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Description

Field of the Invention

[0001] The presentinvention relates to a novel method
and system for storing hydrogen product into a salt cav-
ern according to the preamble of claims 1, 14 and to a
method for forming and maintaining a permeation barrier
according to the preamble of claim 10. Particularly, the
storage process involves storing high purity hydrogen
into a salt cavern without seepage or leakage of the
stored hydrogen through the salt cavern by creating a
permeation barrier.

Background of the Invention

[0002] Hydrogen is supplied to customers connected
to a hydrogen pipeline system. Typically, the hydrogen
is manufactured by steam methane reforming in which a
hydrocarbon and steam are reacted at high temperature
in order to produce a synthesis gas containing hydrogen
and carbon monoxide. Hydrogen is separated from the
synthesis gas to produce a hydrogen product stream that
is introduced into the pipeline system for distribution to
customers that are connected to the pipeline system. Al-
ternatively, hydrogen produced from the partial oxidation
of a hydrocarbon can be recovered from a hydrogen rich
stream. Typically, hydrogen is supplied to customers un-
der agreements that require availability and on stream
times for the steam methane reformer or hydrogen re-
covery plant. When a steam methane reformer is taken
off-line for unplanned or extended maintenance, the re-
sult could be a violation of such agreements. Additionally,
there are instances in which customer demand can ex-
ceed hydrogen production capacity of existing plants.
Having a storage facility to supply backup hydrogen to
the pipeline supply is therefore desirable in connection
with hydrogen pipeline operations. Considering that hy-
drogen production plants on average have production
capacities that are roughly one and a half million cubic
meters (50 million standard cubic feet) per day or greater,
a storage facility for hydrogen that would allow a plant to
be taken off-line, to be effective, would need to have stor-
age capacity in the order of 28 million cubic meters (1
billion standard cubic feet) or greater.

[0003] The large storage capacity can be met by
means of salt caverns to store the hydrogen under-
ground. Low purity grades of hydrogen (i.e., below 95%
purity) as well as other gases have been stored in salt
caverns. Salt caverns are large underground voids that
are formed by adding fresh water to the underground
salt, thus creating brine, which is often referred to as so-
lution mining. Caverns are common in the gulf states of
the United States where demand for hydrogen is partic-
ularly high. Such hydrogen storage has taken place
where there are no purity requirements or less stringent
(<96% pure) requirements placed upon the hydrogen
product. In such case, the stored hydrogen from the salt
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cavern is simply removed from the salt cavern without
further processing. Document US 2011/0305515 A1 dis-
closes the methods and system according to the pream-
ble of claims 1, 10 and 14.

[0004] High purity (e.g., 99.99%) hydrogen storage
within salt caverns presents several challenges. For ex-
ample, storing large quantities (e.g., greater than 3 million
cubic meters or 100 million standard cubic feet) of pure
(e.g., 99.99%) gaseous hydrogen in underground salt
caverns consisting of a minimum salt purity of 75% halite
(NaCl) or greater without measurable losses is difficult
based on the properties of hydrogen. Hydrogen is the
smallest and lightest element within the periodic table of
elements, having an atomic radius measuring 25 pm +/-
5 pm. Further, hydrogen is flammable, and therefore a
very dangerous chemical if not handled properly. Salt
caverns consist of salt that have various ranges of per-
meability (e.g., 0 - 23 x 10*-6 Darcy) that if not controlled
properly could easily allow gaseous hydrogen to perme-
ate through the salt and escape to the surface of the
formation. If the stored hydrogen within an underground
salt formation was to escape and permeate through the
salt formation to the surface, a dangerous situation could
arise with fatality potential orimmense structural damage
potential. Consequently, high purity hydrogen is typically
considered one of the most difficult elements to contain
within underground salt formations.

[0005] As will be discussed, among other advantages
ofthe presentinvention, animproved method and system
for storing hydrogen in a salt cavern is disclosed.

Summary of the Invention

[0006] The invention relates, in part, to a method and
system for storing hydrogen product into a salt cavern
as stated in the appended claims 1 and 14 respectively.
The cavern pressure has been found to affect the ability
to form a leak-tight cavern not susceptible to hydrogen
leakage. It has been found that maintaining the cavern
pressure within a specific pressure range improves the
structural integrity of the salt cavern. The method and
system for storage as will be explained below is capable
of storing high purity hydrogen without detection of sub-
stantial seepage through the salt cavern. The storage
process is conducive for the storage of hydrogen having
purity levels from at least 95% up to about 99.999% or
greater.

[0007] In afirst aspect, a method for storing hydrogen
product in a salt cavern is provided according to claim 1.
Hydrogen product is removed from a hydrogen pipeline.
The hydrogen product is compressed to produce a com-
pressed hydrogen product. The compressed product of
hydrogen is introduced into the salt cavern to produce
stored hydrogen within the salt cavern. The stored hy-
drogen is maintained at a pressure between a lower limit
and an upper limit within the cavern, whereby the salt
cavern forms a substantially impermeable barrier to the
stored hydrogen therein between the lower limit and the
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upper limit.

[0008] In a second aspect, a method for forming and
maintaining a permeation barrier of a salt cavern is pro-
vided according to claim 10. A fluid is compressed to
produce a compressed fluid. The compressed fluid is in-
troduced into a salt cavern to produce stored fluid within
the salt cavern. A permeation barrier is formed at least
along a portion of walls of the salt cavern, wherein a po-
rosity of the walls of the salt cavern is partially reduced
to a size substantially small so as to prevent all of the
stored hydrogen from passing therethrough. The pres-
sure of the salt cavern is regulated above a lower limit
and below an upper limit to maintain the permeation bar-
rier.

[0009] Inathirdaspect, asystem for storing a hydrogen
productwithin a salt cavern is provided according to claim
14. A compressor is configured to pressurize hydrogen
product within the salt cavern to form stored hydrogen.
A flow network is positioned between the compressor
and the salt cavern. The flow network comprises a first
leg, a second leg and a third leg. The first leg is in flow
communication with the salt cavern to introduce product
hydrogen into the salt cavern to form stored hydrogen
thatis stored at a pressure above a lower limit and below
an upper limit to form a permeation barrier. The second
leg is in flow communication with a hydrogen pipeline
and the first leg to discharge the stored hydrogen formed
from the salt cavern. The third leg is in flow communica-
tion with the salt cavern to introduce a fluid into the cavern
to maintain the permeation barrier.

[0010] Advantageously, the system of the present in-
vention can be constructed utilizing system components
that are commercially available, thus enabling and sim-
plifying the overall assembly of the system and method
of use thereof. Aspects of hydrogen product storage de-
livery within the salt cavern can be carried out using
standard techniques or equipment.

Brief Description of the Drawings

[0011] The objectives and advantages of the invention
will be better understood from the following detailed de-
scription of the preferred embodiments thereof in con-
nection with the accompanying figures wherein like num-
bers denote same features throughout and wherein:

Figure 1 shows a fragmentary schematic of a proto-
col for introducing and storing hydrogen to a hydro-
gen pipeline incorporating the principles of the in-
vention;

Figure 2 shows a salt cavern having a permeation
barrier; and

Figure 3 shows a brine pond reservoir for providing
brine into the salt cavern of Figure 2 as needed to
increase the cavern pressure to a predetermined
pressure threshold for maintaining the permeation
barrier; and

Figure 4a shows a salt cavern wall containing stored
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hydrogen at a pressure below a lower limit in which
hydrogen seepage across the salt cavern occurs;
Figure 4b shows a salt cavern wall containing stored
hydrogen at a pressure within the pressure threshold
limits so as to form a permeation barrier in accord-
ance with the principles of the present invention;
Figure 4c shows a salt cavern wall containing stored
hydrogen at a pressure above the upper limitin which
hydrogen leakage occurs;

Figure 5a shows a geothermal temperature profile
generated during a mechanical integrity test; and
Figure 5b shows a leakage detection system that
can be employed during the mechanical integrity ver-
ification of the salt cavern.

Detailed Description of the Invention

[0012] As used herein, all concentrations are ex-
pressed as volumetric percentages. With reference to
Figure 1, a hydrogen storage and processing facility 1 is
illustrated that is designed to remove hydrogen product
from a hydrogen pipeline 2 during periods of low custom-
er demand and store such hydrogen product within a salt
cavern 3 as stored hydrogen 4. During periods at which
demand for the hydrogen product exceeds the capabili-
ties of the hydrogen pipeline 2 to supply hydrogen product
to customers, stored hydrogen 4 can be removed from
the salt cavern 3 and reintroduced into the hydrogen pipe-
line 2. In a manner that will be discussed, a permeation
barrier within the salt cavern 3 can be formed and con-
tinuously maintained for storing hydrogen product. The
ability to store hydrogen product within such a salt cavern
3 having a permeation barrier can advantageously pro-
duce a substantially leak-tight salt cavern not prone to
seepage of stored hydrogen product through the salt cav-
ern walls, as typically occurs with conventional salt cav-
erns. The term "permeation barrier" as used herein is
intended to refer to a salt cavern that when pressurized
and/or thermally activated, restricts the passage of hy-
drogen flow through the walls of the salt. As a result,
there is a reduction in the size and the quantity of inter-
connected pores or voids within the walls of the salt. Ac-
cordingly, this reduction in the size and quantity of inter-
connected pores or voids substantially minimizes or pre-
vents the availability of flow paths for high purity hydrogen
molecules of at least 95% purity and above, from escap-
ing therein and thereafter through the surrounding rock
salt of the salt cavern.

[0013] As known in the art, salt cavern 3 is formed by
solution mining in which water is injected through a pipe
known as a brine string 10. The water dissolves the salt,
and the resulting brine during the mining operation is re-
turned through the annular space (not shown) formed in
the final well casing 12 or other conduit between the inner
wall of the final well casing 12 and the outer wall of the
brine string 10. After the solution mining operation is com-
plete, the residual brine in the salt cavern 3 can be re-
moved through the brine string 10 by pressure displace-
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ment resulting from injection of hydrogen through the final
casing 12 or other conduit. Once the brine level reaches
the bottom of the brine string 10, a top section of the brine
string 10 is sealed off by valve 216 and a residual brine
layer 201, also known as a brine sump, may remain in
the salt cavern 3 at the bottom portion 207.

[0014] The rock salt walls of the salt cavern deposit
into thick layers over time. The deposited layers are grad-
ually covered and buried by overburden sediments. The
weightor pressure of such overburden sediments causes
the salt formations to form densified structures, which
tend to undergo viscoplastic slippage or deformation to
create densified mircrocracks. Such slippage causes the
grains of the salt to possess an inherent porosity, which
is generally somewhat pervious to hydrogen. While the
salt generally has low permeability and porosity render-
ing it impermeable to hydrocarbons, the salt is signifi-
cantly more prone to hydrogen permeation by virtue of
hydrogen’s small atomic radius.

[0015] When customer demand for the hydrogen, sup-
plied by hydrogen pipeline 2 is low or for any reason,
production exceeds demand, a hydrogen stream 13 can
be removed from the hydrogen pipeline 2 and introduced
into the salt cavern 3. In this regard, referring to Figure
1, valve 24 is open to allow a portion of the product hy-
drogen in pipeline 2 to enter leg "A" of flow network 5.
As used herein and in the claims, the term "legs" means
flow paths within the flow network 5 that are formed by
suitable conduits. Such conduits would be positioned to
conduct the flow of the hydrogen streams within the flow
network 5 as illustrated. Bypass valve 14 is setin a closed
position, and valve 15 is set in an open position and valve
20 and valve 303 are set in a closed position to allow
hydrogen stream 13 to be compressed in a hydrogen
compressor 7 to produce a compressed hydrogen stream
16. Hydrogen compressor 7 can be any known compres-
sorasused inthe art, andis typically acompressor having
a reciprocating piston. Hydrogen compressor 7 incorpo-
rates a first stage 8 and a second stage 9 in series with
interstage cooling between stages and an aftercooler 10
which can be employed to remove the heat of compres-
sion. Alternatively, and as will be explained in greater
detail below, the heat of compression can be transferred
to the compressed hydrogen stream 16 when entering
the salt cavern 3, as part of a thermal activation of the
salt cavern 3. The compressor 7 is conventionally con-
trolled to maintain the inlet pressure at a target suction
pressure to maintain energy efficient operation of the
compressor 7.

[0016] The compressed hydrogen stream 16 is intro-
duced into the salt cavern 3 to form the stored hydrogen
4. The compressed hydrogen stream 16 continues to flow
through the first leg "A". The compressed hydrogen
stream 16 thereafter enters well-casing or conduit 12
(Figure 2), which is connected to a transfer well head
assembly 202, and thereafter into an annular flow area
(notshown) within final well casing 12 (between the inside
of final well casing 12 and brine string 10) from which the
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compressed hydrogen feed stream 16 enters salt cavern
3. Flow orifice meter 17, pressure transmitter 18 and tem-
perature transmitter 19 can be used to determine the
quantity of compressed hydrogen stream 16 that is intro-
duced into the salt cavern 3.

[0017] Figure 2 shows the cavern 3 of Figure 1 in iso-
lation. The pressure of the stored hydrogen 4 exerts a
pressure, denoted as "P", against the walls 203 of the
salt cavern 3. The cavern depth that starts at the top of
the saltand ends atthe bottom of the salt cavity is denoted
as "d" and is defined as the vertical distance spanning
from the top-most portion 204 to the bottom-most portion
207 of the salt cavern 3. The pressure exerted by the
stored hydrogen 4 against the salt cavern walls 203 is
maintained above a lower threshold limit and below an
upper threshold limit such that there is a reduction in the
size and the quantity of interconnected pores or voids
within the walls 203 of the saltto form a permeation barrier
206. Figure 2 shows that the permeation barrier 206 ex-
tends along the entire edge or boundary of the cavern 3.
The permeation barrier 206 formed along the salt cavern
walls has a reduced amount of interconnected porosity
such that there are few or virtually no pathways for hy-
drogen to diffuse therethrough. The permeation barrier
206 as defined herein substantially prevents all of the
molecules of the stored hydrogen 4 from passing there-
through and seeping into the rock salt 205, as shown in
Figure 2. It should be understood that the permeation
barrier 206 in Figures 1 and 2 is shown as having a finite
thickness only for purposes of illustrating the principles
of the present invention.

[0018] The lower limit has been found by the inventors
to be greater than about 0.0014 bar (0.2 psi) per liner
0.305 meter (foot) of cavern depth. In this example, at a
cavern depth of about 762 meters (2500 feet) as shown
in Figure 2, the minimum pressure must be maintained
at greater than about 34 bar (600 psig) to allow formation
ofthe permeation barrier 206. In a preferred embodiment,
the minimum pressure may be regulated so as to coun-
teract the tendency of the salt cavern 3 to undergo creep
closure, which occurs when the overburden cavern pres-
sures is greater than the pressure within the cavern,
causing the salt cavern 3 to close in and reduce the over-
all physical storage volume. Unlike the prior art, the
present invention eliminates permeability of the salt cav-
ern but still allows for counterbalancing of the creep clo-
sure.

[0019] Although maintaining the cavern 3 ata pressure
exceeding the lower limit is advantageous, the inventors
have also discovered an upper limit for pressure which
cannot be exceeded. The upper limit has been found to
be less than about 0.069 bar (1 psi) per liner 0.305 meter
(foot) of cavern depth. In this example, at a cavern depth
of about 762 meters (2500 feet) as shown in Figure 2,
the maximum pressure must be maintained at a pressure
lower than 172 bar (2500 psig) to allow for proper main-
tenance of the permeation barrier 206. Exceeding the
upper limit can cause the salt walls 203 to fracture, there-
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by causing the stored hydrogen 4 to flow upward through
the fractures into the rock salt 205 and eventually to the
surface, which could cause a potential safety hazard if
the proper conditions existed such that the released hy-
drogen ignited.

[0020] Exploded views of a portion of the permeation
barrier 206 in Figure 2 that is circumscribed by the rec-
tangular dotted region is illustrated in Figures 4A-4C un-
der three different cavern pressure scenarios. Figure 4A
shows that when the stored hydrogen 4 is maintained in
the cavern 3 at a pressure substantially less than 0.0014
bar (0.2 psi) per 0.305 meter (foot) of cavern depth, hy-
drogen seepage occurs across the salt walls 203. Figure
4A indicates that the porosity or voids along at least cer-
tain portions of the salt walls 203 are marginally large
enough to allow availability of hydrogen molecules to flow
therethrough. Such a scenario is representative of the
stored hydrogen 4 being stored below the lower limit.
[0021] Figure 4C, on the other hand, is indicative of
one or more cracks or fractures along the salt walls 203
which can potentially form when the stored hydrogen 4
is maintained in the cavern 3 at a pressure substantially
greaterthan about 0.069 bar (1 psi) per 0.305 meter (foot)
of cavern depth. The cracks are sufficiently large to allow
hydrogen to leak therethrough. By way of comparison,
the hydrogen leakage across the salt walls 203 occurs
at a higher flow rate than the hydrogen seepage in Figure
4A by virtue of the cracks creating larger flow paths. The
scenario of Figure 4C is representative of the stored hy-
drogen 4 being stored above the upper limit.

[0022] Figure 4B shows successful formation of the
permeation barrier 206 in which molecules of the stored
hydrogen 4 remain entirely confined within the interior
volume of the salt cavern 3. Figure 4B shows that the
stored hydrogen 4 is maintained in the cavern 3 at a pres-
sure greater than 0.0014 bar (0.2 psi) per 0.305 meter
(foot) of cavern depth but less than 0.069 bar (1 psi) per
0.305 meter (foot) of cavern depth. The permeation bar-
rier 206 creates a reduction in the size and quantity of
interconnected pores or voids within the salt walls 203,
thereby reducing or preventing the availability of flow
paths for high purity hydrogen molecules from escaping
the interior volume of the salt cavern 3.

[0023] Inapreferred embodiment, the stored hydrogen
4 can be maintained in a pressure range that can vary
between 0.027 to 0.055 bar (.4 to .8 psig) per liner 0.305
meter (foot) of cavern depth to form and maintain a per-
meation barrier 206 that can confine the stored hydrogen
4 withinthe walls 203 of the salt cavern 3. The permeation
barrier 206 is formed by reducing the porosity of the cav-
ern walls sufficiently enough to prevent the passage of
high purity hydrogen molecules. In a preferred embodi-
ment, the salt cavern 3 can be stored with 99.99% pure
hydrogen gas without detectable seepage through the
barrier 206.

[0024] Effectiveness of the permeation barrier 206 can
be assessed with pressure and temperature measure-
ments. For instance, a pressure measurement is made
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in the cavern 3 by a downhole pressure transducer 208
to ensure the proper pressure range is maintained. Al-
ternatively, a local cavern wellhead surface pressure
measurement device (not shown), which may be located
within the cavern wellhead assembly 202, can be em-
ployed for measuring pressure. The pressure transducer
208 extends through the well-casing or conduit 12 of the
cavern well head assembly 202. Alternatively or in addi-
tion to pressure gauges, one or more temperature gaug-
es are placed at various locations within the interior vol-
ume of the salt cavern 3 to monitor the integrity of the
permeation barrier 206. For example, a downhole tem-
perature gauge can extend through the conduit 12 and
be positioned at a predetermined location within the
stored hydrogen 4. Because hydrogen displays a nega-
tive Joule-Thompson coefficient, any seepage of the
stored hydrogen 4 through walls 203 will manifest itself
as alocalized temperature excursion. Estimated temper-
ature excursions as a result of seepage of hydrogen leak-
age have been observed to be on the order of -15°C (4°F)
for pressureloss of about 83 bar (1200 psig) ina cavern 3.
[0025] If it is determined that leakage is occurring
through the cavern 3, the pressure of the stored hydrogen
4 can be adjusted as needed to form a permeation barrier
206 that is less prone to leakage of the stored hydrogen
4 therethrough. For example, if the downhole pressure
transducer 208 shows that the pressure in the cavern 3
has exceeded the upper limit, a portion of the stored hy-
drogen 4 can be withdrawn from cavern 3 until the pres-
sure falls to below the upper limit. Valve 20 would be
opened to allow a portion of the stored hydrogen 4 to be
discharged from cavern 3 as a crude hydrogen stream
21. Because the pressure of the stored hydrogen 4 is
higher than that of the pipeline 2 in this example, the
crude hydrogen stream 21 readily flows through the sec-
ond leg "B" of flow network 5. When the appropriate
amount of stored hydrogen 4 has been removed, valve
20 is closed to isolate the cavern 3. Cavern pressure and
temperature can be monitored as described above to en-
sure that the permeation barrier 206 is adequate.

[0026] In yet another example, if the downhole pres-
sure transducer 208 indicates that the pressure in the
cavern 3 has fallen below the lower limit, a portion of the
hydrogen product from the pipeline 2 can be introduced
into the cavern 3 until the pressure of the cavern 3 in-
creases to at least slightly above the lower limit. Valve
24 is set in the open position and bypass valve 14 is set
in the closed position, as the pressure in the pipeline 2
is sufficient for the hydrogen product to free flow along
leg "A" without requiring pressurization by compressor
7. Valve 15 is also open and valve 20 is closed. The
additional hydrogen increases the pressure exerted
against the walls 203 of cavern 3 such that the porosity
of the walls 203 of salt cavern 3 is partially compressed,
which in turn reduces the voids and grain boundaries of
the salt to a size substantially small enough to prevent
all of the stored hydrogen 4 from passing therethrough.
Cavern pressure and temperature can be monitored as
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described above to ensure that the permeation barrier
206 is adequate. When the appropriate amount of hydro-
gen product from the pipeline 2 has been introduced into
cavern 3, valve 15 is closed to isolate the cavern 3. As
a result, a critical mass of stored hydrogen 4 is always
kept in cavern 3 to maintain the permeation barrier 206.
[0027] In an alternative embodiment, there will be in-
stances when a hydrogen generation facility is taken off-
line or when demand for hydrogen by customers other-
wise exceeds the available production capabilities, either
of which necessitates removal of substantially all of the
stored hydrogen 4 from the salt cavern 3. In such a case,
the cavern 3 can approach a hydrogen depleted state. A
cavern in a "hydrogen depleted" state as defined herein
refers to a cavern containing minimal hydrogen such that
the cavern pressure is significantly below the lower limit.
In one example, the hydrogen depleted state may be
50-90% below the lower limit. In order to maintain the
permeation barrier 206, fluid can be temporarily intro-
duced into the salt cavern 3 to maintain the pressure in
the cavern 3 necessary for the permeation barrier 206.
The term "fluid" as used herein is intended to cover either
a gas phase, liquid phase or a combination thereof. Fig-
ure 3 describes one possible embodiment of a brine pond
system 300 for achieving continued maintenance of the
permeation barrier 206. Brine 315 from a brine pond res-
ervoir 301 can be introduced into the salt cavern 3 so as
to occupy the depleted cavern 3. The brine pond system
300 includes a reservoir 301 and sump pump 302 for
transporting brine 302 into the salt cavern 3 as needed
to increase the cavern pressure beyond the lower limit
for maintaining the permeation barrier 206. The brine
pond 300 also includes a flow network 318 consisting of
a discharge leg "C", areturn leg "D", valve 303 and valve
304. The flow network 318 allows the brine 315 to be
transported to the salt cavern 3 through leg "C" and re-
turned thereafter back into the brine pond 301 through
leg "D".

[0028] In operation, brine 315 exits from the bottom of
the brine pond reservoir 301 utilizing sump pump 302,
which pressurizes and transports the brine 315 along flow
leg "C" as brine stream 316. Valve 303 is closed, and
valve 304 is set in the open position to allow the brine
stream 316 to flow through a conduit 319 connected to
the transfer well head valve 202 and thereafter into an
annular flow area (not shown) within final well casing 12
(between the inside of final well casing 12 and brine string
10) from which the brine stream 316 enters salt cavern 3.
[0029] The brine 315 occupies the bottom portion 207
of the cavern 3. As a result, the usable volume of the
cavern 3 is reduced. The reduction in volume of the salt
cavern 3 allows for the remaining stored hydrogen 4 con-
tained in the interior volume of the cavern 3 to occupy a
smaller storage volume, thereby increasing the pressure
of the cavern 3. Brine 315 continues to enter salt cavern
3 through brine string 10 until downhole pressure trans-
ducer 208 detects that the cavern pressure has reached
above the lower limit. Alternatively, wellhead pressure
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measuring devices (not shown), which may be located
within the cavern wellhead assembly 202, can be utilized
to detect cavern pressure. When the desired caver pres-
sure is detected, valve 304 can be closed to isolate the
cavern 3. Inthe manner described herein, the permeation
barrier 206 can be maintained, even though the cavern
3 has been depleted of hydrogen.

[0030] Other variations are possible and are within the
scope of the present invention. For instance, the brine
315 may be introduced into the cavern 3 so as to displace
the stored hydrogen 4 therein. As pressurized brine 315
enters brine string 315, the stored hydrogen 4 can be
displaced upwards through the annular space of the well
casing 12 as a crude hydrogen stream. In other words,
the driving force for displacing the stored hydrogen 4 is
provided by the pressurized brine 315 entering down-
wards into the cavern 3 through the brine string 10. Well
head valve 227 is set in an open position to enable the
crude hydrogen withdrawn from the cavern 3 to enter the
hydrogen storage and processing facility 1, shown in Fig-
ure 1. The crude hydrogen is discharged as a crude hy-
drogen stream 21. The crude hydrogen stream 21 readily
flows through the second leg "B" of flow network 5 and
is exported into the product pipeline 2 with valve 23 set
in the open position. In still another variation, not all of
the stored hydrogen 4 need be removed. Brine 315 can
be injected into the cavern 3 as described above so as
to establish a specific cavern pressure that is between
the lower pressure threshold and the upper pressure
threshold to maintain the permeation barrier. The addi-
tion of brine 315 occupies the bottom portion 207 of cav-
ern 3 (Figure 3) and reduces the effective volume of the
stored hydrogen 4 contained therein. The reduction in
volume compresses the stored hydrogen 4, thereby in-
creasing the cavern pressure to the desired pressure lev-
el thatis within the lower and upper limits. In this manner,
permeation barrier 206 can be effectively formed and
maintained.

[0031] When a sufficient amount of product hydrogen
from the product pipeline 2 is to be stored in hydrogen
cavern 3, as may occur, for example, as a result of hy-
drogen production exceeding customer demand, the
brine 315 within the salt cavern 3 can be returned to the
brine pond 301. In a preferred embodiment, product hy-
drogen is drawn off from the pipeline 2, compressed and
injected into the cavern 3. Compression by compressor
7 ensures that the product hydrogen stream has sufficient
driving force to displace the brine 315 from out of the
cavern 3 into return leg "D" of flow network 318 (Figure
3). Valve 24 (Figure 1) is open to allow a portion of the
product hydrogen in pipeline 2 to enter leg "A" of flow
network 5, as hydrogen product stream 13. Valve 20 is
closed, and bypass valve 14 is set in a closed position
to allow the hydrogen product stream 13 to be com-
pressed by compressor 7 to form a compressed hydro-
gen product stream 16. Valve 15 is open to allow the
compressed hydrogen product stream to flow through
well casing 12 and thereafter enter cavern 3.
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[0032] The compressed hydrogen stream 16 is intro-
duced into the salt cavern 3 to form the stored hydrogen
4. The compressed hydrogen stream 16 continues to flow
through the first leg "A". The compressed hydrogen
stream 16 thereafter enters conduit 12 (Figure 2), which
is connected to a transfer well head assembly 202, and
thereafter into an annular flow area (not shown) within
finalwell casing 12 (between the inside of final well casing
12 and brine string 10) from which the compressed hy-
drogen feed stream 16 enters salt cavern 3. As the com-
pressed hydrogen product enters salt cavern 3, the brine
315 stored therein is displaced upwards through the well
casing 12. Valve 303 is opened, and valve 304 is closed
to allow the brine 315 to flow as stream 317 through the
return leg "D" of flow network 318 of the brine pond sys-
tem 300 into the brine pond 301. A pump may be em-
ployed to pressurize brine stream 317, if necessary. In
this manner, the return of the brine 315 to the brine pond
301 is possible.

[0033] As an alternative to the above described brine
pond system 300, it should be understood that the
presentinvention also contemplates permanently retain-
ing a minimal amount of brine 315 along the bottom por-
tion 207 of the cavern 3 so that brine 315 does not need
to be transported to and from a brine pond 301. The pre-
ferred amount of brine 315 to be permanently retained
at the bottom portion 207 of the cavern 3 would be that
amount which is equivalent to reduce the effective hy-
drogen storage volume of the cavern 3 such thatthe com-
pression of the cavern volume is always pressurized
slightly above the lower limit pressure threshold. In such
an embodiment of the present invention, only the upper
limit for the cavern pressure threshold would need to be
regulated to ensure formation of the permeation barrier
206 without fracture of the salt walls 203. Cavern pres-
sure and temperature can be monitored with suitable in-
strumentation as has been described to ensure that the
permeation barrier 206 is being maintained.

[0034] Other techniques for forming and maintaining
the permeation barrier 206 of the salt cavern 3 are con-
templated. For example, a controlled amount of heat can
be imparted to the salt walls 203 to cause the walls 203
to attain a state of plasticity in which a portion of the walls
203 begin to move, thus closing and sealing any pores,
voids and/or microfractures within the salt walls 203. The
amount of heat that gets transferred from the com-
pressed hydrogen stream 16 to the walls 203 can vary,
depending upon the crystal and grain structure of the salt
walls 203, the composition of the salt itself and other op-
erating factors, such as the quantity of residual brine re-
maining in the cavern 3 and the throttling of the aftercool-
er 10. Preferably, the amount of heat needed to suffi-
ciently produce a rise in the temperature in the cavern 3
at a particular depth of cavern 3 should be greater than
the natural geothermal temperature gradient of the earth
that corresponds to the particular depth of cavern 3. The
amount of temperature rise needed to create this sealing
mechanism and drive the salt to a more plastic physical
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state may be about (.1° F/linear foot) 1.8 °C of depth of
the cavern 3, denoted as "d" in Figure 2. In other words,
a temperature rise of about 121 °C (250° F) occurs for
the cavern 3 being referenced in this embodiment. The
portions of the walls 203 can become fluid-like when heat-
ed by the hydrogen stream 16 to fill in at least a portion
ofthe porous walls 203, thereby creating a more densified
wall 203 that is less permeable to the flow of stored hy-
drogen 4 therethrough. The temperature of compressed
hydrogen stream 16 can be modulated by controlling the
rate of cooling from the aftercoolers 10 situated down-
stream of the compressor 7. In one example, the tem-
perature of the compressed hydrogen stream 16 can be
controlled to be greater than 93 °C (200°F) by momen-
tarily shutting off the aftercoolers 10 for a predetermined
time. As the hotter hydrogen stream 16 is introduced into
the cavern 3, it contacts the cooler walls 203, thereby
heating the cooler walls 203. A portion of the walls 203
is heated and can become sufficiently plastic-like to en-
able filling in of some of the porous material, thereby al-
tering the microstructure of the salt walls 203. In partic-
ular, the temperature of the salt walls 203 increases as
heat diffuses therein. The heating causes grains to com-
bine with each other. As a result, the grain sizes are in-
creased, and the number of grain boundaries decrease.
The reduction in grain boundaries creates fewer diffusion
pathways for the stored hydrogen 4. A less porous struc-
ture is thereby created in which the number of pores and
size of the pores of the walls 203 can both be decreased.
This transfer of heat from the compressed hot hydrogen
stream 16 to the salt walls 203 can potentially reduce the
impact of stress dilation and micro fracturing of the salt
203, thereby strengthening and improving the properties
of the salt permeation barrier 206. Such a temperature
treatment to the cavern 3 can be conducted one or more
times as needed to suitably alter the grain microstructure
of the salt walls 203.

EXAMPLE

[0035] A mechanical integrity test was conducted to
evaluate and verify the structural integrity of a salt cavern
for storing hydrogen in accordance with the principles of
the present invention. Figure 5b shows the test-setup. A
gaseous hydrogen stream was withdrawn from hydrogen
pipeline, compressed and then injected into the cavern
3 as a compressed stored hydrogen 504, in a similar
manner as described in Figure 1. A pressure transducer
(e.g., as shown in Figure 2) was used to monitor and
regulate the pressure of the stored hydrogen 504 to en-
sure that the pressure was maintained above the mini-
mum limit but below the upper limit. As a result, a per-
meation barrier 506 was formed and maintained through-
out the mechanical integrity test. Figure 5 shows that the
permeation barrier 506 extended continuously along the
walls of the cavern 500.

[0036] Downhole retractable temperature gauges and
instrumentation were inserted into the cavern 3 at various
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depths to generate a temperature profile gradient as a
function of cavern depth, "d" (shown in Figure 5a). The
temperature gauges were also utilized to detect leakage
of hydrogen on the basis of any temperature excursions
in the cavern 500. The temperature excursions occur be-
cause hydrogen has a negative Joule-Thompson coeffi-
cient upon volume expansion. Figure 5 shows one of the
temperature gauges 501 that were inserted through well
casing 502 within the interior volume of salt cavern 500.
The temperature gauge 501 and the other gauges (not
shown, for purposes of clarity) were calibrated to accu-
rately and precisely detect temperature excursions on
the order of 0.018 °C (.01°F) or more. Placement of the
temperature gauges at different depths within the cavern
3 allowed for the capability to detect localized leaks, in-
cluding those from the well casing 502. The output signal
507 from the temperature gauge 501 and others (not
shown) were coupled to an active control system 508
configured to close the cavern’s emergency shutdown
valves located within cavern wellhead assembly 202
(Figure 2), if necessary, as a result of leakage detection.
Accompanying high temperature alarms were pro-
grammed into the control system 508. Similarly, alarms
for low and high pressure limits were programmed into
control system 508. The temperature gauges utilized in
the test provided accuracy within plus/minus. 0.18 °C (.1
°F), and the pressure gauge utilized in the test provided
accuracy to within plus/minus .05%.

[0037] The pressure and temperature readings were
compiled for 72 continuous hours. The downhole pres-
sure and temperature readings obtained at a depth of
50% of the cavern depth, d, were employed to calculate
the volume of stored hydrogen 504 within the salt cavern
500 at the start of the test and at the conclusion of the
test. Any measurementerror, as indicated by the inherent
accuracy and precision of the temperature pressure
gauges and instrumentation, were factored into the gas
volume computation. The results indicated that the vol-
ume of stored hydrogen 504 at the start of the test was
equal to the total volume of stored hydrogen 504 at the
end of the test. Further, the temperature profile gradient
shown in Figure 5 was linear and did not exhibit any dis-
cernible temperature excursions. The results supported
the conclusion that the permeation barrier 506 was
formed and maintained during the 72 hours test window.
[0038] The ability of the present invention to store ult-
rahigh purity hydrogen without volume losses of the
stored productis animprovement over conventional stor-
age methods. Furthermore, the permeation barrier re-
duces seepage and leakage of the hydrocarbon contam-
inants from the salt walls 203 into the stored hydrogen
volume, potentially reducing the costs associated with
implementing suitable purification equipment for the sub-
sequent withdrawal of the stored hydrogen 4. For exam-
ple, the required sizing of adsorption beds in the present
invention would be potentially smaller than of conven-
tional storage caverns, as less contaminants would be
required to be removed upon withdrawal of the stored
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hydrogen 4 from salt cavern 3 to achieve a product purity
specification. In conventional storage caverns, the inher-
ent porosity of the salt walls 203 may contribute to intro-
duction of a larger amount of contaminants from the salt
walls 203 into the interior of the cavern 3, thereby requir-
ing larger purification units (e.g., adsorption units). Ac-
cordingly, the present invention offers a unique process
benefit with respect to the amount of purification required
when the stored hydrogen gas 4 is withdrawn from the
cavern 3. Such a process benefit translates into a more
cost effective hydrogen storage processing facility rela-
tive to conventional salt cavern hydrogen storage facili-
ties.

[0039] While it has been shown and described what is
considered to be certain embodiments of the invention,
it will, of course, be understood that various modifications
and changes in form or detail can readily be made without
departing from the spirit and scope of the invention. Itis,
therefore, intended that this invention not be limited to
the exact form and detail herein shown and described,
nor to anything less than the whole of the invention herein
disclosed and hereinafter claimed.

Claims

1. A method for storing hydrogen product (4) in a salt
cavern (3), comprising:

removing hydrogen product from a hydrogen
pipeline (2);

compressing the hydrogen product to produce
a compressed hydrogen product (16);
introducing the compressed product of hydro-
gen into the salt cavern to produce stored hy-
drogen within the salt cavern; characterized in
that, it comprises the steps of:

maintaining the stored hydrogen at a pres-
sure (P) between alower limit and an upper
limit within the cavern,

wherein the lower limit is at a pressure
greater than about 0.0014 bar per linear
0.305 meter (0.2 psi per linear foot) of depth
within the cavern, and

wherein the upper limit is at a pressure less
than about 0.0069 bar per linear 0.305 me-
ter (1 psi per linear foot) of depth within the
cavern,

wherein by storing the hydrogen between
the lower limit and the upper limit the salt
cavern forms a substantially impermeable
barrier to the stored hydrogen,

and wherein the compressed hydrogen
productintroduced into the salt cavern com-
prise a purity of at least 95% or greater.

2. The method of claim 1 comprising :
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monitoring the pressure of the stored hydrogen;
and further preferably comprising:

adjusting the pressure of the stored hydro-
gen to be maintained between the lower lim-
it and the upper limit.

The method of claim 1, wherein the compressed hy-
drogen product introduced into the salt cavern com-
prise a purity in the range of 95% to 99.999%.

The method of claim 1, wherein the compressed hy-
drogen product introduced into the salt cavern com-
prise a purity of 99.99%.

The method of claim 1, wherein the pressure of the
stored hydrogen is maintained at a pressure at least
about 0.0027 bar per linear 0.305 meter (0.4 psi per
linear foot) of depth within the cavern.

The method of claim 1, wherein the pressure of the
stored hydrogen is maintained at a pressure no
greater than about 0.0055 bar per linear 0.305 meter
(0.85 psi per linear foot) of depth within the cavern.

The method of claim 2, further comprising
monitoring the pressure of the stored hydrogen to
determine if the pressure falls below the lower limit;
and introducing additional hydrogen product and/or
brine into the salt cavern to produce additional stored
hydrogen and/or brine to increase the pressure of
the stored hydrogen to at least the lower limit.

The method of claim 2, further comprising
monitoring the pressure of the stored hydrogen to
determine if the pressure exceeds the upper limit;
and

withdrawing a portion of the hydrogen product from
the salt cavern to the hydrogen pipeline to lower the
pressure of the stored hydrogen to at least the upper
limit.

The method of claim 1, further comprising withdraw-
ing the stored hydrogen in an amount substantially
equal to the amount of hydrogen product introduced
into the salt cavern.

A method for forming and maintaining a permeation
barrier (206) of a salt cavern (3), comprising:

compressing a fluid to produce a compressed
fluid;

introducing the compressed fluid into a salt cav-
ern to produce stored fluid within the salt cavern;
characterized in that the method comprises
the steps of:

forming a permeation barrier at least along
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a portion of walls (203) of the salt cavern,
wherein the porosity of the walls of the salt
cavern is partially reduced to a size sub-
stantially small so as to prevent substantial-
ly all of the stored fluid from passing there-
through; and

regulating the pressure of the salt cavern
above a lower limit and below an upper limit
to maintain the permeation barrier;
wherein the fluid is hydrogen having a purity
of at least 95% or greater.

11. The method of claim 10, further comprising:

monitoring the temperature in the cavern; and
regulating the temperature in the cavern above
a predetermined temperature by reducing an
operating rate of an aftercooler situated down-
stream of the compressor,, wherein the temper-
ature in the cavern preferably is greater than
about 37,8 °C. (100°F)

12. The method of claim 11, further comprising:

withdrawing substantially all of the stored fluid
from the cavern to deplete the cavern; and
introducing a sufficient amount of brine into the
cavern to create a cavern pressure thatis above
the lower limit and below the upper limit thereby
maintaining the permeation barrier.

13. The method of claim 11 wherein the fluid is hydrogen

and the method further comprises:

preventing trapped hydrocarbons or other con-
taminants in the salt walls from being introduced
and contaminating the stored hydrogen product.

14. A system for storing a hydrogen product within a salt

cavern (3), comprising:

a compressor (7) configured to pressurize the
hydrogen product (4) within the salt cavern to
form stored hydrogen wherein the compressed
hydrogen productintroduced into the salt cavern
comprise a purity of at least 95% or greater;

a flow network (5) positioned between the com-
pressor and the salt cavern, characterized in
that:

the flow network comprises a first leg (A) and a
second leg (B);

the first leg in flow communication with the salt
cavern to introduce product hydrogen into the
salt caverntoform stored hydrogen thatis stored
at a pressure above a lower limit and below an
upper limit; and

the second leg in flow communication with a hy-
drogen pipeline (2) and the first leg to discharge
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the stored hydrogen formed from the salt cavern.

The system of claim 14, further comprising that

by means of the storage at a pressure above a lower
limit and below an upper limit, a permeation barrier
(206) is formed and that the permeation barrier is
maintained.

The system of claim 14, further comprising

a temperature detection means (501) for monitoring
a temperature of the cavern, and / or

a pressure detection means for monitoring the pres-
sure of the cavern, and / or

a leak detection system for monitoring the integrity
of the salt cavern.

The system of claim 15, wherein the salt cavern is
maintained with the permeation barrier when all of
the stored hydrogen is removed.

The system of anyone of claims 15 to 18, further
comprising a third leg (C) in flow communication with
the salt cavern to introduce a fluid into the cavern to
maintain a permeation barrier.

The system of claim 20, wherein the third leg is in
flow communication with a brine pond reservoir (301)
configured for providing a sufficient amount of brine
(315) into the cavern when the cavern approaches
a depleted state so as to increase the cavern pres-
sure to at least the lower limit but below the upper
limit, thereby maintaining the permeation barrier of
the salt cavern.

Patentanspriiche

1.

Verfahren zum Speichern eines Wasserstoffpro-
dukts (4) in einer Salzkaverne (3), wobei im Zuge
des Verfahrens:

Wasserstoffprodukt von einer Wasserstoffrohr-
leitung (2) abgefiihrt wird;

das Wasserstoffprodukt zur Erzeugung eines
komprimierten Wasserstoffprodukts (16) kom-
primiert wird;

das komprimierte Wasserstoffprodukt in die
Salzkaverne eingeleitet wird, um gespeicherten
Wasserstoff innerhalb der Salzkaverne zu er-
zeugen; dadurch gekennzeichnet, dass die
folgenden Schritte vorgesehen sind:

der gespeicherte Wasserstoff wird bei ei-
nem Druck (P) zwischen einem unteren
Grenzwert und einem oberen Grenzwert in-
nerhalb der Kaverne gehalten,

wobei der untere Grenzwert bei einem
Druck von mehr als etwa 0,0014 bar pro
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0,305 Linearmeter (0,2 psi pro LinearfuB)
an Tiefe innerhalb der Kaverne liegt, und
wobeider obere Grenzwert bei einem Druck
von weniger als etwa 0,0069 bar pro 0,305
Linearmeter (1 psi pro LinearfuRR) an Tiefe
innerhalb der Kaverne liegt,

wobei durch die Speicherung des Wasser-
stoffs zwischen dem unteren Grenzwert
und dem oberen Grenzwert die Salzkaver-
ne eine im Wesentlichen undurchlassige
Barriere fir den gespeicherten Wasserstoff
ausbildet, und wobeidas in die Salzkaverne
eingeleitete komprimierte Wasserstoffpro-
dukt eine Reinheit von mindestens 95%
oder mehr aufweist.

2. Verfahren nach Anspruch 1, wobei:

der Druck des gespeicherten Wasserstoffs
Uberwacht wird;

und ferner vorzugsweise der Druck des gespei-
cherten Wasserstoffs eingestellt wird, damit er
zwischen dem unteren Grenzwertund dem obe-
ren Grenzwert liegt.

Verfahren nach Anspruch 1, wobei das in die Salz-
kaverne eingeleitete komprimierte Wasserstoffpro-
dukt eine Reinheit in dem Bereich von 95 % bis
99,999 % aufweist.

Verfahren nach Anspruch 1, wobei das in die Salz-
kaverne eingeleitete komprimierte Wasserstoffpro-
dukt eine Reinheit von 99,99 % aufweist.

Verfahren nach Anspruch 1, wobei der Druck des
gespeicherten Wasserstoffs auf einem Druckpegel
von mindestens etwa 0,0027 bar pro 0,305 Linear-
meter (0,4 psi pro Linearfu) an Tiefe innerhalb der
Kaverne gehalten wird.

Verfahren nach Anspruch 1, wobei der Druck des
gespeicherten Wasserstoffs auf einem Druckpegel
von nicht mehr als etwa 0,0055 bar pro 0,305 Line-
armeter (0,85 psi pro Linearfull) an Tiefe innerhalb
der Kaverne gehalten wird.

Verfahren nach Anspruch 2, wobei ferner:

der Druck des gespeicherten Wasserstoffs
Uberwachtwird, um zu bestimmen, ob der Druck
unter den unteren Grenzwert abfallt; und zusatz-
liches Wasserstoffprodukt und/oder Sole in die
Salzkaverne enigeleitet wird, um zusatzlichen
gespeicherten Wasserstoff und/oder Sole zu er-
zeugen, damit der Druck des gespeicherten
Wasserstoffs auf mindestens den unteren
Grenzwert erhoht wird.
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8. Verfahren nach Anspruch 2, wobei ferner:

der Druck des gespeicherten Wasserstoffs
Uberwacht wird, um zu bestimmen, ob der Druck
den oberen Grenzwert Uberschreitet; und

ein Teil des Wasserstoffprodukts von der Salz-
kaverne zu der Wasserstoffrohrleitung abgezo-
genwird, umden Druck des gespeicherten Was-
serstoffs auf mindestens den oberen Grenzwert

id von der Kaverne abgezogen wird, um die Ka-
verne zu entleeren; und

eine ausreichende Menge an Sole in die Kaver-
ne eingeleitet wird, um einen Kavernendruck zu

abzusenken.

5 erzeugen, der Uber dem unteren Grenzwert und
unter dem oberen Grenzwert liegt, wodurch die
Permeationsbarriere aufrechterhalten wird.

13. Verfahren nach Anspruch 11, wobei das Fluid Was-

10 serstoff ist und ferner:

9. Verfahren nach Anspruch 1, wobei ferner gespei-
cherter Wasserstoffs in einer Menge abgezogen
wird, die im Wesentlichen der Menge an in die Salz-
kaverne eingeleiteten Menge an Wasserstoffpro- 15

dukt entspricht.

10. Verfahren zur Ausbildung und Aufrechterhaltung ei-

verhindert wird, dass eingefangene Kohlenwas-
serstoffe oder andere Schmutzstoffe in die
Salzwande eingeleitet werden und das gespei-
cherte Wasserstoffprodukt verunreinigen.

14. System zum Speichern eines Wasserstoffprodukts

ner Permeationsbarriere (206) einer Salzkaverne

(3), wobei:

20

innerhalb einer Salzkaverne (3), wobei:

ein Verdichter (7) dazu ausgelegt ist, das Was-

ein Fluid zur Erzeugung eines komprimierten
Fluids komprimiert wird;

das komprimierte Fluid in eine Salzkaverne ein-
geleitet wird, um gespeichertes Fluid innerhalb
der Salzkaverne zu erzeugen; dadurch ge-
kennzeichnet, dass das Verfahren die folgen-
den Schritte aufweist:

Ausbilden einer Permeationsbarriere min-
destens entlang eines Bereiches von Wan-
den (203) der Salzkaverne, wobei die Po-
rositdt der Wande der Salzkaverne teilwei-
se auf eine GroRe reduziert wird, die im We-
sentlichen so klein ausfallt, damit verhindert
wird, dass das gesamte gespeicherte Fluid
hindurchlauft; und

der Druck der Salzkaverne (iber einen un-
teren Grenzwert und unter einen oberen
Grenzwert geregelt wird, um die Permeati-
onsbarriere aufrechtzuerhalten;

wobei das Fluid Wasserstoff mit einer Rein-
heit von mindestens 95% oder héher ist.

11. Verfahren nach Anspruch 10, wobei ferner:

die Temperatur in der Kaverne tGberwacht wird;
und

die Temperaturin der Kaverne (ber eine vorbe-
stimmte Temperatur geregelt wird, indem eine
Betriebsrate eines stromab von dem Verdichter
angeordneten Nachkiihlers reduziert wird, wo-
bei die Temperatur in der Kaverne vorzugswei-
se mehr als etwa 37,8° C (100° F) betragt.

12. Verfahren nach Anspruch 11, wobei ferner:

im Wesentlichen das gesamte gespeicherte Flu-
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serstoffprodukt (4) innerhalb der Salzkaverne zu
komprimieren, um gespeicherten Wasserstoff
auszubilden, wobei das in die Salzkaverne ein-
geleitete komprimierte Wasserstoffprodukt eine
Reinheit von mindestens 95% oder mehr auf-
weist.

ein Strémungsnetz (5) zwischen dem Verdichter
und der Salzkaverne angeordnet ist, dadurch
gekennzeichnet, dass:

das Strémungsnetz einen ersten Schenkel
(A) und einen zweiten Schenkel (B) auf-
weist;

der erste Schenkel in Durchflussverbin-
dung mit der Salzkaverne steht, um Pro-
duktwasserstoff in die Salzkaverne einzu-
leiten, damit gespeicherter Wasserstoff
ausgebildet wird, der bei einem Druck ge-
speichert wird, welcher Gber einem unteren
Grenzwert und unter einem oberen Grenz-
wert liegt; und der zweite Schenkel in
Durchflussverbindung mit einer Wasser-
stoffrohrleitung (2) und dem ersten Schen-
kel steht, um den von der Salzkaverne aus-
gebildeten gespeicherten Wasserstoffs ab-
zufihren.

15. System nach Anspruch 14, bei welchem ferner:
mittels der Speicherung bei einem Druck Uber
einem unteren Grenzwert und unter einem obe-
ren Grenzwert eine Permeationsbarriere (206)
ausgebildet und diese aufrechterhalten wird.

16. System nach Anspruch 14, bei welchem ferner:

eine Temperaturerfassungsanordnung (501)
zur Uberwachung einer Temperatur der Kaver-
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ne, und/oder

eine Druckerfassungsanordnung zur Uberwa-
chung des Drucks der Kaverne, und/oder

ein Leckerkennungssystem zur Uberwachung
der Integritat der Salzkaverne vorgesehen ist.

System nach Anspruch 15, bei welchem die Salzka-
verne mit der Permeationsbarriere aufrechterhalten
wird, wenn der gesamte gespeicherte Wasserstoff
abgefihrt wird.

System nach einem der Anspriiche 15 bis 17, bei
welchem ferner ein dritter Schenkel (C) in Durch-
flussverbindung mit der Salzkaverne steht, um ein
Fluid in die Kaverne einzuleiten, damit eine Perme-
ationsbarriere aufrechterhalten wird.

System nach Anspruch 18, wobei der dritte Schenkel
in Durchflussverbindung mit einem Solebeckenre-
servoir (301) steht, das dazu ausgelegt ist, eine aus-
reichende Menge an Sole (315) in die Kaverne ein-
zuleiten, wenn sich diese einem abgereicherfen Zu-
stand annahert, um den Kavernendruck auf mindes-
tens den unteren Grenzwert, jedoch weniger als den
oberen Grenzwert zu erhéhen, wodurch die Perme-
ationsbarriere der Salzkaverne aufrechterhalten
wird.

Revendications

1.

Procédé pour stocker un produit consistant en hy-
drogene (4) dans une caverne de sel (3),
comprenant :

I'évacuation d’un produit consistant en hydroge-
ne d’'une canalisation d’hydrogene (2) ;

la compression du produit consistant en hydro-
gene pour former un produit consistant en hy-
drogene comprimé (16) ;

l'introduction du produit consistant en hydroge-
ne comprimé dans la caverne de sel pour pro-
duire de I'hydrogene stocké dans la caverne de
sel ; caractérisé en qu’il comprend les étapes
de:

maintien de I'hydrogéne stocké a une pres-
sion (P) entre une limite inférieure et une
limite supérieure dans la caverne,

la limite inférieure correspondant a une
pression supérieure a environ 0,0014 bar
pour 0,305 meétre linéaire (0,2 psi par pied
linaire) de profondeur dans la caverne, et
la limite supérieure correspondant a une
pression inférieure a environ 0,0069 bar
pour 0,305 metre linéaire (1 psi par pied
linaire) de profondeur dans la caverne,
par stockage de I'hydrogéne entre la limite
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inférieure et la limite supérieure, la caverne
de sel formant une barriére substantielle-
mentimperméable a 'hydrogéne stocke, et
le produit consistant en hydrogene compri-
mé introduit dans la caverne de sel ayant
une pureté au moins égale ou supérieure a
95 %.

2. Procédé suivant la revendication 1, comprenant :

le contr6le de la pression de I'hydrogene
stocké ; et comprenant en outre de préférence :

I'ajustement de La pression de I'hydrogéne
stocké de telle sorte qu’elle soit maintenue
entre la limite inférieure et la limite supé-
rieure.

Procédé suivant la revendication 1, dans lequel le
produit consistant en hydrogene comprimé introduit
dans la caverne de sel a une pureté dans I'intervalle
de 95 % a 99, 999 %.

Procédé suivant la revendication 1, dans lequel le
produit consistant en hydrogene comprimé introduit
dans la caverne de sel a une pureté de 99,99 %.

Procédé suivant la revendication 1, dans lequel la
pression de I'hydrogéne stocké est maintenue a une
pression d’au moins environ 0,0027 bar pour 0,305
meétre linéaire (0,4 psi par pied linaire) de profondeur
dans la caverne.

Procédé suivant la revendication 1, dans lequel la
pression de I'hydrogéne stocké est maintenue a une
pression non supérieure a environ 0,0055 bar pour
0,305 metre linéaire (0,85 psi par pied linaire) de
profondeur dans la caverne.

Procédé suivant la revendication 2, comprenant en
outre :

le contrble de la pression de I’hydrogéne stocké
pour déterminer si la pression chute au-dessous
de la limite inférieure ; et

I'introduction d’'une quantité supplémentaire de
produit consistant en hydrogéne et/ou de sau-
mure dans la caverne de sel pour produire une
quantité supplémentaire d’hydrogéne stocké
et/ou de saumure afin d’élever la pression de
I’'hydrogéne stocké au moins jusqu’a la limite in-
férieure.

Procédé suivant la revendication 2, comprenant en
outre :

le contrble de la pression de I’hydrogéne stocké
pour déterminer si la pression excede la limite
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supérieure ; et

le déchargement d’'une portion du produit con-
sistant en hydrogéne de la caverne de sel dans
la canalisation d’hydrogéne pour abaisser la
pression de I'hydrogéne stocké au moins a la
limite supérieure.

de caverne qui est supérieure a la limite infé-
rieure et inférieure a la limite supérieure, ce qui
maintient la barriere a la perméation.

($]

13. Procédé suivant la revendication 11, dans lequel le
fluide est 'hydrogéne et le procédé comprend en
outre :

9. Procédé suivant la revendication 1, comprenant en
outre le déchargement de I'hydrogéne stocké en une
quantité substantiellement égale ala quantité depro- 70
duit consistant en hydrogéne introduite dans la ca-
verne de sel.

la prévention de l'introduction des hydrocarbu-
res piégés ou d’autres contaminants dans les
parois de sel et de la contamination par ceux-ci
du produit consistant en hydrogéne stocke.

10. Procédé pour former et maintenir une barriére a la
perméation (206) d'une caverne de sel (3), 75
comprenant :

14. Systéme pour stocker un produit consistant en hy-
drogene dans une caverne de sel (3), comprenant :

la compression d’un fluide pour produire un flui-
de comprimé ;

un compresseur (7) configuré pour mettre sous
pression le produit consistant en hydrogene (4)
dans la caverne de sel pour former de I'hydro-

lintroduction du fluide comprimé dans une ca- 20 gene stocké, le produit consistant en hydrogéne
verne de sel pour produire un fluide stocké dans comprimé introduit dans la caverne de sel ayant
la caverne de sel ; ledit procédé étant caracté- une pureté au moins égale ou supérieure a 95
risé en ce qu’il comprend les étapes de : % ;
formation d’'une barriére a la perméation au un réseau d’écoulement (5) positionné entre le
moins le long d’une partie des parois (203) de 25 compresseur et la caverne de sel, caractérisé
la caverne de sel, la porosité des parois de la enqui:
caverne de sel étant réduite partiellement a une
dimension substantiellement inférieure de ma- le réseau d’écoulement comprend une pre-
niere a empécher pratiquement la totalité du flui- miére branche (A) etune deuxiéme branche
de stocké de passer a travers ; et 30 (B)
régulation de la pression dans la caverne de sel la premiére branche étant en communica-
au-dela d’une limite inférieure et en-dega d’'une tion par écoulement avec la caverne de sel
limite supérieure pour maintenir la barriére a le pou introduire le produit consistant en hy-
perméation ; drogene dans la caverne de sel afin de for-
dans lequel le fluide est de préférence de 'hy- 35 mer de I'hydrogéne stocké qui est stocké a
drogene ayant une pureté au moins égale ou une pression supérieure a une limite infé-
supérieure a 95 %. rieure et inférieure a une limite supérieure ;
et
11. Procédé suivantlarevendication 10, comprenant en la deuxiéme branche étant en communica-
outre : 40 tion par écoulement avec une canalisation
d’hydrogene (2) etla premiére branche pour
le contréle de latempérature danslacaverne ; et décharger I'hydrogéne stocké formé de la
la régulation de la température dans la caverne caverne de sel.
au-dela d’une température prédéterminée en ré-
duisantla vitesse de fonctionnementd’'unrefroi- 45 15. Systéme suivantlarevendication 14, comprenanten
disseur complémentaire situé en aval du com- outre :
presseur, la température de la caverne étant de
préférence supérieure a environ 37,8°C au moyen du stockage a une pression supérieu-
(100°F). re a une limite inférieure etinférieure a une limite
50 supérieure, la formation d’une barriére a la per-
12. Procédée suivantlarevendication 11, comprenant en méation (206) et le maintien de la barriere a la
outre : perméation.
le déchargement de pratiquement la totalité du 16. Systéme suivantlarevendication 14, comprenanten
fluide stocké de la caverne pour épuiser la 55 outre :

caverne ; et
lintroduction dans la caverne d’une quantité de
saumure suffisante pour produire une pression

13

un moyen de détection de température (501)
pour contrbler la température de la caverne,



17.

18.

19.
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et/ou

un moyen de détection de pression pour contro-
ler la pression de la caverne, et/ou

un systéme de détection de fuites pour contréler
l'intégrité de la caverne de sel.

Systeme suivant la revendication 15, dans lequel la
caverne de sel est maintenue avec la barriére a la
permeation lorsque la totalité de 'hydrogéne stocké
a été évacue.

Systéme suivant 'une quelconque des revendica-
tions 15 a 18, comprenant en outre une troisieme
branche (C) en communication par écoulementavec
la caverne de sel pou introduire un fluide dans la
caverne afin de maintenir une barriére a la perméa-
tion.

Systeme suivant la revendication 20, dans lequel la
troisieme branche est en communication par écou-
lement avec un réservoir a cuve de saumure (301)
configuré pourfournir une quantité suffisante de sau-
mure (315) dans la caverne lorsque la caverne avoi-
sine un état épuisé de maniére a élever la pression
de la caverne au moins a la limite inférieure mais en-
deca de la limite supérieure, ce qui maintient la bar-
riere a la perméation de la caverne de sel.
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