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METHOD AND SYSTEM FOR DETERMINING
AN AMOUNT OF A LIQUID ENERGY COMMODITY

IN STORAGE IN AN UNDERGROUND CAVERN

CROSS-REFERENCE TO RELATED APPLICATIONS
The present application claims priority to U.S. Provisional Patent Application Serial No.
61/448,439 filed on March 2, 2011, the entire disclosure of which is incorporated herein by

reference.

BACKGROUND OF THE INVENTION
The present invention related to a method and system for determining an amount of a
liquid energy commodity, such as crude oil, natural gas liquids (NGL), and other liquid

hydrocarbons, in storage in an underground cavern.
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Liquid energy commodities, such as crude oil, natural gas liquids (NGL), and other liquid
hydrocarbons, comprise a multi-billion dollar economic market. These commodities are bought
and sold by many parties, and as with any traded market, information about the traded
commodities is very valuable to market participants. Specifically, the operations of the various
components and facilities of the production, transportation, storage, and distribution systems for
each of these commodities can have significant impacts on the price and avaitability of these
commoditics, making information about said operations Valuai.ale. Furthermore, such
information generally is not disclosed publicly by the various component owners or operators,

and access to said information is therefore limited.

SUMMARY OF THE INVENTION

The present invention is a method and system for determining an amount of a liquid
energy commodity, such as crude oil, natural gas liquids (NGL), and other liquid hydrocarbons,
m storage in an underground cavern,

In accordance with the method and system of the present invention, each brine pond in a
particular underground storage location is researched using publicly available resources, visual
inspection, satellite imaging, SONAR, hydrographic LiDAR or other methods. All physical
contours and other relevant information about the brine pond, including, for example, pond wall
slope(s), k or k;, maximum pond depth, zo, pond perimeter as a function of depth, P(z), volume of
pond at maximurm depth, ¥, and pond arcas as a function of depth, A(z), are stored in a database.

From this information, a function is derived that describes the brine pond volume, Viz),
which is the volume in underground storage, as a function of the depth, z, of the brine pond at

any given time.
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The type of liquid energy commodity(ies) in the underground storage caverns associated
with each pond is (are) also researched, and that data is stored in the database.

Then, on a predetermined schedule, an inspection of cach brine pond at the particular
underground stérage iocation is conducted, for example, via a fixed camera with the brine ponds
of interest in the frame of reference or an aircraft carrying a camera that flies over the location.
Such an inspection includes the acquisition of one or more visual images of the brine pond.

The acquired images of each brine pond are then preferably transmitted to a central
processing facility. The acquired images are then analyzed, preferably through the usc of a
digitai computer program. One form of analysis is to use imaging software to identify and frace
two contours over the image. The first contour represents the top edge of the pond, and the
second contour represents the level of the brine within the pond at the time the image was
acquired. If the imagery is acquired using a moving frame of reference, such as imagery taken
from an airplane or helicopter, in order to minimize error introduced from variable angles of
inclination with respect to the frame, it is preferred to introduce a pre-processing step where all
images and their associated contours are transformed to a common frame of reference before
subsequent processing.

Then, the average perpendicular distance between the contours is determined from a
predetermined number of discrete measurements, Multiplying the average perpendicular
distance by the slope of the wall of the brine bond gives the depth, z, of the pond.

With the depth, z, the volume of the pond is then estimated using the volume function,
Viz).

Finally, the amount of the liguid energy commodity in storage is determined. In many

cases, the estimated volume of the brine pond is assumed to be approximately equal to the
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volume of the liquid energy commodity in storage in an underground cavern associated with the
brine pond.

Once the analysis of each brine pond in a particular focation is completed, information
about the estbmated volumes can then be communicated to market participants and other
interested parties, i.e., third parties who would not ordinarily have ready access to such
mformation about the amount of liquid energy commodity in underground storage at a given
time.

According to a first aspect of the present invention, there is provided a method for
determining an amount of a liquid energy commodity in storage in an underground cavern based
on an estimation of a volume of a brine in a brine pond associated with the underground cavern,
comprising the steps of: establishing a volume function for the brine pond based on physical
contours of the brine pond, and storing the volume function in a database; acquiring an image of
the brine pond at a subsequent time; transmitting the acquired image to a central processing
facility; identifying a first contour in the acquired image at or near a top edge of the brine pond;
identifying a second contour in the acquired image representative of a level of the brine in the
brine pond; determining an average distance between the first contour and the second contour;
calculating a depth of the brine in the brine pond based on the average distance; estimating the
volume of the brine in the brine pond based on the calculated depth and using the volume
function stored in the database; determining the amount of the liquid energy commodity in
storage in the underground cavern associated with the brine pond based on the estimated volume
of the brine in the brine pond; and communicating information about the amount of the liquid

energy commodity in storage to a third-party market participant.
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According to a second aspect of the present invention, there is provided a method for
determining an amount of a liquid energy commodity in storage in an underground cavern,
wherein a brine pond is associated with the underground cavern, and wherein a volume function
stored in a memory component provides an estimate of a volume of brine in the brine pond as a
function of a depth of the brine in the brine pond, comprising the steps of: using a camera to
acquire an image of the brine pond; using a computer system to (a) identify a first contour in the
acquired image at or near a top edge of the brine pond, (b) identify a second contour in the
acquired image representative of a level of the brine in the brine pond, {¢) determine an average
distance between the first contour and the second contour by making a number of discrete
measurements between the first contour and the second contour, (d) calculate a depth of the brine
in the brine pond based on the average distance, (¢} estimate a volume of the brine in the brine
pond based on the calculated depth and using the volume function, and (f) determine the amount
of the liquid energy commodity in storage in the underground cavern associated with the brine
pond; and using the computer system to communicate information about the amount of the liquid
energy commodity in storage to a third-party market participant.

According to a third aspect of the present invention, there is provided a method in a
computer system for determining an amount of a liquid energy commodity in storage in an
underground cavern associated with a brine pond, comprising the steps of: storing 1n a memory
of the computer system a slope of a wall of the brine pond as a function of a location on a
perimeter of the brine pond; storing in the memory of the computer system a volume function for
determining a volume of the brine pond as a function of a depth of the brine pond; storing in the

memory of the computer system data regarding a type of liquid energy commodity in the
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underground cavern associated with the brine pond; at a later time, receiving into the memory of
the computer system a digital image of the brine pond containing an unknown amount of brine;
processing, by a processor of the computer system, the digital image to determine a first contour
representing a top edge of the brine pond in the digital image and a second contour representing
a level of brine of the brine pond in the digital image; determining, by the processor of the
computer system, an average distance between the first contour and the second contour from a
predetermined number of discrete measurements; determining, by the processor of the computer
system, and based on the average distance and the slope of the wall of the brine pond, a depth of
a brine in the brine pond; and estimating, by the processor of the computer system, and based on
the depth of the brine and the volume function, the volume of the brine in the brine pond; and
determining, by the processor of the computer system, and based on the estimated volume of the
brine in the brine pond, the amount of the liquid energy comumodity in storage in the
underground cavern associated with the brine pond.

According to a fourth aspect of the present invention, there is provided a system for
determining an amount of a liquid energy commodity in storage in an underground cavern
associated with a brine pond, comprising: a memory component; an input / output interface in
communication with the memory component; a processor in communication with the memory
component and the input / output interface, the processor executing a program of instructions for:
receiving from the input / output interface and storing in the memory component: (a) a first
digitized contour representing a bottom of the brine pond; (b) a second digitized contour
representing a maximum level of the brine pond; and (¢) a third digitized contour representing a

top edge of the brine pond, receiving from the input / output interface and storing in the memory
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component a slope of a wall of the brine pond as a function of a location on a perimeter of the
brine pond, receiving from the input / output interface and storing in the memory component a
volume function for determining a volume of the brine pond as a function of a depth of the brine
pond, receiving from the input / output interface and storing in the memory component data
regarding a type of liquid energy commodity in the underground cavern associated with the brine
pond, receiving from the input / output interface and storing in the memory component a digital
image of the brine pond containing an unknown amount of brine, processing the digital image to
determine a first contour representing the top edge of the brine pond in the digital image and a
second contour representing a level of a brine of the brine pond in the digital image,
transforming, using a generalized coordinate transform on the first contour to scale, shear, and
rotate the first contour to match the third digitized contour representing the fop edge of the brine
pond which was previously stored in the memory component, and then applying the generalized
coordinate transform to the second contour; determining an average distance between the
transform of the first contour and the transform of the second contour from a predetermined
number of discrete measurements; determining, using the average distance and the slope of the
wall of the brine pond, a depth of the brine in the brine pond; estimating, using the depth of the
brine and the volume function, the volume of the brine in the brine pond; and determining, based
on the estimated volume of the brine in the brine pond, the amount of the liquid energy

commodity in storage in the underground cavern associated with the brine pond.
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DESCRIPTION OF THE DRAWINGS

FIG. 1 is an aerial image of a brine pond in an empty state, with multiple contours traced
over the image;

FIG. 2 is a plot of the contours of FIG. 1 as digitized into X-Y coordinates;

FIG. 3 is a plot illustrating an area function calculated as a function of the depth of the
brine pond of FIG. 1;

FIG. 4 is an aerial image of the brine pond of FIG. 1 when the brine pond is storing a
significant volume of brine;

FIG. 5 is a plot illustrating the application of a 2D linear transform to the image and
contours of FIG. 4;

FIG. 6 is a plot illustrating how the average perpendicular distance between the contours
in FIG. 4 is determined from a predetermined number of discrete measurements;

FIG. 7 is an image of the edge of a particular brine pond, showing a series of markers at

spaced intervals near the edge of the brine pond;

4d
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FIG. § is a flow chart depicting the general functionality of an exemplary implementation
of the method and system of the present invention; and
FIG. 9 is a schematic representation of the core components of & computer System in an

exemplary implementation of the method and system of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is a method and system for determining an amount of a liquid
encrgy cormmodity, such as crude oil, natural gas liquids (NGL), and other liquid hydrocarbons,
in storage in an underground cavern.

In addition to aboveground storage, liquid energy commodities, such as crude oil, natural
gas liquids (NGL), and other liquid hydrocarbons, are stored in underground caverns. In North
America, these caverns are typically man-made, hollowed out of a geological salt formation by
pumping in water and extracting the brine in a process known as “solution mining.” It is
common for large reservoirs of national emergency supplies of crude oil, the so-calied Strategic
Petroleum Reserve (SPR), to be stored in such underground caverns. The United States SPR is
stored in underground caverns in Texas and Louisiana, and the SPR caverns generally range in
capacity from 6 to 35 million barrels. See http://www.fe.doe.gov/programs/reserves/spr/spr-
sites.htm!.

" For another example, natural gas liquids (NGL) are another liquid energy commodity that
is commonly stored in underground caverns. One of two major storage hubs in the U.S. is in
Mont Belvicu, Texas. The storage area includes approximately 34 underground caverns with a

total storage of about 100 million barrels.
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Within an underground storage cavern, the crude oil or other Hquid energy commodity
floats on a volume of brine. Therefore, associated with a single cavern or multiple caverns is a
volume of brine used to keep the cavern full when the liquid energy commodity has been
extracted. The brine helps maintain the cavern wall inteprity so that the walls of the salt cavemn
are not eroded. When the liquid energy commodity needs to be extracted from the cavern, brine
is pumped into the cavern, and the liquid energy commodity is displaced into a pipeline to
transport the liguid energy commodity out of the facility. When the Hquid energy commodity
needs to be injected into the cavern, it is pumped in and the brine is displaced from the cavern.

One common method of maintaining the necessary brine volume is to use an
aboveground pond to store the excess brine. If the brine pond and associated storage caverns
form a closed system, the volume of the liquid energy commodity in storage is approximately
equal to the volume of brine in the brine pond.

In accordance with the method and system of the present invention, each brine pond in a
particular underground storage location is researched using publicly available resources, visual
inspection, satellite imaging, SONAR, hydrographic LIDAR or other methods. In this regard, a
detailed understanding of the pond shape and dimensions is required i order to associate a
particular level of brine in a pond with an associated volume of brine contained in the pond. The
simplest case is a brine pond which has been designed to be a rectangular solid shape, where the
depth of brine in the pond directly corresponds with the volume of brine in the pond. In cases
where the pond topology is not a simple geometric shape, public sources such as topographically
accurate maps are then used. All physical contours and other relevant information about the
brine pond, including, for cxample, pond wall slope(s), & or k;, maximum pond depth, z), pond

perimeter as a function of depth, P(z), volume of pond at maximum depth, ¥, and pond arcas as
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a function of depth, A(z), are stored in a database. Such a database would preferably be stored in
a memory of a computer system. As will become clearer in the discussion that follows, the
constant ¥;is determined from an estimation of the volume in the brine pond at the minimum
pond depth from engineering documentation or from an analysis using the same methods
prescribed herein, ¥, may also be calculated if treated as an unknown in the equation for ¥/z)
below with other volumes of reference known.

From this information, a function is derived that describes the brine pond volume, Viz),
which is the volume in underground storage, as a function of the depth, z, of the brine pond at

any given time.

V() = [ AG)dz M)

For example, in determining physical contours of a particular brine pond and establishing
a volume function based on the physical contours of the brine pond, an image 10 is acquired, as
shown in FIG. 1. In this case, the brine pond is in a substantially empty state as it is under
construction. Then, as also shown in FIG. 1, two or more contours of the brine pond are traced
over the image 10. Such contours could also be derived from engineering documentation or
drawings. In this case, there are three contours traced on the image 10: a first contour 20
representing the bottom of the brine pond; a second contour 22 representing the maximum pond
level; and a third contour 24 representing the top of the pond, i.c., the top edge of the berm
surrounding the brine pond.

Once the contours have been identified and traced over the image 10, those contours are
digitized into X-Y coordinates, as shown in FIG. 2

The area bounded by each of the contours is then calculated.
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The next step is to determine the depth, z, for each of the contours. In this example, the
first step in determining the depth is to calculate the average perpendicular distance between
each contour and the contour 24 representing the top of the pond. The depth, z, of each contour
is then determined by multiplying the slope of the wall of the brine pond by the average

5  perpendicular distance between each contour and the contour 24 representing the top of the pond.
The slope of the brine pond walls is known from engineering documentation or other sources, or
the slope can be estimated based on knowledge of best practices of pond construction.

Lastly, using a lincar regression or other appropriate fitting, an arca function, 4(z), 18
calculated as a function of the pond depth, z. For example, such a linear regression is shown in

10 the chart of FIG. 3. Specifically, with respect to the example shown in FIGS. 1-3, the arca
function derived from the brine pond in an empty state is:

Afz) = 68057-4352z (2)

And, the volume of the irregular shaped brine pond is:
15 V(z) = 68057(zg-z) — 4352/2%(z 2" + 112017 (3)
where z, equals maximum pond depth, and

where 112017 is a constant to account for & minimum pond volume.

This volume function, ¥(z), is also stored in the database.
20 The type of liquid energy commodity(ies) in the underground storage caverns associated
with each pond is {(arc) also researched, and that data is stored in the database. Furthermore,
depending on the source and methods of their production, crude oils vary in chemical and

physical properties and are typically classified by American Petroleum Institute gravity (or API



10

15

20

WO 2012/119054 PCT/US2032/027437

number), which is a measure of how heavy or light a crude oil 18 relative to water, If crude oil is
stored in the underground storage location of interest, the API number or similar information
about the type of crude oil may also be stored in the database.

Referting now to the flow chart of FIG. §, and reiterating the steps described above, the
physical contours of the brine pond are stored in the database 100 of the central processing
facility, as indicated by block 200, and the established volume function is also stored in the
database 100 of the central processing facility, as indicated by block 202.

Then, on a predetermined schedule, an inspection of ecach brine pond at the particular
underground storage location is conducted, for example, via a fixed camera with the brine ponds
of interest in the frame of reference or an aircraft carrying a camera that flies over the location.
Such én ingpection includes the acquisition of one or more visual images of the brine pond, as
indicated by block 300 of FIG. 8. For example, such images could include photographic images,
satellite images, infrared images, or any other type of imagery that would provide delineation of
the boundaries of each brine pond, i.e., the top edge of each brine pond and the level of brine
within each pond.

The acquired images of each brine pond are then preferably transmitted to a central
processing facility, as imdicated by block 302 of FIG. 8. The acquired images are then analyzed,
preferably through the use of a digital computer program, i.¢., computer-readable instructions
stored in a memory and executed by a processor of a computer system. Thus, execution of the
requisite routines and subroutines can be carried out using standard programming techniques and
languages. With benefit of the following description, such programming is readily accomplished

by one of ordinary skill in the art.
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One form of analysis is to use imaging software, such as Imagel (which is a publicly
available software program develop by the National Institutes of Health and is available at
http://rsbweb.nih.gov/ij/), to identify and trace two contours over the image, as indicated by
block 304 of FIG. 8. The first contour represents the top edge of the pond, and the second
contour represents the level of the brine within the pond at the time the image was acquired.
FIG. 4 is an aerial image of the brine pond of FIG. 1 when the brine pond is storing a significant
volume of brine, and the first and second contours are traced over this image.

If the imagery is acquired using a moving frame of reference, such as imagery taken from
an airplane or helicopter, in order to minimize error introduced from variable angles of
inclination with respect to the frame, it is preferred to introduce a pre-processing step where all
images and their associated contours are transformed to a common frame of reference before
subsequent processing, as indicated by block 306 of FIG. 8.

This pre-processing step begins by using a generalized coordinate transform on the
identified contour to scale each of these contours to physical dimensions. An example of a 2D
linear transform is illustrated in FIG. 5. Using the perimeter of the top edge of the brine pond,
which is known from the research on the brine pond, as a reference, the contour of the top edge
of the brine pond is then scaled, sheared and rotated to match the reference. This transform is
exemplified by the equations below and can be accomplished using a software program such as
Matlab®, which is a commercially available software package marketed and licensed by The

Mathworks, Inc. of Natick, Massachusetts.
Xn = Xy + by +¢ (4a)

Y, =dx, +ev, +f (4b)

10
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where x, and y, are the o coordinate pair of either measured contour; a, b, ¢, d, ¢ and fare
constants dertved from the coordinate transformation; and X, and ¥, are the transformed
coordinates.

The transform is stored as an intermediate set of variables in the analysis process. The
same transform is then applied to the second contour which is representative of the level of the
brine in the brine pond. The first and second contours after the transform are then represented
according to the physical dimensions of the brine pond.

Once the pre-processing step has been performed, the average perpendicular distance
between the contours, Py, 18 determined from a predetermined number of discrete
measurements, as indicated by block 308 of FIG. 8.

For example, FIG. 6 illustrates how such measurements are made. Multiplying average
perpendicular distance by the slope of the wall of the brine bond gives the depth, z, of the pond.

L = kpdé*.r‘ (5)

If the slope of the wall of the brine pond varies as a function of the perimeter, the slope

can be expressed as a function of the perpendicular distance.
k= k(Pger) (6)
Then, and as indicated by block 310 of FIG. &, the depth may be computed in the
following manner.

27
zZ = El;r.fﬂ " K{Paer(8)]d6 X Pyey (7)

where @ is an angular reference coordinate with an origin inside the pond perimeter.

With the depth, z, the volume of the pond is then estimated using the volume function,

V(z), from equation (3) above, as indicated by block 312 of FIG. 8.

11
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In cases where the frame of reference of acquired images of a brine pond is fixed or is
known geospatially, another form of analysis is to detect contour edges on the pond image and to
derive an image pixel arca for each contour. In this regard, edges in images are areas with strong
intensity contrasts, i.e., a significant change in intensity from one pixel to the next. There are
various methods and techniques for detecting edges in an image, which can be generally grouped
into two categories: gradient and Laplacian methods. A gradient method detects the edges by
looking for the maximum and minimum in the first derivative of the image. A Laplacian method
scarches for zero crossings in the second derivative of the image to find edges. In any cvent,
once the contour edges have been detected and identified, the areas bounded by a contour
representative of the level of the brine within the pond can then be compared to the derived area
function, A¢z), to determine the depth, z, of brine in the pond and hence the volume of brine in
the pond.

In certain circumstances, the pond itself may contain physical markers and/or height
markings which can be used to determine the pond depth. For example, FIG. 7 1s an image of the
edge of a particular brine pond. As shown in FIG. 7, there is a series of markers 30, 32, 34, 36 at
spaced intervals near the edge of the brine pond. The positions of these markers 30, 32, 34, 36
are fixed. Thus, the depth, z, can be estimated by measuring linear distances in image pixels
from one or more of the markers 30, 32, 34, 36 to the edge of the brine in the pond.

Finally, the amount of the liquid energy commodity in storage is determined, as indicated
by block 314 of FIG. 8. In many cases, the estimated volume of the brine pond is assumed to be
approximately equal fo the volume of the liquid energy commeodity in storage in an underground

cavern associated with the brine pond.

12
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Once the analysis of each bring pond in a particular location is completed, and as
indicated by block 320 of FIG. 8, information about the estimated volumes can then be
communicated to market participants and other interested parties, i.e., third parties who would
not ordinarily have ready access to such information about the amount of liquid energy
commodity in underground storage at a given time. Of course, by summing the volumes in all of
the brine ponds or in a grouping of selected brine ponds, information about the total amount of
liquid cnergy commoditics at the particular location or in the grouping of selected brine ponds
(for example, brinc ponds corresponding to storage owned by a particular company or the
amounts of specific liquid hydrocarbons) can also be calculated and communicated to market
participants and other interested parties. It is contemplated and preferred that such
communication to third partics could be achieved through electronic mail delivery and/or
through export of the data to an access-controlled Internet web site, which end users can access
through a common Internet browser program, such as Microsoft Internet Explorer®. Of course,
communication of information and data to third parties may also be accomplished through a wide
variety of other known communications media without departing from the spirit and scope of the
present invention.

FIG. 9 is a schematic representation of the core components of a computer system in an
implementation of the method and system of the present invention. As shown in FIG. 9, the
computer system 400 generally comprises a processor 402, a memory (or memory :component)
404, and an input / output interface 406, The input / output interface 406 communicates with and
receives data from a camera 410, a keyboard 412, and other input devices, and then passes such
data to the processor 402. The processor 402 is also in communication with the memory 404,

which stores multiple modules, including: (&) an image processing module 420; (b} a volume

13
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estimation module 422; (¢) an amount {of liquid energy commodity) determination module 424;
and (d) a communications module 430. The processor 402 executes the programs of instructions
embodied in each of these modules. The memory 404 also stores certain data clements which
the processor can access and use in executing the instructions, such as (a) physical contours of
each brine pond, including slope; (b) the volume function; (c) the type of liquid energy
commodity; and (d) acquired images.

It should also be noted that, in some casecs, a number of brine ponds may correspond to a
number of caverns. For example, and referring back to FIG. 1, this particular brine pond has a
maximum. volume of approximately 480,000 m® and is associated with four separate
underground caverns with a total capacity of 3 million barrels of crude oil. In such cases, the
mapping of caverns to ponds would also be stored in the database, so that volume estimates
associated with a group of ponds can be used to determine volumes stored in the corresponding
caverns.

As a further refinement, some underground storage facilities use aboveground buffer
tanks to batch process the injections and withdrawals to and from the interconnecting
transportation infrastructure, which includes the pipelines coming into and leaving the facility
that carry the liquid energy commodity. This operational technique is used to maintain pressure
and to account for the rate of transfer to and/or from the facility being faster than the rate of
transfer to and/or from the transportation infrastructure. When buffer tanks are used, different
tanks may be used for the buffering of different liquid energy commodities.

When buffer tanks are used to batch process underground storage injections or
withdrawals, the tanks may be monitored with the methods described in commonly owned and

co-pending U.S, Patent Application Serial No. 13/089,674 entitled “Method and System for

14
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Determining an Amount of a Liquid Energy Commodity Stored in a Particular Location” and
filed on April 19, 2011, which is incorporated herein by reference. By monitoring the tank
volumes at specified intervals, liquid energy commodities displaced using the same brine pond
can be differentiated.

As a further refinement, the amount of precipitation falling into a particular brine pond
may be measured (for example, by using a rain gage) or calculated from publicly available data
to improve the accuracy of the determination of the amount of the liquid energy commodity in
storage in an underground cavern associated with the brine pond.

As a further refinement, the amount of liquid evaporated from a particular brine pond
may be estimated from nearby measurements of evaporation or may be modeled from publicly
available weather data to improve the accuracy of the determination of the amount of the liquid
energy commodity in storage in an underground cavern associated with the brine pond.

As a further refinement, the perimeter of the transformed, top-of-pond coordinates may
be scaled up to the physical perimeter of the brine pond to account for any inaccuracies in the
linear coordinate transformation model. The scaling may be applied to the level-of-pond
coordinates or the final volume estimate to improve accuracy.

As a further refinement, the pumping machinery, along with the pumping exhaust and
pipelines leading to and from a particular underground cavern, may be monitored with infrared
imaging to determine more information about the operational dynamics of the underground
cavern. In this way, it is contemplated that the volumes stored in multiple caverns within the
same storage facility could be differentiated. Using the information acquired from research (for

exampie, information acquired from publicly available engineering plans for the facility) about
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which cavern is used for what liquid energy commodity, the total volume in storage could be
broken down by liquid energy commodity.

One of ordinary skili in the art wili recognize that additional embodiments and
implementations are also possible without departing from the teachings of the present invention.
This detailed description, and particularly the specific details of the exemplary embodiments and
implementations disclosed therein, is given primarily for clarity of understanding, and no
unnecessary limitations are to be understood therefrom, for modifications will become obvious
to those skilled in the art upon reading this disclosure and may be made without departing from

the spirit or scope of the invention.
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CLAIMS

What is claimed is:

L. A method for determining an amount of a liquid energy commeodity in storage in
an underground cavern based on an estimation of a volume of a brine in a brine pond associated
with the underground cavem, comprising the steps of:

cstablishing a volume function for the brine pond based on physical contours of
the brine pond, and storing the volume function in a database;

acquiring an image of the brine pond at a subsequent time;

transmifting the acquired image to a central processing facility,;

identifying a first contour in the acquired image at or near a top edge of the brine
pond;

identifying a second contour in the acquired image representative of a level of the
brine in the brine pond;

determining an average distance between the first contour and the second contour;

calculating a depth of the brine in the brine pond based on the average distance;

estimating the volume of the brine in the brine pond based on the calculated depth
and using the vohime function stored in the database;

determining the amount of the liquid energy commodity in storage in the
underground cavern associated with the brine pond based on the estimated volume of the brine in
the brine pond; and

communicating information about the amount of the liquid energy commodity in

storage to a third-party market participant.
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2. The method as recited in claim I, wherein the step of establishing the volume

function includes the sub-steps of:

using a camera to acquire an image of the brine pond in a substantially empty
state;

tracing two or more contours over the acquired image;

digitizing the two or more contours into X-Y coordinates;

calculating an area bounded by each of the two or more contours;

determining the depth for each of the two or more contours; and

calculating an area function as a function of the determined depth.

3. The method as recited in claim 1, in which the liquid energy commodity is crude

o1l.

4, The method as recited in claim 1, in which the liquid energy commodity is natural

gas liquids.
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5. A method for determining an amount of a liquid energy commodity in storage in
an underground cavern, wherein a brine pond is associated with the underground cavern, and
wherein a volume function stored in a memory component provides an estimate of a volume of
brine in the brine pond as a function of a depth of the brine in the brine pond, comprising the
steps of:

using a camera to acquire an image of the brine pond;

using a computer system to
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(a) identify a first contour in the acquired image at or near a top edge
of the bﬁne pond,

{b) identify a second contour in the acquired image representative of a
level of the brine in the brine pond,

(c) determine an average distance between the first contour and the
second contour by making a number of discrete measurements between the first contour and the
second confour,

(d) calculate a depth of the brine in the brine pond based on the
average distance,

(e) estimate a volume of the brine in the brine pond based on the
calculated depth and using the volume function, and

(f) determine the amount of the liquid energy commodity in storage in
the underground cavern associated with the brine pond; and

using the computer system to communicate information about the amount of the

liquid energy commodity in storage to a third-party market participant.

6. A method in a computer system for determining an amount of a liquid energy
commodity in storage in an underground cavern associated with a brine pond, comprising the
steps of?

storing in a memory of the computer system a slope of a wall of the brine pond as
a function of a location on a perimeter of the brine pond;
storing in the memory of the computer system a volume function for determining

a volume of the brine pond as a function of a depth of the brine pond;
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storing in the memory of the computer system data regarding a type of liquid
energy commodity in the underground cavern associated with the brine pond,

at a later time, receiving into the memory of the computer system a digital image
of the brine pond containing an unknown amount of brine;

processing, by a processor of the computer system, the digital image to determine
a first contour representing a top edge of the brine pond in the digital image and a second contour
representing a level of brine of the brine pond in the digital image;

determining, by the processor of the computer system, an average distance
between the first contour and the second contour from a predetermined number of discrete
measurements;

determining, by the processor of the computer system, and based on the average
distance and the slope of the wall of the brine pond, a depth of a brine in the brine pond; and

estimating, by the processor of the computer system, and based on the depth of
the brine and the volume function, the volume of the brine in the brine pond; and

determining, by the processor of the computer system, and based on the estimated
volume of the brine in the brine pond, the amount of the liguid energy commodity in storage in

the underground cavern associated with the brine pond.

7. The method as recited in claim 6, and further comprising the steps of:
storing in the memory of the computer system a first digitized contour
representing a bottom of the brine pond, a second digitized contour representing a maximum
level of the brine pond, and a third digitized contour representing the top edge of the brine pond,;

and
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upon receiving into the memory of the computer system the digital image of the
brine pond containing the unknown amount of brine, transforming, by the processor of the
computer system, using a generalized coordinate transform on the first contour to scale, shear,
and rotate the first contour to match the third digitized contour representing the top edge of the
brine pond which was previously stored in the memory of the computer system, and then

applying the generalized coordinate transform to the second contour.

8. A system for determining an amount of a liquid energy commodity in storage in
an underground cavern associated with a brine pond, comprising:
a memory component,
an input / output interface in communication with the memory component;
a processor in communication with the memory component and the input / oufput
interface, the processor executing a program of instructions for:
receiving from the input / output interface and storing in the memory
component: (a) a first digitized contour representing a bottom of the brine pond; (b) a second
digitized contour representing a maximum level] of the brine pond; and (¢) a third digitized
contour representing a top edge of the brine pond,
receiving from the input / output interface and storing in the memory
component a slope of a wall of the brine pond as a function of a location on a perimeter of the
brine pond,
receiving from the input / output interface and storing in the memory
component a volume function for determining a volume of the brine pond as a function of a

depth of the brine pond,
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receiving from the input / output interface and storing in the memory
component data regarding a type of liquid energy commodity in the underground cavern
associated with the brine pond,

receiving from the input / output interface and storing in the memory
component a digital image of the brine pond containing an unknown amount of brine,

processing the digital image to determine a first contour representing the
top edge of the brine pond in the digital image and a second contour representing a level of a
brine of the brine pond in the digital image,

transforming, using a generalized coordinate transform on the first contour
to scale, shear, and rotate the first contour o match the third digitized contour representing the
top edge of the brine pond which was previously stored in the memory component, and then
applying the generalized coordinate i:rﬁnsform to the second contour,

determining an average distance between the transform of the first contour
and the transform of the second contour from a predetermined number of discrete measurements;

determining, using the average distance and the slope of the wall of the
brine pond, a depth of the brine in the brine pond;

estimating, using the depth of the brine and the volume function, the
volume of the bring in the brine pond; and

determining, based on the estimated volume of the brine in the brine pond,
the amount of the liquid energy commodity in storage in the underground cavern associated with

the brine pond.
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