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BACKGROUND OF THE INVENTION

1. Field of the Invention

18661} The ficld of invention relates to the storage of natural gas. More specifically, the ticld
relates to a system and a method for storing and releasing natural gas during difforent periods

of demand.

2. Descrintion of the Related Arxt

3602} Natural gas is the portable and preferred fuel of choice around the world. Natural gas
burns more completely than other traditional fuels, inchuding petroleum and cosl; therefore,
the combustion of natural gas is comparatively less harmful to the environment. Natural gas
and similar products, including LNG, propane and other compressed-gas fuels are much more

etficient in engine and turbine combustion systems.

18663} Electricity generation with gas turbines is well understood and relatively inexpensive.
Recirculation of hot, corapressed exhaust gases can lead to thermal conversion efficicncies of
well over 90%. Turbine co-generation facilities not only produce electricity and carbon
dioxide, which is useful for enhanced oil recovery and other chemical processes, but also hot

water and steam. Commercial and private consumers can both use these products.

[6004] With the broad availability of natural gas as a fuel, electricity generation using gas
turbine technology is increasing. The locations of natural gas resources are not restricted to
only a few geographical areas. Advaneces in fracturing deep shale rescrves in Europe, Japan

and the Aspericas show that patural gas is and will continue to be a prumary fuel for



mdustrialized socicties for years to come. Electrical co-generation is the best way to provide

the maximur benefits of the hydrocarbon tuel for consumer markets

16665] When producing electricity or natural gas for non-commercial users, a significant
problem arises for natural gas transportation networks: diurnal demand.  People, unlike
manufacturing plants or facilities, tend not to be steady energy users throughout the day.
People consume greater amounts of electricity during the day and into the carly evening and
much less at night and into the early morning. The higher rates of consumption form a “peak
period of demand” and the lower rate of consumption creates 8 “non-peak period of demand”.
This datly trend occurs throughout the vear. During different seasons, however, the length of
cach period (longer or shotter periods of natural light requiring lesser or greater amounts of
artificial light, respectively) and the amplitude of the period (for example, greater amounts
demanded at higher and lower temperatures versus more moderate temperatures) can change
the amplitude of the demand during the divrmal period. The location of the demand also has
an impact upon what the diurnal domand is like. In cooler environments, overall daily
clectrical and natural gas demand is lower in the sumumer months and higher in winter months
as consumers use heating equipment. In warmer environments, the daily demand trends are

opposite as consumer use air conditioning units to stay cool.

18606] Swinging electrical and natural gas consuraption — not only in daily use but also in

scasonal differences — results in variability across the natural gas transportation and
production system. Natural gas production is nearly constant. The supply-demand gap
between natural gas production and total consumption results 1n a “gas demand lag”. The
fag, without intervention, manifests itself as system pressure increases and decreases

“swings”} across the natural gas transportation system.

16607} Electrical generation facilities prefer constant, high-pressure natural gas as a
feedstock.  Pressure swings in natural gas feed can damage the eclectrical gencration
equipment, especially rotational equipment, imcluding gas turbines, due to sudden

inappropriate feed-to-fuel ratios that cause equipment slowdowns while under load.

{3008} Past solutions to mitigate pressure swings include in-line compressors in the
transportation systems. CNG (compressed natural gas) booster compressors that operate
during peak demand periods attempt to maintain transportation system pressure. The loss of
natural gas feed pressure can result in both downtime for electrical generators and dissatisfied

public customers,

[



166069} Using compression equipment increases operating expenses of the transmission
systern because the compression equipment operates at ONG transportation system pressure.
The compression equipment also must be operable to tolerate the shift i daily operating
temperatures.  In-line compressors are expensive to maintain because they do not steadily
operate: they start when system pressure is at a low threshold value and stop when system

pressure s at a high threshold value.

{6818} Compressors, despite best maintenance practices, do inadvertently break down.
Rotational equipment breakdowns sometimes are catastrophic, requiring weeks of downtime
while delivering and tuning new umits. The sudden loss of natural gas feed pressure from a
malfunction can result in immediate downtime for downstream clectrical generators and

fong-term dissatisfied public consumers.

SUMMARY OF THE INVENTION

13611} A natural gas storage facility for reducing the effect of diurnal demand on a natural
gas source jnchides a guard bed systern and an adsorption bed system. The guard bed system
has a heavy natural gas component storage capacity and is operable to remove impurities
from an introduced natural gas, to sclectively separate introduced natural gas into a heavy
natural gas component and a light natural gas component, to retain the heavy natural gas
component and to release the heavy natural gas component. The adsorption bed system
fluidly couples to the guard bed system. The adsorption bed system has a light natural gas
component storage capacity, contains a light natural gas adsorbent that is a microporous
material, and is operable o both retain the light natural gas component using the light natural
gas adsorbent and to release the light natural gas component from the light patural gas
adsorbent, The natural gas storage facility couples to the natural gas storage facility such that
mtroduced natural gas enters the guard bed system. Optionally, the natural gas storage

facility includes a temperabire control systern and a compressor system.

13612] A method of using a natural gas storage facility to reduce the effect of diurnal demand
on g natural gas source includes the step of introducing a natural gas into the natural gas
storage facility during a non-peak period of demand. The introduced natural gas has a natural
gas thermal value.

6813} The method also inchudes the step of operating the natural gas storage facility during
the non-peak period of demand such that the guard bed system removes the natural gas

impurities from the introduced natural gas. The method also includes the step of operating



the natural gas storage facility during the non-peak period of demand such that the guard bed
systern both sclectively separates the introduced natural gas into a heavy nabural gas
component and a light natural gas component and retains the heavy natural gas component.
The method also includes the step of operating the natural gas storage facility during the non-
peak period of demand such that the light natural gas component passes from the guard bed
system to the adsorbent bed system.  The method also mceludes the step of operating the
natural gas storage facility during the non-peak period of demand such that the adsorbent bed

system adsorbs the light natural gas component into a light natural gas adsorbent.

16614} The method also inchides the steps of operating the natural gas storage facility during
a period of peak demand such that the goard bed system releases the heavy natural gas
component, the adsorbent bed system releases the light natural gas component tfrom the light
natural gas adsorbent, and the released heavy natural gas component and the released light
natural gas component mix to form a released natoral gas product. The method also includes
the step of introducing the released natural gas product into the natural gas source during the

peak period of demand.

16615} The natural gas storage facility is operable to receive natural gas introduced from the
natural gas source, to selectively separate the introduced natural gas into the heavy natural
gas component and the light natural gas component and to separately retain the natural gas
components during the non-peak period of demand. The natural gas storage facility is
sperable to the heavy and light natural gas components until the peak period of demand. The
natural gas storage facility is operable to release the natural gas componeuts and to introduce

the natural gas componenis into the natural gas source during the period of peak demand.

8616} The natural gas storage facility alleviates several problems and provides many
advantages. The natural gas storage facility provides a means to “time shift” volumes of the
natural gas produced during the non-peak period of demand and to release it during the
period of peak demand. Adding the natural gas components to the natural gas source when
natural gas is in greater demand and removing it when nataral gas is not in demand reduces
the amplitude of pressure swings caused by the difference in diumal demand and steady
supply, counter-acting the “swing” seen in natural gas source pressure. Receiving natural gas
during the period of reduced consumer demand lowers the pressure of the natural gas source,
and refurning the natural gas in the form of the natural gas components during the period of

greater consumer demand raises the pressure of the natural gas source.



16617} Dampening the pressure swings in the natural gas source helps associated
compression systems in operating more consistently and avoids cyclical pressure conditions.
Reducing system pressure variations allows consumers to operate with 4 more consistent inlet
system pressure. This lengthens the operational life span of rotational equipment and avoids

many instances of acute stress-related failures.

6018} The natural gas storage facility has a minimum amount of rotational equipment. Not
requiring in-line rotational equipment reduces the lifetime costs of operating the natural gas

transmission system as well as makes the facility operationally more reliable.

16619} The natural gas storage facility primarily relies on pressure difference and overall
change n the pressure of the natural gas source to introduce natural gas into the facility, to
promote coliection during the non-peak period of demand, and to facilitate discharge and
mntroduction of the natural gas components to the natural gas source during the peak period of
demand. Change to the goard bed system and the adsorption bed systemn temperature, either
through variation in the ambient conditions or by using the teraperature control system,
encourages rotention during the non-peak period of demand and release during the peak

period of demand.

BRIEF DESCRIPTION OF THE DRAWINGS

18628} These and other features, aspects, and advantages of the present invention are better
understood with regard fo the following Detailed Description of the Preterred Embodiments,

appended Claims, and accompanying Figures, where:

{6621 Figure 1 is a process flow diagram of one embodiment of a natural gas storage

facility;
[8622] Figure 2 shows several methane isothermic trends tor AC3, a usetul activated carbon

microporous material; and

16623} Figure 3 shows two isothermic volume storage trends for a fixed volume vessel and a

similar fixed volume vessel containing useful microporous material AC3.

16624] The Figures are gencral schematics of an embodiment of the natural gas storage
facility. The Figures and s description facilitate a better understanding of the natural gas
storage facility and its method of use. In no way should the Figures limit or define the scope

of the invention. The Figures are a simple diagram for ease of description. Those of ordinary



skill in the art understand that such systems are complex structures with ancillary equipment

and sabsystems that render them operable for their intended purpose.

BETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

16625] The Specification, which includes the Summary of Invention, Brief Description of the
Drawings and the Detailed Description of the Preferred Embodiments, and the appended
Claims refer to particular features (inchuding process or method steps) of the invention,
Those of skill in the art understand that the mvention includes all possible combinations and
uses of particular features described in the Specification. Those of skill in the art understand
that the invention is not limited to or by the description of embodiments given in the
Specification. The inventive subject matier is not restricted except only in the spirit of the

Specification and appended Claims,

16626} Those of skill in the art also understand that the terminoclogy used for describing
particular embodiments does not limit the scope or breadth of the invention. In imterpreting
the Specification and appended Claims, all terms should be interpreted in the broadest
possible manner consistent with the context of cach term. Al technical and scientific terms
used in the Specification and appended Claims have the same meaning as commonkby
understood by one of ordinary skill in the art to which this invention belongs unless defined

otherwise.

186271 As used in the Specitication and appended Claims, the singular forms “a”, “an”, and
“the” include plural references unless the context clearly indicates otherwise. The verb

ke

“comprises” and ifs conjugated forms should be interpreted as referring to elements,
components or steps in a non-exclusive manner. The referenced clements, components or
steps may be present, utilized or combined with other elements, componenis or steps not
expressly referenced. The verb “couple” and its conjugated torms means to complete any
type of required junction, including electrical, mechanical or thiid, to form a singular object
from two ot more previously non-joined objects. If a tust device couples to a second device,
the connection can occur gither directly or through a common connector. “Optionally” and
its various forms means that the subsequently described event or circumstance may or may
not occur. The description includes mstances where the event or circumstance ocours and
imstances where it does not occur. “Operable” and its various forms means fit for its proper

functioning and able to be used for its intended use. "Associated” and its various forms



means something connected with something else because they cecur together or that one

produces the other.

13628} Spatial torms describe the relative position of an object or a group of objects relative
to another object or group of objects. The spatial relationships apply along vertical and

.

horizontal axes. Orientation and relational words like “upstream” and “downstream” are for

descriptive convenience and are not limiting unless otherwise indicated.

[6029] Where the Specification or the appended Claims provide a range of values, it is
understood that the interval encompasses cach intervening value between the upper limit and
the lower limit as well as the upper limit and the lower imit. The invention encompasses and
bounds smaller ranges of the interval subject to anmy specific exclusion provided.

k&4

“Substantially free” mcans less than 1% by the mdicated unit of rocasure. “Detectable

amount” means 0.01% by the indicated unit of measure,

[3638] Where the Specification and appended Claims reference a method comprising two or
more defined steps, the defined steps can be carried out in any order or simultaneously except

where the context excludes that possibility.

6631} When a patent or a publication is referenced in this disclosure, the reference is
mcorporated by reference and in its entirety to the extent that it does not contradict statements

made in this disclosure.
Figure 1

16632 Figure 1 is a process flow diagram of an embodiment of the natural gas storage
facility. Natural gas storage facility 100 couples to CNG pipeline 102, a natural gas source,
at upstream connection point 104 and downstrears connection point 106. Upstream isolation
valve 108 and downstream isolation valve 110 can fluidly isolate natural gas storage facility
100 from UNG pipeline 102 upon closing. Check valves 112 provide additional assurance
that any fluid flow through natural gas storage facility 100 is one-way from upstream

connection point 104 to downstream connection point 106,

18633} Guard bed system 114 (dashed outline) couples to ONG pipeline 102 through inlet
conduit 116, Guard bed system 114 includes both impurity separator 118 and two guard
adsorber 120. Figure 1 shows two separate guard adsorber 120 in a parallel configuration.
Impurity separator 118 operates to remove nataral gas tmpurities from incoming natural gas.
Impurity separator H8 couples to guard adsorber 120 through guard adsorber indet isolation

valve 122. Guard adsorber 120 operates to separate incoming natural gas into heavy natural

~¥



gas components and light natural gas components and to retain the heavy natural gas
component during the period of non-pesk demand. Guard adsorber thermal jacket 124
surrounds the exterior of both guard adsorber 120, Guard bed system 116 has guard adsorbe

outlet isolation valve 126 at the flow outlet of guard adsorber 120,

3634} Natural gas storage facility 100 inchides temperature control system 128,
Temperature control system 128 couples to guard adsorber thermal jacket 124, Temperatare
confrol system 128 controls, maintains and modifies the internal temperature of guard
adsorber 120, Temperature control system 128 maintains the teraperature of guard adsorber
120 by introducing temperature-modifving fluids into goard adsorber thermal jacket 124 via
guard bed supply conduit 130, Heat fransters to and from the temperature-modifying fluid m
guard adsorber thermal jacket 124 to support the separation of the heavy natural gas
component from the light natoral gas component and the retention and release of the heavy
natural gas component from the heavy natural gas adsorbent (not shown) contained n guard
adsorber 120, Spent temperature modifying fhuid returns from guard adsorber thermal jacket

124 to temperature condrol system 128 via guard bed return conduit 132,

186635} Solar power array 134 electrically couples to temperature conirol system 128 through
clectrical power condwit 136. Solar power array 134 provides electrical power such that
temperature control systern 128 satisfies the tomperature regulation requirements of natural

gas storage facility 100 during both the peak and non-peak period of demand.

13636} Guard bed system 114 fluidly couples to adsorption bed system 137 {dashed outline}
through guard adsorber outlet 1solation valve 126 and adsorption beds inlet isolation valve
140, Figure | shows adsorption bed systern 137 having four separate adsorption bed 138 in
paralicl. Each adsorption bed 138 contains the light natural gas adsorbent (not shown} for
retaining the light nataral gas component during the non-peak period of demand. Adsorption
beds thermal jacket 142 surrounds the exterior of and regulates the internal temperature of
adsorption bed 138, Desorbed light natural gas component passes from adsorption bed 138

through outlet isolation valve 144,

136371 Temperature control system 128 couples to adsorption bed thermal jacket 142.
Temperature confrol sysiem 128 controls, maintains and modifies the internal temperature of
adsorption bed 138, Temperature control system 128 introduces temperature-moditying
fluids into adsorption bed thermal jacket 142 via adsorption bed supply conduit 146, Heat

transters to and from the temperature-modifying fluid in adsorption bed thermal jacket 142 to



support the adsorption and desorption of the light natural gas component from the light
natural gas adsorbent (not shown) contaimed in adsorption bed 138, Spent temperature
modifving fluid returns from adsorption bed thermal jacket 142 via adsorption bed retumn

conduit 148,

13638} In Figure 1, guard bed system 114 couples to both storage facility compressor 150 and
compressor bypass valve 152 through guard bed discharge isolation valve 154, Adsorption
bed system 137 also couples to storage facility compressor 150 and compressor bypass valve
152 via adsorption bed outlet isolation valve 144. Both storage facility compressor 150 and
compressor bypass valve 152 provide access to CNG pipeline 102 from guard adsorber 120
and adsorption bed 138, Storage facility compressor 150 is operable to pressurize and
mtroduce the released heavy natural gas component and the released light natural gas
component, either separately or together, into CNG pipeline 102 through discharge conduit
i56. Bypass valve 152 permits access UNG pipeline 102 through discharge condwnt 156
Storage facility compressor 150 is operable of reduce the pressure in guard adsorber 120 and
adsorption bed 13¥ separately or simultancously depending on valve configuration tfo

facilitate desorption.

18639} During the non-peak period of demand, a detectable condition friggers natural gas
storage facility 100 to operate the isolation valves, including upstream isolation valve 108,
guard adsorber inlet isolation valve 122, guard adsorber outlet isolation valve 126 and
adsorption beds ilet isolation valve 140, such that a fluid pathway forms between CNG

pipeline 102, guard bed system 114 and guard adsorber 120,

[3048] Pressure differences between CNG pipeline 102 and guard bed systern 114 motivates
natural gas to flow from CNG pipeline 102 into impurity separator 118, Impurity separator
118 operates to remove any impurities in the introduced natural gas before it passes into
guard adsorber 120. Pressare differential motivates the introduced natural gas to flow from
mmpurity separator 118 into one or more of guard adsorber 120, At reduced temperatures and
increasing pressure {as more patural gas flows into natural gas storage facility 100}, the heavy
natural gas component of the introduced national gas s selectively separated from the

mitroduced natural gas and is retained 1o guard adsorber 120

[30341] The light natural gas component forms as a residual of the separated natural gas. The

light natural gas component passes from guard bed system 114 and infto one or more



adsorption bed 138. The light natural gas adsorbent, maintained at a reduced temperature by

adsorption bed thermal jacket 142, adsorbs the Hight natural gas component.

16642} Teroperature control unit 128 supplies temperature-moditying fluid to guard adsorber
thermal jacket 124 and adsorption bed thermal jacket 142 to facilitate the selective separation
sf the introduced natural gas into the heavy natural gas component and the light natural gas
component, the retention of the heavy natural gas compounent in guard adsorber 120 and the
adsorption of the light natural gas component onto the light natural gas adsorbent in

adsorption bed 138,

16643} Either at the end of the non-peak period of demand or when some other detectable
condition oceurs and 18 detected, upstream isolation valve 108, guard adsorber inlet isclation
valve 122, guard adsorber outlet isolation valve 126 and adsorption beds inlet isolation valve
140 close to isolate natural gas storage facility 100 from ONG pipeline 102, Temperature
control unit 128 continues to maintain a reduced storage temperature for guard adsorber 120
and adsorption bed systern 137 such that the heavy natural gas coraponent remains in guard

adsorber 120 and the light natural gas component remains in adsorption bed 138,

16644} During the peak period of demand, a condition detected by natural gas storage facility
100 causes it to operate isolation valves, including guard adsorber outlet isolation valve 126,
adsorber bed outlet isolation valve 144, guard bed discharge isolation valve 134 and
downstream isolation valve 119, such that fluid pathways between both guard bed system 114
and ONG pipeline 102 and guard adsorber 120 and CNG pipeline 102 form. Temperature
control anit 128 operates to provide temperaturc-moditying fhid to guard adsorber thermal
jacket 124 and adsorber bed thermal jacket 142 such that a temperature is maintained in
guard adsorber 120 that facilitates release of the heavy natural gas component and such that a
temperature is maintinaed in adsorption bed 138 such that the light natural gas component

desorbs from the light natural gas adsorbent.

18645} Introduction of the desorbed natural gas components into CNG pipeline 102 from
guard adsorber 120 or adsorption bed 138, or both, occurs without the need of compressive
assistance by opening compressor bypass valve 152, If a suitable difference in pressure
between guard bed system 114 and CNG pipeline 102 oxists, the released heavy natural gas
component flows from guard bed system 114 into ONG pipeline 102, Similarly, if 3 suitable
difference in pressure between adsorption bed 138 and ONG pipeline 102 exists, the desorbed

hight natural gas components flow from guard bed system 114 into CNG pipeline 102

-10-



Otherwise, closing compressor bypass valve 152 and operating facility compressor 150

provides the required motivation {o the released natural gas components.

18646} The operation of storage facility compressor 1530 is useful to create a sub-atmospheric
pressure or “partial vacuum” in either guard bed system 114 or adsorption bed 138, or both.
Upon closing either guard adsorber outlet isolation valve 126 or guard bed discharge isolation
valve 154 while forming the partial vacuum condition results in goard adsorber 120 internally
retaining the sub-atmospheric condition. Closing adsorption bed outlet 1solation valve 144
during the partial vacuum condition causes adsorption bed 138 to retain the sub-atmospheric

pressure condition.

{80471 Other natural gas storage facility 100 operations include operating temperature control
unit 128 such that it provides heating or cooling, shutting down facility compressor 150,
opening isolation valves between guard adsorber 120 and adsorption bed 138 to equalize

pressure and closing all other remaining isolation valves to natural gas storage facility 100,
Microporous material

{8048} The adsorbent bed system includes the hight natural gas adsorbent, The light natural
gas adsorbent is a microporous material.  An embodiment of the natural gas storage facility
inchudes the guard bed system having a heavy natural gas adsorbent made of a microporous

makerial.

60491 The mucroporous material used 1n the natural gas storage facility is operable to adsorb
and desorb components of natural gas based upon the overall environmental conditions
present, current saturation level and changes to the overall environmental conditions. This
permits adsorption of the hight natoral gas components during the non-peak period of
demand, retention of the natural gas comaponents from the period of non-peak demand to the
period of peak demand and release of the natural gas components during the peak period of
demand. A useful microporous material inclades microporous material having a high
adsorption capacity for methane. A useful microporous material includes microporous
materials having a high adsorption capacity for ethane. Examples of microporous materials
include activated carbons, metal organic frameworks (MOFs), zeolites, molecular sieves,

carbon fibers and carbon nanotubes.

[80350] The bulk density of microporous raterials depends on many structural factors,
including particle shape, particle density and binding materials, Useful activated carbon

materials have a bulk density is in a range of from about 0.20 to about 0.75 grams per cubic

-11-



centimeter (g/em’). Useful metal oxide frameworks (MOFs) have a bulk density value that is

. ; 3 . . .
equal to or greater than about (LIS g/emy. Useful activated carbon microporous materials

have shit-shaped micropores.

16051} Examples of specific embodiments facilitate a better understanding of microporous
materials that are useful as part of a natural gas storage facility. In no way should the
following discussion regarding microporous materials limit or define the scope of the

mvention.

8052} Surtace characterization can assist in determining suitable heavy natural gas adsorbent
materials and light natural gas adsorbent materials for use in natural gas storage facilities.
Table 1 shows surface and pore properties of adsorbent materials activated carbons 1-3 (AC
1-5) and a metal-oxide framework (MOF 1), All of the activated carbons have “shit” shaped

micropores, In Table 1, “N/A” means “not available”,

13653} Several different testing procedures, which those of ordinary skill in gas adsorption
research understand and appreciate, provide surface characteristics for activated carbons 1-5
{AC 1-5) and the metal organic framework presented in Table 1. The article by Wang, et al,,
“Fxperimental and Theoretical Study of Methane Adsorption on Granular Activate Carbons”,
AIChE Journal 782-788 (Vol. 58, Issue 3) (“Wang”) describes a process and an apparatus for
characterizing adsorbent materials using wnitrogen porosimetry at 77 °K and mercury
porosimetry.  ASTM International standard D2E62 provides the method for determining
“ASTM Mesh Size”. BET (Brunauer-Emmett-Teller) analysis provides specific surface area
of the adsorbent materials as a function of relative mitrogen pressure. BIH (Barrett-Joyner-
Halenda) analysis deternunes pore arca of an adsorbent material using nitrogen adsorption
and desorption techniques, which reveals pore diameter. An Angstrom (A) is a unit of

- ol g A0 e
measure equal to 1x1077 of a meter,

Sample Units ACT ACZ ACS3 AC4 ALS MOF 1

ASTM e 8x16 IT0 2x60 12x40 6x60 Pellet

Mesh Size (3x3)

Bulk g/er’ 0.47 0.39 (.49 (.54 .50 0.187
Density

Skelotal glom’ | 2.299 2.363 2.402 2.059

o]
[N
X
(&2

1.817

Deunsity
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Nitrogen Porosimetry (77 °K)

BET m/g 1235 1589 1426 999 1510 867
Specific
Surface

Area

Total Pore cnr/g 0.629 0.747 .599 (.500 0.682 0.633

Volume

Micropore | em/e | 0.600 | 0.706 | 0.560 | 0456 | 0451 | 0.336

YVolume
BIH A 18.60 18,70 17.47 20.64 26.08 107.038
Average
Pore Width

Mercury Porosimetry

Total Pore ent /g 0.388 0.457 0.360 0.314 N/A N/A

Volume

o}
o
~i
=
&

Mesopore | cm/g | 0.182 0.205 0.164

Volume

Macropore | cmi/g 0.205 0.252 8.194 8.176 N/A N/A

Vohume

Table 1: Surface and pore propertics of adsorbent materials activated carbons 1-5 (AC 1-5)

and a metal-oxide framework 1 (MOF 1),

[803584] Table 1 shows the characterization of several useful microporous materials, A useful
microporous material has both a BET Specific Surface Area value of at least 860 meters
squared per gram {m™/g) and a Micropore Volurne value of at least 0.300 centimeters cubed

3, . . . . . . . P
per gram {cnv/g) of microporous material as determined using nitrogen porosimetry at 77 °K.
Table 1 also shows several useful activated carbon microporous materials having a BIH
Average Pore Width in a range of from about 10 to about 30 Angstroms (A) as determined

=S = & .

using nitrogen porosimetry at 77 °K.

[B055] Figures 2 and 3 show general properties for several useful microporous materials.

Figure 2 shows for demonstration purposes scveral methane isothermic trends for AC3, a



usetul activated carbon microporous material. Wang provides a description of the testing
procedures and the apparatus for determining volume-based adsorption isotherms for
microporous materials using methane. The evaluation pressure is from § bar fo about 53
bars. The isothermiic trends are at 10 °C, 21 °C, 39 °C and 56 °C. The “adsorbed amount” is
the ratic of the volume of methane at standard conditions {1 bar; 21 °C) adsorbed onto the
microporous material per bulk volume of nucroporous material. The adsorbed amount ratio
is a volume ratio and thercfore does not have units of measure. All values assume methane

adsorption.

18656] The isothermuic trends of Figure 2 show generally several volume/adsorption
relationships for the useful microporous materials. For the given pressure range, methane
adsorbs in greater quantitics at higher relative pressure values. For the given temperature

range, decreasing temperatures permit greater adsorption onto the microporous material.

18857} Figure 2 shows AC3 microporous material at 40 bars of system pressure having an
adsorbed amount ratio of about 84 at 10 °C, about 79 at 21 °C, about 70 at 39 °C and about
62 at 56 °C. At 40 bars of system pressure, the microporous material is operable to adsorb
about 8 additional volumes at standard conditions of methane by reducing the temperature of
the micropore adsorbent material from 56 °C to 39 °C. AC3 mucroporous material at SO bars
of systern pressure has an adsorbed amount ratio of about 8 at 10 °C, about 84 at 21 °C,

about 74 at 39 °C and about 67 at 56 °C.

[3658] An embodiment of the natural gas storage facility includes the microporous material
that has an adsorbed amount ratio greater than about 60 at 40 bars of system pressure and an
adsorbed amount ratio greater than about 65 at 50 bars of systom pressure at 56 °C. An
embodiment of the natural gas storage facility imcludes the microporous material that has an
adsorbed amount ratio greater than about 100 in a pressure range of from 35 bars to 30 bars at

21 °C. Al valoes assume methane adsorption,

13659} Figure 3 shows for demonstration purposes two isothermic volume storage trends for
a fixed volume vessel and a similarly fixed volume vessel containing useful microporous
material AC3. Wang describes the testing apparatus and procedure for determining the total
amount of rethane stored in cach fixed volume used on a volume/volume basis. The
evaluation pressure range is from 0 bar to 55 bar, The isothermic trends shown are at 21 °C.

The “amount stored” is a ratio of the volume of methane stored in the fixed vessel per unit
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volume of the fixed vessel, which contains the microporous adsorbed material. The stored

amount ratio is a volume ratio and therefore does not have units of measure.

13660] Figure 3 mdicates that the fixed vessel filled with AC3 microporous material is
operable fo store methane at 21 °C and 50 bars of systom pressure at a stored amount ratio of
about 132, about 126 at 45 bars of system pressure and about 119 at 40 bars of system

3

pressute.

[B361] An embodiment of the natural gas storage facility includes a microporous material
that has a stored amount ratio greater than sbout 115 at 50 bars of system pressure, greater
than about 110 at 45 bars of system pressure and greater than about 100 at 40 bars system
pressure. An embodiment of the natural gas storage facility includes the microporous
material that has a stored amount ratio greater than about 100 in a pressure range of from 33

bars to 50 bars, Al values assume methane adsorption at 21 °C.
Natural gas storage {acility

6062} The natural gas storage facility mcludes the guard bed system and the adsorbent bed
system. The adsorbent bed system contains the light natural gas adsorbent. The hight natural
gas adsorbent is a microporous material.  An embodiment of the natural gas storage facility
mchudes the heavy natural gas adsorbent in the guard bed system. An embodiment of the
natural gas storage facility includes the heavy natural gas adsorbent that is a microporous
material. An embodiment of the natural gas storage facility includes the teraperature control
systern.  An embodiment of the natural gas storage facility includes the storage facility

COMPTESSOT.
Entroduced natural gas

6863} The natural gas storage facility couples to the natural gas source. The natural gas
source introduces natural gas to the natural gas storage facility during the non-peak period of
demand. The nataral gas storage facility infroduces natural gas componenis to the natural gas

source during the peak period of demand.

18664} The natural gas storage facility is operable to process of a variety of gaseous and
vaporized hydrocarbon-bearing feeds from the natural gas source. Examples of natural gases
include wet natural gas, dry natural gas, casinghead or associated gas and vaporized
condensate. The introduced natural gas can be a naturally-originating material or a synthetic

composition of several hydrocarbon gases previously treated or separated, mcluding methane,
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ethane (C2}, LNG (that is a mixtwre of methane and ethane), propane (C3), butanes, LPG

{that i3, a mixture of propane and butanes), pentanes and hexanes.

16665 1t is preferable that the introduced natural gas does not form either hydrocarbon or
non-hydrocarbon liguids at the operating conditions of the natural gas storage facility,
Condensation and evaporation can damage both the selective separations and adsorbent

materials,

3866} Natural gases tor electrical power production and consumers typically contain Cl-3s
alkanes, with a majority of the composition as methanc followed by ethane. Even with prior
treatment, natural gas usually contains minor amounts of non-hydrocarbon contaminants,
Potential contaminants include “inert” gases (for example, mitrogen, oxygen, helium, argon,
neon and helium), acid gases (for example, hydrogen sulfide and carbon dioxide),
heterorganic compounds (for example, mercaptans, sultides and disulfides), water {(vaporized,
aspivated), solids (for example, sand, iron rust, “black powders”, elemental suifurs, arsenic
and mercury compounds, and salts) and well-treatment chemicals (for cxample, methanol,
amine compounds, and glycols). The tmpurities can range in concentration from a foew parts-
per-billion (ppb) to a few parts-per-thousand (ppt). Non-hydrocarbon impurities can
chemically react with, condense or adsorb onto the surface of the heavy natural gas adsorbent
and the microporous materials. Over tiroe, repeated exposure fo tmpurities can shorten the
fifespan ot the heavy natural gas adsorbents and other microporous materials, which are

expensive and difficult to replace.

Guard bed system

i

6867} The natural gas storage facility includes the guard bed system. The goard bed systom
is operabie to remove impurities from the introduced natural gas during the non-peak period
of demand. The guard bed system is also operable to selectively separate the mtroduced
natural gas into the heavy natural gas component and the light natural gas component. The
guard bed systemn is also operable to retain the heavy natural gas component.  An
embodiment of the natural gas storage facility includes the guard bed system that contains the
heavy natural gas adsorbent. An embodiment of the natural gas storage facility mchudes the
heavy natural gas adsorbent where the heavy natural gas adsorbent is a microporous material,

The guard bed system is also operable to releasc the heavy natural gas component.

8668} The guard bed system is operable to remove impurities from the mfroduced natural

gas during the non-peak period of demand. The guard bed systemn does not reintroduce
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removed impurities back into the released heavy natural gas component. Impurity removal
means includes units specialized for specifically separating out certain natural gas impurities,
for example, caleium chloride solid desiccant for removing water from the introduced natural
gas. Useful impurity removal systems cxtract more than one impurity at a time. Useful
multicomponent-removal systems are operable to cleanse polar impurities as well as
morganic materials from the introduced natural gas. Impurity removal means can include one
or more impurity-removing materials, including solid desiccants, filters, silica gels, silica-
based beads, activated alumina, activated bauxite, molecular sieves with crystalline zeolites

or metal alumino-silicates and activated or non-activated carbons.

18669} The guard bed system is operable to selectively separate the introduced natural gas
mto the heavy natural gas component and the lght natural gas components. Preventing
alkanes that have three or more carbons from entering the adsorbent bed system acts to
protect the light natural gas adsorbent bed from damaging hydrocarbon condensation caused
by higher-order alkanes at the operating temperature of the adsorbent bed system. Repeated
condensation and vaporization of the heavy natural gas component can negatively affect the
long-term performance of the light natural gas adsorbent material. It also maximizes the light
natural gas component storage capacity of the natural gas storage facility by allowing the
temperature of the light natural gas adsorbent to be lower than the temperature of
condensation of the higher-order alkanes while avoiding their adsorption onto the light

natural gas adsorbent.

[6878] Ap embodiment of the natural gas storage facility inchudes the guard bed system that
is operable to selectively separaic the introduced natural gas into the heavy natural gas
component having C3+ hydrocarbons and the light natural gas component having methane
and cthane and that is substantially free of propane. An embodiment of the natural gas
storage facility includes the guard bed system that is operable to selectively separate the
mtroduced natural gas into the heavy natural gas component having C2+ hydrocarbons and
the light natural gas component having methane and that is substantially free of ethane.
Means for hydrocarbon separation in the guard bed system include cryogenic separations,
lean oil solutions, membranes, adsorption towers, and pressure-swing-adsorption (PSA) units.
18671} An embodiment of the natural gas storage facility includes the guard bed system that
is operable to filter natural gas impuritics from the introduced natural gas and to selectively
separate the miroduced natural gas info the natural gas components simultancously. The

guard bed system removes polar and inorganic impuritics as well as non-polar heavy natural
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gas components from the introduced natural gas. The polar and inorganic impurities strongly
adsorb onto the separations yuaterials, which traps the impuritics.  The non-polar organic
materials, including alkanes, are teroporarily retained on the surface and then released from
the separations materials in a repeating adsorb/desorb pattern at the operating conditions of
the guard bed system. The adsorption and release from the separations material occurs at
different rates depending on the separations material and the chemical makeup of the alkane,
which eventually leads to fractionation of the introduced natural gas into the heavy natural
gas component and the light natural gas component. This occurs as the introduced nataral
gas moves through the guard bed system.  The light natural gas component, adsorbing and
desorbing quickly, passes through the guard bed systemn before the heavy natural gas
component, which is retained on the surface of the guard bed system for longer periods.
Adsorption towers or vessels and PSAs containing alumina, silica gel or molecular sieves are
examples of useful systems for not only removing impurities from the introduced natural gas
but also separating the introduced natural gas into the light natural gas component and the
heavy natural gas component. Thermal regeneration of the guard bed system typically

restores both its impurity removal capability and its selective separation capacity.

186721 The guard bed systern is also operable to retain the heavy natural gas component. The
guard bed system can include a dedicated storage facility that is operable to store the heavy
natural gas component. Examples of dedicated storage facilities include tanks, bullets and
vessels. The guard bed system can retain the heavy natural gas component as a compressed
gas, a eryogenic Hquid or as a saturated o1l or solvent.

[B673] An embodiment of the natural gas storage facility includes the guard bed system that
contains the heavy natural gas adsorbent and is operable to adsorb the heavy natural gas
component. An adsorption storage system requires less energy and capital expendibure than a
similar capacity cryogenic or compression storage systern, The heavy natural gas adsorbent
is operable to adsorb and desorb the heavy natural gas component based upon the relative
environmental conditions and adsorbent saturation level. The heavy natural gas adsorbent
mcludes any porous material that has a capacity for adsorbing natural gas, including activated
carbons, metal organic frameworks (MOFs), zeolites, molecular sieves, carbon fibers and
carbon nanctubes. The physical structure of the heavy natural gas component storage
vessels, the adsorption capacity of the heavy natural gas adsorbent and the retention

conditions determines the total heavy natural gas storage capacity for the guard bed system.
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16674} The heavy natural gas adsorbent can be a microporous material. A useful heavy
natural gas adsorbent for an embodiment of the natural gas storage facility have a stored
amount ratio of methane greater than about 100 1o a pressure range of from 35 bar to 55 bar

at a temperature of 21 °C.

[B3675] An embodiment of the natural gas storage facility inchudes the guard bed system that
uses the heavy natural gas adsorbent such that it is operable to remove impuritics from the
mtroduced natural gas, to selectively separate introduced natural gas mio the heavy natural
gas component and the fight natural gas component and to retain the heavy natural gas
component adsorbed during the non-peak peried of demand. The retention conditions may be
the same or different from the separations and purification conditions. The guard bed system
configuration can inchide dedicated vessels containing the heavy natural gas component

adsorbents coupled in series or paraliel, or both,

16876} The guard bed system is operable to permit fluid isolation of the guard bed. Isolation
of the guard bed allows for maintaining the heavy natural gas component at the conditions of

retention until the period of peak demand.
Adsorption bed system

16677} The natural gas storage facility includes the adsorption bed system. The natural gas
storage facility is operable to introduce the light nataral gas component to the adsorption bed
systern during the period of non-peak demand. The adsorption bed systern 1s operable to
adsorb and retain the light natural gas component. The light natural gas adsorbent is a
microporous material. The adsorption bed system is operable to desorb the light natural gas

component during the period of peak demand.

[BG78] The adsorption bed system includes one or more adsorbent beds in series or parallel,
or both. An embodiment of the natural gas storage facility includes the adsorption bed
systery that is operable to selectively separate and adsorb ethane and yuethane into different

adsorbent beds.

16679 The natural gas storage facility is operable to pass the released light natural gas
component from the adsorption bed system to the natural gas source during the period of
peak demand. An embodiment of the natural gas storage facility mcludes the guard bed
system coupled to the adsorption bed system such that the released hight natural gas

component passes into the guard bed system. Such a facility configuration can purge the

-19-



guard bed system or mix the released light natural gas component with the releasing heavy

natural gas component, forming the released nataral gas product,

[6080] The adsorbent bed systern has a light natural gas storage capacity. The physical
structure of the light natural gas component storage vessel and the adsorption capacity of the
light natural gas adsorbent at the retention conditions determine the total light natural gas

storage capacity.
Temperature control system

[B081] In most parts of the world, and especially during seasonal teraperature peaks and
troughs that ocour in summers and winters, the optional temperature control system can assist
in optimizing adsorption, relention and desorption performance. An embodiment of the

natural gas storage facility mcludes the temperature control syster,

16082} The teraperature control system is operable to regulate the internal temaperature of the
guard bed system, adsorption bed system or both. Both temperature and pressure atfect the
rate of retention and release of as well as the overall storage capacity for the natural gas
components, especially the light natural gas adsorbent and, if present, the heavy natural gas
adsorbent, Figures 2 and 3 demonstrate this cffect. The adsorption of hydrocarbons i
exothermic; desorption is endothermic.  The temperature control system assists in
maximizing the overall storage capacity of the guard bed system or adsorption bed system, or
haoth, by removing the heat of adsorption from the adsorption bed. The teraperature control
systern assists in minimizing the overall storage capacity of the guard bed system or

adsorption bed system, or both, by introducing heat into the adsorption bed.

60831 A useful embodiment of the natural gas storage facility includes the temperatare
control systern that is operable to regulate the temperature of the guard bed sysiem and the
adsorbent bed system scparately. An example includes having a first teraperature control
systern that monitors and maintains the temperature of the guard bed system and a second
tenperature control systern that monitors and maintains the temperature of the adsorbent bed
system, An embodiment of the natural gas storage facility includes the temperature control
system that is operable to maintain the temperature of each adsorption bed independently to

minimize power consumption and maintain control over the storage units.

[6084] The operation of the temperature control system does not cause condensation or

adsorption of the light natural gas component in the guard bed system. The temperature of
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the guard bed system is maintained at a higher temperature than the adsorbent bed system

temperature to prevent relention of light natural gas components in the guard bed system.

16685} Using alternative energy generation to provide power to the natural gas storage
facility permits tlexibility in locating the facility. Alternative energy power gencrafion can
facilitate the operation of the temperature control system, including the operation of computer
monitoring systems and movement of control valves, heating and cooling heat transfer fhad,
the compression of fluids and directly heating and cooling storage units.  Alternative energy
power increases the net utility benefit of the natural gas storage facility. Power provided
divectly from the alternative cnergy power sources during the time when power 1s generated
or from capacitor banks charged by the altcrnative energy power source during non-
generation times can reduce the operational “environmental fooiprint” of the temperature
control system. Examples of useful alternative energy power generators include solar cells,

solar furnaces and wind turbines.
Storage facility compressor

8086} An cmbodiment of the natural gas storage facility includes the storage facility
compressor. The optional storage facility compressor couples to the guard bed system, the

adsorbent bed system or both.

18687} The storage facility compressor is operable to pressurize the natural gas components
releasing from the storage facility for introduction into the natural gas source. The storage
facility compressor is also operable to regulate the pressure of the guard bed system and the
adsorbent bed system, either individually or collectively. The storage facility compressor is
operable to reduce the pressure in either bed system below atmospheric pressure such that
cach bed system is sufficiently free of hydrocarbons. Reducing the pressure of bed systems
below atmospheric pressure facilitates the release of the natural gas components from the bed
systers, including adsorption materials. Au embodiment of the natural gas storage facility
inchudes the storage facility compressor that is operable to create a partial vacuum condition
i the guard bed system. An embodiment of the natural gas storage facility includes the
storage facility compressor that is operable to create a partial vacuum condition in the

adsorbent bed system.

[0888] The storage facility compressor 15 operable to mix desorbed heavy natural gas

component and desorbed light natural gas component together within the compression



chamber and in the turbulent tlow discharge region downstream of the compressor such that

the desorbed natural gas product forms.

16689 The storage facility compressor can be in series or parallel depending on the

compression requirements and operational tlexibility of the natural gas storage facility.

[3090] Alternative energy power generation can facilitate the operation of the optional

storage facility compressor.
Supporting eguipment

[8691] Fmbodiments mclude many additional standard components or equipment that
enables and makes operable the described apparatus, process, method and system. Examples
of such standard equipment known to one of ordinary skill in the art includes heat exchanges,
pumps, blowers, reboilers, stcam generation, condensate handhing, membranes, single and

multi-stage  compressors, separation and  fractionation equipment, valves, switches,

controllers and pressure-, temperature-, level- and flow-sensing devices.

13692} Operation, conirol and performance of portions of or entire steps of a process or
method can occur through human interaction, pre-programumed computer conirol and

response systems, or combinations thereot.
Peak and non-peak periods of demand

16693} The peak period of demand and the non-peak period of demand on the natural gas
source reflect different times of operation for the natural gas storage facility. The natural gas
source 15 typically a natural gas transportation system; however, gas sweetening plants,
weltheads, mobile and fixed storage facilities can act as the natural gas source. A natural gas
transportation system, which is a source of natural gas, includes natural gas pipelines and
netwaorks that provide natural gas to consumers and electrical generators. The natural gas

source has a fixed volume.

8694} The peak and non-peak periods of demand arc detectable by observing conditions
associated with the source of natural gas or external environmental conditions, or both, The
peak period of demand reflects a higher rate or level of distribution from than introduction
into the natural gas source. Because the natural gas source has a fixed volume, a detectable
condition associated with the peak period of demand includes a decrease in natural gas source
pressure over time, which can indicated that the demand for natural gas is outpacing supply.

The non-peak period of demand reflects a lower rate or level of distribution from than



mtroduction into the natural gas source. A detectable condition associated with the non-peak
period of demand inchudes an increase in natural gas source pressure over time, which can

imdicate supply outpacing demand.

166951 Other detectable conditions associated with the natural gas source are useful in
determining the beginning or end of the peak period of demand. Examples of useful
detectable conditions associated with the beginming of the peak period of demand include a
natural gas source system pressure higher than a daily average pressure ot higher than a pre-
determined pressure value that is greater than the daily average pressure; a rate of decline of
natural gas source pressure at or greater than a pre-determined rate of decline vahie; and a
flow rate from the natural gas source greater than a daily average flow rate or greater than a
pre-determined flow rate value. Examples of useful detectable conditions that are associated
with the end of the peak period of demand inchude a natural gas source system pressure less
than the daily average pressure, less than the pre-determined pressure value that is ligher
than the daily average pressure or less than the pre-determined pressure value that s lower
than the daily average pressure; a rate of incline of natural gas source pressure at or greater
than a pre-determined rate of incline value; and a flow rate from the natural gas source lower

than the daily average flow rate or less than a pre-determined flow rate value.

18696} Other detectable conditions with the natural gas source are also uscful in determining
the beginning or end of the non-peak period of demand. Examples of useful detectable
conditions related to the natural gas source that are associated with the beginning of the non-
peak period of demand mclade a natural gas source systern pressure higher than a daily
average pressure or higher than a pre-determined pressure value that is higher than the daily
average pressure; a rate of decline of natural gas source pressure at or greater than a pre-
determined rate of decline value; and a flow rate from the natural gas source greater than a
daily average flow rate or greater than a pre-determined flow rate value, Examples of useful
detectable conditions related to the natural gas source that are associated with the end of the
peak period of demand mclude a natural gas source system pressure less than the daily
average pressure, less than the pre-determined pressure value that is higher than the daily
average pressure of less than the pre-determined pressure value that is lower than the daily
average pressure; a rate of incline of natural gas source pressure at or greater than a pre-
determined rate of incline value; and a flow rate from the natural gas source lower than the

datly average flow rate ot less than a pre-determined tlow rate value,



[8697] Other detectable conditions not related to the natural gas source includes the
environment outside of the natural gas storage facility, which are also useful in associating
with the beginning or end of the peak or non-peak periods of demand. Such detectable
conditions inchude the external temperature and changes to the temperature with time, and the

presence or lack of daylight.

[8098] Other detectable condition not related to the conditions of the natural gas source but
can be associated with the beginning or end of the peak or non-peak periods of demand is the
time of day. For example, during a 24-hour operating cycle, the operations associated with
the peak period of demand can start at a first time several hours before sunset — in the mid- to
fate afternoon — and continue until a second time several hours after sunset — the early
evening. The operations associated with the non-peak period of demand can start at a third
time after midnight — the early morning — and terminate in the carly morning at a fourth time

after sunrise. The two periods can be of similar or different lengths in time.

8099 Detectable conditions can be related to the operating performance of the natural gas
storage facility, For example, detecting that the light natural gas composition is not
sufficiently free of propane indicates a breakthrough from the guard bed system. This may
imdicate that the guard bed system storage capacity is filled or that the guard bed system
heavy natural gas adsorbent requires replacement.  This detectable condition can be
associated with the ending of the period of non-demand and a conclusion of gathering natural

2as operations.

[60160] Combimnations of detectable conditions can associate the beginning or the end of
the period of demand or the period of non-demand.  For example, a period of demand can
begin when the pressure of the natural gas source is at or below the daily average pressure
value, the rate of change in the pressure of the natural gas source indicates that source
pressure 1s declining, and sunlight is detected. The number and variety of combinations of
detectable conditions useful for indicating the start or end of cither a period of demand or

non-demand are fegion.

(801061} An embodiment of the natural gas storage facility includes an automated
monitoring and control system that is operable to maintain the facility based upon the
detected conditions. The automated monitoring and control system can inchude pre-
established instructions that permit monitoring for detectable conditions and initiate pre-

determined action upon detection of one or more detectable conditions.  Examples of



responses to the detection of a detectable condition include the sounding of an alarm to notify
an operator of the change m the natural gas source condition associated with the detected
condition and an autorpated inifistion by a pre-programmed computer controller of a

sequence of operations in response to the detected condition,

[361062] The peak and non-peak periods of demand can occur in adjacent periods fo one
another such that the periods are proximate and successive in time. An embodiment of the
method of using the natural gas storage facility includes using a detectable condition that
indicates a conclusion to a first period of peak demand and the beginning of a second,
succeeding period of non-demand, or vice versa. The peak and non-peak periods of demand
can occur in separate portions of the day where the peak period of demand is not proximate in
time to the non-peak period of demand. Periods of what is considered in the art as “steady
operations”, where natural gas demand and natural gas supply from the natural gas source are
approximately the same, can separate the peak and non-peak periods of demand for as little as

a fow second to as long as several hours.

[80103] Multiple peak and non-peak periods of demand can occur within a single 24-hour
cvele. Peak and non-peak periods of demand can occur due o acute instances or unexpectad
events during the day. For example, a process upset or operational condition downstream of
the natural gas storage facility can change a peak period of demand to a non-peak period of
demand with little notice. A weather event may not only change demand conditions but also
natural gas source conditions that disrupts the otherwise expected demand condition for that

time of day and year.
Use of the natural gas storage facility

80104] During the non-peak period of demand, the natural gas source introduces natural
(= 5

gas into the natural gas storage facility. To reduce overall power consumption, differences in

pressure between the natural gas source and the natural gas storage facility drives natural gas

flow. The pressure difference during the period of non-peak demand drives the mmtroduced

natural gas into the natural gas storage facility.

[B0105] The natural gas storage facility operates during the period of non-peak demand
such that the mtroduced natural gas passes jute the goard bed system. The operation of the
guard bed systern is such that impurities are removed and selective separation of the
introduced natural gas such that both the heavy and light natural gas components form. The

guard bed system retains the heavy natural gas component during the non-peak period of
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demand. The light natural gas component passes to the adsorbent bed system, where it is

retained by the light natural gas adsorbent doring the non-peak period of demand.

1361061 During the peak period of demand, the natural gas storage facility introduces the
released natural gas components to the natural gas source. An cmbodiment of the method of
use mcludes introducing the released heavy natural gas component to the natural gas source.
An embodiment of the method of use includes introducing the released light natural gas
component o the natural gas source. An cmbodiment of the method of use includes
introducing the released natural gas product, which is a mixture of the released light natural
gas component and the released heavy natural gas component, to the natural gas source. An
embodiment of the method of use includes where the released natural gas product has a

similar thermal value to the thermal value of the introduced natural gas.

[B0107] The natural gas storage facility utilizes changes in temperature of the guard bed
system and the adsorbent bed system to facilitate adsorption, retention and desorption of the
natural gas components. Changes in temperature of the external environment as well as the
temperature of the natural gas introduced from the natural gas source provide assistance in
changing the adsorption capacity of the light natural gas adsorbent and, if present, the heavy
natural gas adsorbent. In an embodiment of the natural gas storage facility that includes a
temperature control system, an embodiment of the method of use of the natural gas storage
facility includes operating the facility such that the temperature control system removes heat
from the guard bed system during the period of non-peak demand. The removal of heat
facilitates the separation and retention of the heavy natural gas component in the guard bed
system. An embodiment of the method of use includes operating the facility such that the
temperature control system removes heat from the heavy natural gas adsorbent during the
peried of non-peak demand. An embodiment of the method of use includes operating the
facility such that the teroperature condrol system removes heat from the hight natural gas
adsorbent during the period of non-peak demand. Cooling the adsorbing material in cither
the guard bed system or the adsorbent bed system, or both, removes the heat of adsorption

from the adsorbent material present in the systems and facilitates the retention process.

[B0108] Adding heat has an opposing effect and 15 useful during the peak period of demand
to facilitate desorption. In an embodiment of the natural gas storage facility that includes a
temperature control system, an embodiment of the method of use of the natural gas storage
facility includes operating the temperature control saystem such that heat 1s miroduced into the

guard bed system during the period of peak demand. An embodiment of the method of use
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mchudes operating the temperature control system such that heat is introduced into the heavy
natural gas adsorbent during the period of peak demand. An embodiment of the method of
use inchudes operating the teraperature control system such that heat is introduced nto the
fight natural gas adsorbent during the period of peak demand. Providing heat during the peak
period of demand facilitates production of the desorbed natural gas components and prepares

the bed systerns and the adsorption materials for the next cycle.

[60109] The energy from the released hight natural gas component, especially if heat has
been introduced, can be used to release the heavy natural gas component, An embodiment of
the method of use of the natural gas storage facility mcludes operating the facility sach that
the released light natural gas is imniroduced into the guard bed system such that the heavy
natural gas component is released from the guard bed system by the introduction of the light
natural gas component. The combination of the released light natural gas and the released
heavy natural gas in the guard bed system forms the released natural gas prodoct. Not only
does this conserve encrgy by not requiting the application of heat to the guard bed system but
also permits the formation of the released natural gas product before introduction mnto the

natural gas source.

{68110} The natural gas storage facility alse otilizes changes i pressure between the
natural gas source and the natural gas storage facility to facilitate introduction of natural gas
to the natural gas storage facility, adsorption of the natural gas components, retention,
desorption and introduction of the natural gas components to the natural gas source. Changes
tn pressure of the natural gas source as well as the use of an optional storage facility
compressor provides assistance in changing the adsorption capacity of the light natural gas
adsorbent and, if present, the heavy natural gas adsorbent. The natural gas storage facility
docs not require compression equipment to introduce natural gas into the guard bed or the
adsorbent bed systeras ot to introduce the natural gas components from the guard bed or the
adsorbent bed systems info the natural gas source. At the beginning of a period of peak
demand, the pressure within the natural gas storage facility is greater than the pressure of the
natural gas source. At the beginning of the period of non-peak demand, the pressure of the
natural gas source is greater than the pressure within the natural gas storage facility.

[86111] In an embodiment of the natural gas storage facility that includes a storage facility
compressor, an embodiment of the method of use of the natural gas storage facility includes
operating the storage facility compressor during the imtroduction of the natural gas from the

natural gas source info the natural gas storage facility. Operating the storage facility
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compressor during this period can form a pressure differential between the natural gas storage
facility and the natural gas source that draws natural gas into the natural gas storage facility.
Continuing the draw in natural gas after the natural gas source and the natural gas storage
facility have equalized in pressure facilitates the maximization of storage capacity. In an
embodiment of the natural gas storage facility that includes a storage facility compressor, an
embodiment of the method of use includes operating the storage facility compressor such that
it mixes the released light and heavy natural gas components together to form the released

natural gas product before the mixture is introduced into the natural gas source.

1861121 An embodiment of the method of use includes operating the facility such that the
storage facility compressor induces a less than atmospheric pressure in the guard bed system.,
An embodiment of the method of use includes operating the storage facility compressor such
that a less than atmospheric pressure condition forms in the adsorbent bed system. Reducing
the pressure to below atmospheric pressure in the guard and adsorbent bed systems facilitates
the release of the heavy and light natural gas components from the bed systerns. Isolating the
guard bed or adsorbent bed systems while under partial vacuum during the peak period of
demand can assist in forming the motivating pressure differential between the natural gas

storage facility and the natural gas source during the non-peak period of demand,

[60113] Detectable conditions indicating the beginning and end of the periods of demand
and non-demand can initiate and ferminate operation of the natural gas storage facility. An
embodiment of the method of use of the natural gas storage facility inchudes detecting a
condition that indicates the start of the peak period of demand. An embodiment of the
method of use includes detecting a condition that indicates the end of the peak period of
demand. An embodiment of the method of use includes detecting a condition that indicates
the start of the non-peak period of demand. An embodiment of the method of use includes
detecting a condition that indicates the end of the non-peak period of demand. The detectable
condition can be associated with the natural gas source, for example, source pressure, the

natural gas storage facility, the time of day or with the external environment.



CLAIMS

1. A method of using anatural gas storage facility to reduce the effect of diurnal demand

on anatural gas source, the method comprising the steps of:

introducing a natural gas into the natural gas storage facility during a non-peak period

of demand;

operating the natural gas storage facility during the non-peak period of demand such
that

a guard bed system removes a natural gas impurity from the introduced natural
gas, selectively separates the introduced natural gas into a heavy natura gas component and a
light natural gas component, and retains the heavy natura gas component during the non-peak

period of demand,

the light natural gas component passes from the guard bed system into an

adsorption bed system, and

the adsorption bed system adsorbs the light natural gas component into alight
natural gas adsorbent and retains the light natural gas component during the non-peak period

of demand,;
operating the natural gas storage facility during a period of peak demand such that
the guard bed system releases the heavy natura gas component,

the adsorption bed system releases the light natural gas component from the
light natural gas adsorbent, and

the released heavy natural gas component and the released light natural gas

component mix to form a released natural gas product having athermal value; and

introducing the released natural gas product into the natural gas source during
the peak period of demand;

where the natural gas storage facility comprises the adsorption bed system that fluidly couples
to the guard bed system,
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where the natural gas source contains the natural gas, and

where the natural gas includes an impurity, alight natural gas component and a heavy natura
gas component, and has athermal value.

2. The method of claim 1 where the guard bed system includes a heavy natural gas

adsorbent and is operable to retain the heavy natural gas component by adsorption.

3. The method of claim 2 where the heavy natural gas adsorbent is a microporous
material.
4, The method of any one of claims 1 to 3 where the light natural gas component is

substantially free of propane.

5. The method of claim 4 where the light natural gas component is substantially free of
ethane.

6. The method of any one of claims 1 to 5 where the released natural gas product has a

similar thermal value to the thermal value of the introduced natural gas.
7. The method of any one of claims 1 to 6 further comprising the steps of:

operating atemperature control system during the non-peak period of demand such
that heat is removed from the guard bed system; and

operating the temperature control system during the peak period of demand such that
heat isintroduced into the guard bed system;

where the natural gas storage facility further comprises the temperature control system that is
coupled to the guard bed system.

8. The method of any one of claims 1 to 7 further comprising the steps of:

operating atemperature control system during the non-peak period of demand such
that heat is removed from the light natural gas adsorbent; and

operating the temperature controls system during the peak period of demand such that
heat isintroduced into the light natural gas adsorbent;
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where the natural gas storage facility further comprises the temperature control system that is
coupled to the adsorption bed system.

9. The method of any one of claims 1 to 8 further comprising the step of operating a
storage facility compressor during the introduction of the natural gasinto the natural gas
storage facility, where the natural gas storage facility further comprises the storage facility
compressor that is coupled to the guard bed system.

10.  Themethod of any one of claims 1 to 9 further comprising the step of operating a
storage facility compressor during the period of peak demand such that aless than
atmospheric condition forms in the guard bed system, where the natural gas storage facility

further comprises the storage facility compressor that is coupled to the guard bed system.

11.  The method of any one of claims 1 to 10 further comprising the step of operating a
storage facility compressor during the period of peak demand such that aless than
atmospheric pressure condition forms in the adsorption bed system, where the natural gas
storage facility further comprises the storage facility compressor that is coupled to the
adsorption bed system.

12. The method of any one of claims 1 to 11 further comprising the step of operating the
natural gas storage facility during the period of peak demand such that the released light
natural gas component assists in releasing the heavy natural gas component, forming the
released natural gas product in the guard bed system, where the guard bed system fluidly
couples to the adsorption bed system such that at least a portion of the released light natura
gas component passes into the guard bed system.

13.  The method of any one of claims 1 to 12 further comprising the steps of:
detecting afirst condition associated with the start of the non-peak period of demand;

detecting a second condition associated with the end of the non-peak period of
demand;

detecting a third condition associated with the start of the peak period of demand;

detecting a fourth condition associated with the end of the peak period of demand;
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where detecting the first condition occurs before the introduction of the natural gasinto the
natural gas storage facility,

where detecting the second condition occurs during the operation of the natural gas storage
facility during the non-peak period of demand,

where detecting the third condition occurs before the operation of the natural gas storage
facility during the period of peak demand, and

where detecting the fourth condition occurs during the introduction of the released natural gas

product into the natural gas source.

14. The method of claim 13 where the second condition and the third condition are the

Same.

15. The method of claim 13 or claim 14 where the first condition and the fourth condition

are the same.

16.  The method of any one of claims 13 to 15 where all of the conditions are associated

with the pressure of the natural gas source.

17. A natura gas storage facility for reducing the effect of diurnal demand on a natura

gas source, the natural gas storage facility comprising:

aguard bed system that has a heavy natural gas component storage capacity and that is
operable to remove impurities from the introduced natural gas, to selectively separate the
introduced natural gasinto a heavy natural gas component and alight natural gas component,

to retain the heavy natural gas component and to release the heavy natural gas component;

an adsorption bed system that fluidly couples to the guard bed system, that has a light
natural gas component storage capacity, that contains alight natural gas adsorbent that isa
microporous material, and that is operable to retain the light natural gas component using the
light natural gas adsorbent and to release the light natural gas component from the light
natural gas adsorbent;

optionally, atemperature control system that is separately coupled to both the guard
bed system and the adsorption bed system and is operable to regulate the temperature of the
guard bed system and the adsorption bed system separately; and
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optiondly, a storage facility compressor that is separately fluidly coupled to both the
guard bed system and the adsorption bed system and is operable to regulate the pressure of
the guard bed system and the adsorption bed system separately;

where the natural gas storage facility couples to the natural gas source such that introduced

natural gas enters the guard bed system.

18.  Thenatura gas storage facility of claim 17 where the guard bed system contains a
heavy natural gas adsorbent material that is operable to remove impurities from the
introduced natural gas, to selectively separate the introduced natura gas into the heavy natural
gas component and the light natural gas component, to retain the heavy natural gas

component by adsorption, and to release the heavy natural gas component by desorption.

19.  Thenatura gas storage facility of claim 18 where the heavy natural gas adsorbent
material isamicroporous material.

20.  Thenatural gas storage facility of any one of claims 17 to 19 where the microporous
material has a BET Specific Surface Areavalue of at least 800 meters squared per gram
(m?/g) and a Micropore Volume value of at least 0.300 centimeters cubed per gram (cm®/g) of

microporous material as determined using nitrogen porosimetry at 77 °K.

21.  Thenatural gas storage facility of any one of claims 17 to 20 where the microporous
material is an activated carbon with dlit-shaped micropores, has a bulk density isin arange of
from 0.20 to 0.75 grams per cubic centimeter (g/cm?), and has a BJH Average Pore Widthin a
range of from 10 to 30 Angstroms (A) as determined using nitrogen porosimetry at 77 °K.

22.  Thenatural gas storage facility of any one of claims 17 to 21 where the microporous
material has an adsorbed amount ratio greater than 60 at 40 bars of system pressure and an

adsorbed amount ratio greater than 65 at 50 bars of system pressure at 56 °C using methane.

23.  Thenatural gas storage facility of any one of claims 17 to 22 where the microporous
material has an adsorbed amount ratio greater than 100 at a pressure in arange of from 35
barsto 55 bars at 21 °C using methane.

24.  Thenatural gas storage facility of any one of claims 17 to 23 where the microporous
material has a stored amount ratio of greater than 115 at 50 bars of system pressure, greater
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than 110 at 45 bars of system pressure and greater than 100 at 40 bars system pressure, al
using methane at 21 °C.

25.  Thenatural gas storage facility of any one of claims 17 to 24 where the microporous
material has a stored amount ratio greater than 100 at a pressure in arange of from 35 barsto
55 bars at 21 °C using methane.
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