is the period during which the power levels are
constant for the longest period during the day, wherein the output levels and therefore
delivery of power to the grid are predictable and stable.

What happens at the end of the day, towards midnight, however, is that the wind
speeds begin to drop off dramatically. Accordingly, the final twe hours of the day are
broken up into two more constant power level periods, beginning with a level of about
32,000 kW from 10:00 p.m. to 11:00 p.m., and then dropping significantly to about
10,000 kW from 11:00 p.m. to midnight. While it is certainly more advantageous to
create fewer constant level periods during each day, when considering the severe
fluctuations and oscillations that have occurred during the day, it can be seen that the
system was required fo be adjusted more frequently to provide the degree of
predictability and stability that would be needed to provide the advantages discussed
above. By using the present invention, the amount of power delivered to the grid was
made more predictable and constant for fixed periods during the day, even though
there were more of those periods on this day than on November 1.

The second chart in Figure 8a shows the net energy being supplied into storage
during the day (shown by the grey line). This is based on having 40% of the power
from the windmill stations being introduced into storage, while at the same time, a
certain amount of energy being extracted from storage at a rate necessary to maintain
the overall power output levels relatively constant. Again, the amount stored is based
on the accumulation of various conditions existing throughout the day, including the
occurrence of the three scenarios discussed above.

It can be seen from the second chart in Figure 8a that the supply of energy into
storage fluctuates over the course of the day, from a relatively small amount in the
morning, to a relatively large amount in the afternoon. Although a greater amount of
power is delivered to the grid during the afternoon hours, the immediate use stations
generate the bulk of that power. Accordingly, it can be seen that a significant amount of
energy is being supplied into storage during the afternoon hours, even though a
significant amount of power, i.e., 35,000 KW, is delivered to the grid at the same time.

The top chart in Figure 8b shows the accumulation of energy in storage during
that day, which increases substantially over time. This is due to the significant amount
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* drehérgy that'is beiliyinttotu€ed into storage, as shown in the bottom chart of Figure
8a. The top chart of Figure 8b shows the curve going from about 10,000 kW-hr to
about 70,000 kW-hr aver the course of the 24 hour period.

The bottom chart shows that there are contributions being made to the total
energy by virtue of the temperature and pressure levels increasing in storage as well. It
also shows severe fluctuations in the amount of pressure in storage, which is one of the
reasons that seven different constant output level periods had to be scheduled on that
day, to ensure that the pressure never exceeded 600 psig, and never went below 100
psig, although it can be seen that an excessive buildup of pressure in storage that
exceeded 600 psig nevertheless occurred at about 1:00 p.m.

Figure 9a shows a delivery schedule that has been developed for the 24-hour
period on November 8, 1996, based on the wind history that occurred on that day. This
chart represents a delivery schedule where 50% of the total wind generated power is
delivered to the grid directly from the immediate use stations, and 50% of the power is
processed through storage. Because the wind speed curve on this day varied
significantly, this delivery schedule was developed to provide six different constant
power output periods, which, as discussed below, was necessary to maintain the
pressure in storage between 100 psig and 800 psig.

On this day, tha amount of power remaining in storage from the previous day
was relatively high, as discussed above, and the wind speeds were relatively high
during the early morning hours, and continued to be high throughout the morning and
into early afternoon, when it began to drop off slightly. Accordingly, the delivery
schedule shows a significant amount of power being delivered to the grid during the late
morning and early afternoon hours, with several incrementally increasing constant
power output periods extending from midnight the night before until about 2:00 p.m.
For exampls, three constant level periods were implemented, including one from
midnight until 3:00 a.m., wherein the energy delivered was about 14,000 kW. In the
other two perlods, one extended from 3:00 a.m. to 6:00 a.m., with about 27,000 kW of
energy being delivered, and another extended from 6:00 a.m. to 2:00 a.m., with about
36,000 kW of energy being dslivered during that period.

When the wind speeds began to drop off, however, the amount of power
scheduled fo be delivered also dropped off. Three additional constant level periods
were experienced, including one from 2:00 p.m. until 3:00 p.m., where the energy
delivered was about 18,000 kW, one from 3:00 p.m. to 4:00 p.m., with about 13,000 kW
of energy bzing delivered, and the last from 4:00 p.m. to midnight, with about 10,000
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KW ‘of energy being delivered. During this day, while the schedule called for six
constant output level periods, two of the periods lasted for 8 hours each, which‘
provided an extended period of 16 hours during which output levels were constant for
an extended period of time.

The second chart in Figure 9a shows the net energy being supplied into storage
during the day {shown by the grey ling), which is based an having 50% of the power
from the windmill stations infroduced into storage. It can be seen that the supply of
energy into storage fluctuates over the course of the day, starting with a relatively high
level of energy being supplied during the morning hours when the wind speeds were
high, to a relatively low level of energy being supplied into storage during the afternoon
and evening hours when the wind speeds began to dissipate. In this case, the bulk of
the power delivered to the grid during the morning hours was generated by the
immediate use stations, but a substantial amount of power was also being delivered
through storage, as the difference between the two curves show in the top chart in
Figure 9a.

The top chart in Figure 9b shows the accumulafion of energy in storage during
the day, wherein the amount increases steadily over time. This is due to the significant
amount of energy being introduced into storage, as shown in the bottom chart of Figure
Da, particularly during the morning hours. The top chart of Figure 9b shows the curve
going from ahout 0 kW-hr to about 90,000 kW-hr over the course of the 24 hour period.
The bottom chart shows that there are contributions being made to the total energy
from the temperature and pressure increases, which fluctuated substantially, in storage
as well.

As can be seen in the bottom charts on Figures 8a and 9a, the pressure curve
fluctuated considerably during the two day period between November 5 and 6, 1996.
These pressure curves are significant because they show how important it is to change
the level of the constant level output periods occasionally to ensure that the pressures
do not go below 100 psig, nor above 600 psig. As can be seen, the curve on several
occasions, on November 6, went above the 600 psig level. In some circumstances,
such as when temperature levels are above 70 degrees F., it may be permissible to
increase the pressure to 800 psig, although the system would have to be designed with
the appropriate storage facilities to ensure that higher pressures can be handled by the
system

Figure 10 shows how the delivery schedule was carried out using a
predetermined number of immediate use, energy storage and hybrid stations on any
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given day during the penod. On each day, all of the windmill stations were operational,
but the ratic between the types of stations that were used at any given moment was
adjusted based on how many hybrid stations were set to immediate use and energy
storage. For example, on November 1, the total ratio used included 43 immediate use
windmills (including 24 immediate use stations and 19 hybrid stafions converted to
immediate use) and 6 energy storage stations. This accounted for the 87% to 13%
ratio discussed above.

On November 5, the ratio included 30 immediate use windmills (including 24
immediate use stations and & hybrid stations converted to immediate use) and 19
energy storage windmills (including 6 energy storage stations and 13 hybrid stations
converted to energy storage). This accounted for the 60% ta 40% ratio discussed
above.

On November B, the ratio included 25 immediate use windmills (including 24
immediate use stations and 1 hybrid station converted to immediate use) and 24 energy
storage windmiills (including 6 energy storage stations and 18 hybrid stations converted
to energy storage). This accounted for the 50% to 50% ratfio discussed above.

The chart also shows that the number of storage tanks required at any given
mament will depend on the number of energy storage stations that are operational.
Alsp, the chart shows that over the course of a 20 year period, the cost of the energy
generated by these three different delivery schedules remains relatively constant, i.e.,
about $0.033 kw-hr.
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CLAIMS:
1. A method of coordinating and stabilizing the delivery of wind generated power,
comprising:
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using a wind farm having a plurality of windmill stations, wherein said wind farm
comprises a predetermined number of immediate use stations dedicated to providing
energy for immediate use, energy storage stations dedicated to storing energy for later
use, and hybrid stations dedicated to providing energy for immediate use and/or storage;

forecasting or obtaining a forecast of wind speed conditions at the wind farm for an
upcoming period of time;

using the forecasts to predict the wind speed conditions and the resulting wind
power availability levels for the upcoming period of time;

preparing an energy delivery schedule based on the pradictions for wind speed
and wind power availability levels for the upcoming peried, utilizing ensrgy derived from
hoth immediate use and energy storage windmill stations, and as necessary, the hybrid
stations; and

using the delivery schedule to set & reduced number of constant power oufput
periods during the upcoming period of time, during which time energy delivery levels can
remain substantially constant, despite fluctuations and escillations in wind speed and wind

power availability levels.

2. The method of claim 1, wherein the upcoming period of time is the next 24 hour
period,
3. The method of claim 1, whersin the method comprises setting no more than seven

constant power output periods during any given 24 hour period.

4. The method of claim 1, wherein the method comprises determining the ratio
between the number of immediate use and energy sterage windmill stations that are to be
in operation during the upcoming period of time, and using the hybrid stations to
supplement the number of such stations that are to be in operation as needed.

5. The mathod of claim 1, whergin the delivery schedule is set or designed to be set
based on the forecasts so that the amount of pressure in sterage at any given time will not
exceed 600 psig or go below 100 psig.

6. The method of claim 1, wherain the immediate use stations are adapted to supply
electrical energy directly to a power grid, and the energy storage stations are adapted to
provide compressed air energy inte storage, and the hybrid stations are adapted to switch
between being an immediate use stafion to supply electrical energy directly, and an
energy storage station to provide compressed air enargy into storage.

COMS ID No: ARCS-289062 Received by IP Australia: Time (H:m) 12:27 Date (Y-M-d) 2010-08-18

-33-

P 7/15



2010-08-18 13:11 HMcIP +61-2-9264-5154 >>

18 Aug 2010

2004250158

7. The method of claim &, the delivery schedule takes inte account the amount of
energy that can be supplied directly from the immediate use stations, and the amount of
energy that can be provided from storage from the energy storage stations, and the
amount of power expected to be used and withdrawn by the power grid, so as to maintain
a pradetermined amount of power in storage. which can help ensure that wind generated
power will be available at the constant power autput levels, even when the wind power
availability levels drop below the demand for power needed by the power grid.
8. The method of claim 1, wherein the delivery schedule is set so that the amount of
compressed air energy in storage from the energy storage stations and any hybrid
stations that are set 1o the enargy storage meode at the end of the upcoming petiod of time
is equal to or greater than the amount of campressed air energy in storage at the
beginning of the upcoming period of time.
9 The method of claim 1, wherein the delivery schedule takes into account when the
wind power availability into storage is equal to the demand for wind generated power out
of storage, when the wind power availability into storage is greater than the demand for
wind generated power out of storage, and when the wind power availability into storage is
less than the demand for wind generated power out of storage.
10, A method of coordinatirg and stabilizing the delivery of wind generated power,
comprising:

using a plurality of windmill stations, at least one associated with an electrical
generator for generating electricity directly, and at least one associated with a compressor
for storing compressed air energy into storage;

forecasting or obtaining a forecast of wind speed conditions for an upcoming
period of time,;

using the forecasts to predict the wind speed conditions and the resulting wind
power availability levels for the upcoming period of time;

preparing an energy celivery schedule based on the predictions for wind speed
and wind power availability levels for the upcoming period, utilizing energy derived from
said plurality of windmill stations; and

using the delivery schedule to set a reduced number of constant power output
periods during the upcoming period of time, during which time energy delivery levels
remain substantially constant, despite flustuations and oscillations in wind speed and wind
power availability levels.
11, The method of claim 10, wharein the upsoming period of time is the next 24 hour
peariod.
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12.  The method of claim 1C, wherein the method comprises setting no more than
seven constant power cutput periods during any given 24 hour period.

13.  The method of claim 10, wherein the method comprises providing a predetermined
ratio of immediate use and energy storage windmill stations that are to be in operation

during the upcoming period of time.

18 Aug 2010

14.  The method of claim 13, wherein a predetermined number of hybrid stations
capable of being switched betwzen immediaie use and energy storage are provided and
used to set the predetermined ratio.

15.  The method of claim 10, wherein the delivery schedule is set to take into account
that the amount of pressure in storage at any given time should not exceed 600 psig or go
below 100 psig.

16.  The method of claim 13, wherein the immeadiate use stations are adapted to supply

2004250158

electrical energy directly to a power grid, and the energy storage stations are adapted to
provide compressed air energy into storage, and the delivery schedule takes into account
the amount of energy that can be supplied directly from the immediate use stations, and
the amount of energy that can be provided into storage from the energy storage stations.
17.  The method of claim 16, wherein the delivery schedule takes into account the
amount of power expected to be used and withdrawn by the power grid from the
immediate use and energy storage stations, s¢ as to maintain a predetermined amount of
power in storage, which helps ensure that wind generated power will be available at the
constant power output levels, even when the wind power availability levels drop below the
demand for power needed by the power grid,

18.  The method of claim 17, wherein the delivary schadulle 1s sat so that the amount of
compressed air energy in storage at the end of the upcoming period of time is equal to or
greater than the amount of compressed air energy in storage at the beginning of the
upcoming period of time.

19,  The method of claim 10, wherein the delivery schedule takes into account when
the wind power availability into storage is equal te the demand for wind generated power
out of storage, when the wind power availability into storage is greater than the demand
for wind generated power out of storage, and when the wind power availability into
storage is less than the demand for wind generated power out of storage.

20.  The method of claim 14, wherein the predetermined ratio is determined and set for
the upcoming period of time, based on whether the forecasts show there will be fewer or
greater variations in wind speed during the upcoming period of time, wherein more
immediate use stations will ba desired when there are fewer variations in wind speed, and
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— more energy storage stations will be desired when there are more variations in wind
8 speed.
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