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(57) Abrege/Abstract:
A method and system for storing and supplying hydrogen to a hydrogen pipeline in which a compressed hydrogen feed stream Is
Introduced Into a salt cavern for storage and a stored hydrogen stream Is retrieved from the salt cavern and reintroduced into the
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(57) Abrege(suite)/Abstract(continued):
hydrogen pipeline. A minimum quantity of stored hydrogen Is maintained In the salt cavern to produce a stagnant layer having a

carbon dioxide content along the cavern wall and the top of a residual brine layer located within the salt cavern. The compressed
hydrogen feed stream Is Introduced Iinto the salt cavern and the stored hydrogen stream Is withdrawn without disturbing the
stagnant layer to prevent carbon dioxide contamination from being drawn Into the stored hydrogen stream being reintroduced into

the hydrogen pipeline.
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(57) Abstract: A method and system for storing and sup-
plying hydrogen to a hydrogen pipeline in which a com-
pressed hydrogen feed stream is introduced into a salt cav-
ern for storage and a stored hydrogen stream is retrieved
from the salt cavern and remntroduced into the hydrogen
pipeline. A minimum quantity of stored hydrogen is main-
tained m the salt cavern to produce a stagnant layer having
a carbon dioxide content along the cavern wall and the top
of a residual brine layer located within the salt cavern. The
compressed hydrogen feed stream 1s introduced mto the
salt cavern and the stored hydrogen stream 1s withdrawn
without disturbing the stagnant layer to prevent carbon
dioxide contamination from being drawn into the stored
hydrogen stream being reintroduced into the hydrogen
pipeline.
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HYDROGEN STORAG!

]
<

ETHOD AND SYST.

[
<

Field of the Invention:

[0001] The present i1nvention relates to a hydrogen
storage method and system 1n which hydrogen 1s stored
1n a salt cavern and 1ntroduced from the salt cavern
1nto a hydrogen pipeline without removal of carbon

dioxide.

Background of the Invention:

[0002] Hydrogen 1s utilized 1in a variety of

industrial processes and 1s typically produced from the
steam methane reforming of hydrocarbons that are
contailned 1n natural gas. The hydrogen after
production can be used on site where the steam methane
reformer 1s located or can be distributed to customers
wlth the use of a pipeline.

[0003] Customer demand will typically vary and it

has been found to be advantageous to store the hydrogen
when customer demand 1s low for later use during peak
demand periods. One central advantage 1n storing the

hvdrogen 1s that the hydrogen production facility does

not have to be sized to meet peak customer demands and
thus, can be a smaller, lower cost i1nstallation.
Additionally, the storage of hydrogen also allows for
further profitability 1n that spot sales of hydrogen

can be made to customers, above that reguired to meet
contractual customer demands. Since the storage
requlirements related to pilpeline distribution systems

can be at a level of over a billion standard cubic feet

of hvyvdrogen, large underground geoclogical formations

known as salt caverns are used for such purposes.
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[0004] Salt caverns are formed by solutlon mining

within large underground formations of salt that can be

several hundred to several thousands of feet deep that

are generally covered by a cap rock. In order to form

the salt cavern, a well 1s drilled from the surface

down to and through the salt formation. The well hole

1s supported by pilpe casings which are surrounded by

concrete and a smaller pipe, known as a brine string,

1s 1nserted into the casing to i1ntroduce water down

1nto the hole. The water dissolves the salt to form

the cavern and the resulting brine 1s pumped to the

surface between the annular space formed between the
casing and the smaller pipe. Additionally, brine 1is
removed from the cavern by injecting hydrogen to
pressurize the cavern and force the brine out through
the brine string. When complete, the salt cavern has a
roof region at the top of the salt cavern and beneath
the cap rock, side regions connecting the roof regions
with the bottom of the salt cavern and a residual brine
layer or brine sump remaining at the bottom of the salt
cavern.

[0005] The hvdrogen to be stored can be produced at
the si1te of the salt cavern or can be removed from the
pipeline 1tself. The hydrogen 1s compressed by a

compressor and the resulting compressed hydrogen feed

stream 1s 1ntroduced into the salt cavern through the

casing. When the hydrogen reguired to meet customer

demand 1s greater than that able to be produced by the

hyvdrogen production facility, the hyvdrogen 1s taken

from the salt cavern as a stored hydrogen stream

through the casings and 1njected back into the pipeline.
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[0006] Carbon dioxide as well as other 1mpurities
can be introduced 1nto the stored hydrogen stream from
the salt cavern 1tself. The carbon dioxide impurity,

as well as moisture, for the most part, evolves from

the residual brine layer. Since the pipeline 1tself

wilill have a specification for the amount of carbon

dioxide and also, possibly moisture, that can be
contained in the hydrogen that 1s reintroduced into the
plpeline, the carbon dioxilide 1mpurity that 1s
introduced into the stored hydrogen stream 1s removed
by an adsorption unit that contains an adsorbent to
adsorb the carbon dioxide and also possibly the

molsture. For example, in US 7,078,011, a purification

system 1s used 1n connection with the salt cavern to
reduce levels of carbon dioxide and moisture to

sufficiently low levels that are necessary to meet the

plpeline specification. It has been found that the use

of carbon dioxide purification system adds a level of

complexity and expense to the operation of an
1installation that involves the storage of hydrogen

wlithin a salt cavern.

[0007] As will be discussed, 1t has been found that

although unacceptably high levels of carbon dioxide can
1nitially be 1mparted from the salt cavern to the

stored hydrogen stream to be 1njected back into the

pipeline, when the salt cavern 1s operated 1n a manner

as described 1in the present i1invention, carbon dioxide

removal will not be necessary.

Ssummary of the Invention

[0008] The present invention provides, 1n one aspect,

a method of storing and supplying hydrogen to a
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hydrogen pipeline. In accordance with the method, a
feed stream of the hydrogen 1s compressed to produce a
compressed hydrogen feed stream. The compressed

hydrogen feed stream 1s 1njected into a salt cavern,

through at least one condult, to produce stored

hydrogen within the salt cavern and a stored hydrogen

stream, composed of the stored hydrogen, 1s withdrawn

from the salt cavern through the at least one conduit.

The salt cavern has a residual brine laver located at a

bottom region of the salt cavern and side regions

extending upwardly from the bottom region of the salt

cavern and the at least one conduilt has at least one
lower end located 1n an interior region of the salt
cavern and spaced above the brine laver and from the
side regions of the salt cavern. The stored hydrogen
stream 1s 1ntroduced 1into the hvyvdrogen pipeline, after
having been withdrawn from the salt cavern.

[0009] The compressed hydrogen feed stream 1s
1njected 1into the salt cavern and the stored hydrogen
stream 18 withdrawn from the salt cavern through at
least one conduit having at least one lower end located
1n an 1nterior region of the salt cavern and spaced
above the brine laver and from the side regions of the
salt cavern. At least a minimum guantity of the stored
hydrogen 1s maintained within the salt cavern before,
during, and between times at which the compressed
hydrogen feed stream 1s 1njected and at which the

stored hydrogen stream 1s withdrawn such that a

stagnant lavyer of hvydrogen 1s maintained that borders

the Interior region and has at least a bottom portion

overlying the residual brine lavyer and a lateral

portion situated along the side regions of the salt
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cavern. The stagnant lavyer has a carbon dioxide

content that 1s a potential source of carbon dioxide
contamination to the stored hydrogen stream. The flow

rates and the velocities at which the compressed

hydrogen feed stream 1s 1njected into the salt cavern
and the stored hvydrogen stream 1s withdrawn the salt
cavern are limlted such that the stagnant laver 1s not
disturbed and the carbon dioxide contamlination of the
stored hydrogen stream from the stagnant laver 1s
inhibited.

[0010] As a result, for the most part, any carbon
dioxide contained i1in the stored hydrogen stream 1s a
result of the carbon dioxide contalined 1in the salt
cavern. However, any such carbon dioxide contamination

1s at an extremely low level giliven that 1t will arise

from molecular diffusion of the hydrogen from the

stagnant laver to the interior region and such
transport of hydrogen 1s an extremely slow process. AS
such, carbon dioxide removal 1s not necessary.

[0011] The at least one lower end of the at least
one conduilt can be spaced below a top region of the
salt cavern, located opposite to the bottom region of
the salt cavern. In such case, the stagnant layer also
has a top portion extending along the top region of the

salt cavern and situated copposite to the bottom portion

of the stagnant lavyer. Water can be removed from the
stored hydrogen stream prior to 1njection 1nto the

pipeline. Further, the hydrogen feed stream can be

compressed to a pressure above the pilpeline pressure
within the pipelline and as a result, the stored

hyvdrogen has a cavern pressure that 1s above the

plpelline pressure. The stored hydrogen stream can



CA 02802044 2012-12-07
WO 2011/156081 PCT/US2011/036205

therefore be removed from the salt cavern as a
consequence otf the cavern pressure and the stored
hydrogen stream 1s reduced to the pipeline pressure

orior to 1njecting the stored hydrogen stream into the

plpeline.

[0012] In another aspect of the present invention, a

system 1s provided for storing and supplving hydrogen

to a hydrogen pipeline. A compressor 1s provided for

compressing a feed stream of the hydrogen to produce a

compressed hydrogen feed stream. A salt cavern 1s

1ncorporated i1nto the system and has a residual brine

layver located at a bottom region of the salt cavern and
side regilons extending upwardly from the bottom region
of the salt cavern. At least one conduilt 1s 1n
communication with the salt cavern for injecting the
compressed hydrogen feed stream i1nto a salt cavern to
produce stored hydrogen within the salt cavern and for
wlithdrawing a stored hydrogen stream composed of stored
hyvdrogen from the salt cavern. The at least one
conduit has at least one lower end located 1in an
interior region of the salt cavern and spaced above the
brine layer and from the side regions of the salt
cavern. A flow network 1s configured to selectively
connect the compressor to the at least one conduit such

that the compressed hydrogen feed stream 1s 1njected

1nto the salt cavern to produce the stored hydrogen

wlithin the salt cavern and to selectively connect the
at least one conduit to the hvydrogen pipeline such that
the stored hydrogen stream 1s 1njected 1nto the
pipeline.

[0013] The salt cavern has at least a minimum

quantity of the stored hydrogen within the salt cavern
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before, during, and between times at which the
compressed hydrogen feed stream 1s 1njected and at
which the stored hydrogen stream 1s withdrawn such that

a stagnant laver of hydrogen 1s mailntained that has at

least a bottom portion overlying the residual brine

laver and a lateral portion situated along side regions

of the salt cavern. The stagnant layer has a carbon

dioxide content that 1s a potential source of carbon

dioxide contamination to the stored hydrogen stream. A

means 158 provided for limiting the flow rates and the

veloclties at which the compressed hydrogen feed stream

1s 1njected i1into the salt cavern and the stored
hydrogen stream 1s withdrawn from the salt cavern such
that the stagnant laver 1s not disturbed and the carbon
dioxide contamination of the stored hydrogen stream

from the stagnant lavyer 1s 1nhibited.

[0014] The at least one lower end of the at least

one condult can be spaced below a top region of the
salt cavern, located opposite to the bottom region of
the salt cavern. In such case, the stagnant lavyer also
has a top portion extending along the top region of the
salt cavern and situated opposite to the bottom portion
of the stagnant lavyver. The flow network can be
provided with a drying unit positioned within the flow

network to remove water from the stored hydrogen stream

prior to 1njection i1nto the pipeline. The compressor

compresses the hydrogen feed stream such that the

compressed hydrogen feed stream 1s 1injected into the

salt cavern at a cavern pressure that 1s above the

pipelline pressure. The flow network 1s configured to

reduce the pressure o0of the stored hvyvdrogen stream tO
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the plpeline pressure pricr to 1njecting the stored

hydrogen stream 1nto the pipeline.
[0015] In either aspect of the present invention,

the at least one condult can have an 1njection conduit

and a withdrawal conduit. The compressed hydrogen feed
stream 1s 1njected 1nto the salt cavern through the

1njection conduit and the stored hydrogen stream 1S

withdrawn from the salt cavern through the withdrawa.
conduit. The at least one conduit can also comprise an

injection condult having a flow diffuser from which at

least the compressed hydrogen feed stream 1s 1njected
1nto the salt cavern.

[0016] Furthermore, 1n either aspect of the present
1invention, the minimum volume of the hydrogen stored
within the salt cavern can be malintained at a volume
ratio equal to a stored volume of the hydrogen to the
actual cavern volume of no less than 29.0 scf/cf. It
15 to be noted here that, as used herein and 1n the
claims, the unit “scf/cf” means standard cubic feet of
the stored hydrogen per actual cubic feet of the cavern
volume able to contain the stored hvdrogen. The actual
cubic feet of cavern volume able to contain the stored
hyvdrogen 1s computed by subtracting the volume of the
residual brine layer from the total volume of the salt

cavern. In case the at least one lower end of the at

least one conduit 1s open, rather than incorporating a

flow diffuser, the at least one lower end of the at

least one conduit can be spaced from the residual brine

layer at a lower vertical distance of no less than 250

feet and 1s also spaced from the side regions of the

salt cavern at a lateral distance of no less than 40

feet as measured from a vertical line extending between



CA 02802044 2012-12-07
WO 2011/156081 PCT/US2011/036205

10 and 250 feet below the at least one lower end of the

at least one conduit. The flow rates and velocities

are limited such that, as measured at the at least one
lower end of the at least one conduit, the compressed
hydrogen feed stream 1s 1njected at an 1njection ratio
cequal to an 1njection flow rate of the compressed

hvdrogen feed stream to the actual cavern volume of no

greater than 7.5 scfd/cf and at an iInjection velocity

of the compressed hvdrogen feed stream of no greater

than 100 feet per second and the stored hydrogen stream

1s withdrawn at a withdrawal ratio equal to the

withdrawal flow rate of the stored hydrogen stream to
the actual cavern volume of no greater than 10.0
scfd/cf and at a withdrawal velocity of the stored
hydrogen stream of no greater than 150 feet per second.
It 1s to be mentioned that, as used herein and i1n the
claims, the unit “scfd/cf” means the flow rate measured
1n standard cubic feet per day per cubic feet of the
actual cavern volume that 1s able to store the stored
hydrogen.

[0017] Where the at least one lower end of the at
least one conduit 1s spaced below a top region of the
salt cavern, the at least one lower end can be spaced
from the top region of the salt cavern at an upper
vertical distance of no less than 50 feet.

[0018] In the aspect of the present 1nvention
relating to the method, where the hvyvdrogen feed stream
contains less than 1.0 ppmv carbon dioxide and less
than 8 ppmv carbon monoxide, a sum of a carbon dioxide
content and carbon monoxide content 1n the stored

hyvdrogen stream 1s to be less than 10 ppmv. Where

hydrogen feed stream contains less than 0.1 ppmv carbon
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dioxide and less than 0.6 ppmv carbon monoxide, a sum
of a carbon dioxide content and carbon monoxide content
1n the stored hvyvdrogen stream 1s less than 1.0 ppmv.

The unit “ppmv” as used herein and 1n the clalms means

varts per million by volume on a dry basis or 1n other

words without considering the water content.

Brief Description of the Drawings

[0019] While the specification concludes with claims

distinctly polnting out the subject matter that

Applicants regard as their 1nvention, 1t 1s believed

that the 1nvention will be better understood when taken

1n connection with the accompanving drawings 1n which:
[0020] Fig. 1 1s a fragmentary, schematic

11lustration of a system for storing and supplying

hyvdrogen to a hydrogen pipeline that carries out a

method 1n accordance with the present i1nvention;

[0021] Fig. 2 1s a fragmentary, schematic

11llustration of the system of Fig. 1 showing further

details of the salt cavern that 1s used 1n connection
with the system; and
[0022] F'ig. 3 1s a fragmentary, schematic

11lustration of an alternative embodiment of Fig. 1

showlng alternative i1njection and withdrawal conduits.

Detailed Description

[0023] With reference to Figure 1 a system 1 1is

11lustrated for storing and supplying hydrogen to a

hydrogen pipeline 2. Hvydrogen traverses the hydrogen

pilpeline 2 1n a direction taken from point “A” to point

“B”, from a facility used 1n generating the hydrogen to

customers consuming the hydrogen. The hydrogen
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generation facility can employ a steam methane reformer
to reform a hydrocarbon contalning stream i1nto a
hydrogen and carbon monoxide contalning stream. Such

facility typically also uses one or more stages of

water-gas shift to react the carbon monoxide with steam
and generate additional hvyvdrogen and a hydrogen

pressure swing adsorption unit to purify the resulting

shifted stream and thereby generate the hvydrogen

product.

[0024] Briefly, the present invention contemplates
drawing off a hydrogen feed stream from the hydrogen
pipeline 2 during periods of low customer demand and
then compressing the hydrogen within a compression side
Ja of a flow network 3 to produce a compressed hydrogen
feed stream that 1s i1njected 1into salt cavern 4 through
a final well casing 28. The compressed hydrogen feed

stream 1s 1llustrated by arrowhead “C”. During periods

of high demand or when additional hydrogen can be sold,
the hydrogen previously stored i1n the salt cavern 4, as
stored hydrogen, 1s reintroduced 1nto final well casing

28 as a stored hvdrogen stream that 1s 1llustrated by

arrowhead “D”. The stored hydrogen stream, after
prassage through return side 3b of flow network 3 1s
reintroduced i1into hydrogen pipeline 2.

[0025] It has been found by the inventors hereiln

that suitable control of the 1injection, storage and

removal of the hvyvdrogen within the salt cavern 4 by the

flow network 3 allows the hvyvdrogen to be removed from

the salt cavern 4 without having to remove carbon

dioxide. In this regard, 1t has been found that by

malntaining a minimum volume of hydrogen within the

salt cavern 4, a stagnant layer of hydrogen will be
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produced that contains carbon dioxide contamination
that could be introduced into the stored hydrogen
stream to be reintroduced back to the pipeline 2. As
wlll be discussed, the stagnant layer has bottom and
lateral portions 122 and 124 and alsco possibly a top
portion 126 that are all shown in Figure 2, Limiting
flow rates and velocities of both the compressed
hydrogen feed stream and the stored hydrogen stream
will prevent disturbance of such stagnant layer to
thereby inhibit the carbon dioxide contamination from
being drawn into the stored hydrogen stream. This
being said, it ig pos=zible, depending upon the
formation in which the salt cavern is installed, for
there to initially be some carbon dioxide contamination
for a period of time after startup ©f the salt cavern.
In such case, carbon dioxide can be removed for such
period of time. Additionally, even where a salt cavern

13 utilized in accordance with the present invention,

if it were desired to completely remove the c¢arbon
dioxide from the stored hydrogen stream, carbon dioxide

could ceontinually be removed. However, for most

applications, this would not be necessary.

[0026] With specific reference to Figure 1, &
hydrogen feed stream iz withdrawn from the hydrogen
pipeline 2 through a conduit 10 when it is desired to
gtore hydrogen within salt cavern 4. It is understood,
however, that the hydrogen production facility could be
located at the site of the salt cavern 4 and in such
cage, the hydrogen feed stream couid be separately
produced on &ite without withdrawal from the hydrogen
pipeline 2 or by a combination of withdrawal from the

hydrogen pipeline 2 and on-site hydrogen production.

- 12 -
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[0027] Within the compression side 3a of flow

network 3, a valve 12 1s set 1n the open position for

purposes of feeding the hvyvdrogen feed stream from the
hydrogen pipeline 2 to the salt cavern 4. The hydrogen
feed stream 1s then i1ntroduced i1nto a hydrogen
compressor 14. Upstream of the hydrogen compressor 14

1S a pressure transducer 16 connected to a pressure

controller 18 by an electrical connection 17. In

response to the pressure sensed by pressure transducer

16, controller 18 operates a proportional control valve

20 by means of an electrical connection 21. The

pressure controller 18 1s programmed to operate control
valve 20 such that the i1nlet pressure of the hydrogen
feed stream to the compressor 14 1s malntalined at a
target pressure. The target pressure 1s set to ensure
that the 1inlet conditions are consistent with design of

compressor 14.

[0028] Although not 1llustrated, further

1nstrumentation could be provided at the inlet of the
compressor 14 to measure flow, pressure and temperature
of the hvdrogen feed stream. The flow would be

measured by an orifice meter and the measurement 1s

then corrected by the measured pressure and temperature
to determine the flow of the hydrogen feed stream from

the hydrogen pipeline 2 for purposes of monitoring the

quantity of hydrogen removed from the pipeline and for

providing a basis for assessing the i1ntegrity of the
compression system, for instance, detecting leaks.
[0029] The resulting compressed hydrogen feed stream
flows through a control valve 22 and a valve 24 that 1s

set 1n an open position during 1njection of hydrogen

1nto salt cavern 4. The compressed hydrogen feed
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stream then flows through transfer line 26 and i1nto an

annular space 29 within final well casing 28 from which

the compressed hydrogen feed stream enters salt cavern

4. A well head valve 30 connects the final well casing

28 to the transfer line 26. Such valve 1s left 1n a

normally open position.

[0030] As mentioned above, 1n order to allow the
stored hydrogen stream to be i1ntroduced into hydrogen
pipeline 2 without disturbing the stagnant lavyer and

therefore, without removal of carbon dioxide from the

stored hydrogen stream, 1t 1s 1mportant to limit the

flow rate and velocity of the compressed hydrogen feed
stream into the salt cavern 4. The flow rate and
velocity of the compressed hydrogen feed stream can be
limited by selecting a compressor capacility for
compressor 14. The flow rate of the compressed

hyvdrogen stream will be limited by such capacity.

Since, the annular flow area provided 1n final well
casing 28 (between the 1nside of final well casing 28
and a pipe 110 known as a brine string) 1s a known
quantity, the limitation of flow rate produced by the

compressor 14 will result 1in the compressed hydrogen

feed stream never reaching the limiting velocity that
would disturb the stagnant layer. The limiting
velocity 1s calculated by dividing the flow limiting
rate of the compressed hydrogen feed stream produced by
compressor 14 1n actual cubic feet divided by the

annular flow area of the final well casing 28. The

“Yactual cubic feet” of the hydrogen 1s computed at a

pressure that would constitute the lowest operating

pressure of the salt cavern 4 and the temperature of

the compressed hydrogen feed stream leaving the
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compressor 14 after the atter-cooler. Other more

sophisticated electronic control systems are also

vossible.

[0031] Within the limit of maximum flow, limited 1in

a manner set forth above, the flow rate of the hvdrogen

feed stream belng withdrawn from hydrogen pipeline 2

must be controlled to control the amount of hvdrogen

that may be removed from hydrogen pipeline 2 while

sti1ll allowing the hydrogen pipeline 2 to deliver

sufficient hydrogen to meet customer demand. For such

purposes, a control valve 22 1s provided that 1is

controlled by a controller 32 through a connection 34
and also, controls, to be discussed, that are
assocliated with the compressor 14. Control valve 27
controls the flow by setting the back-pressure to the

compressor 14. Controller 32 1s a programmable unit

that responds to flow measured by an orifice meter 36
through an electrical connection 38. The measured flow
1s corrected by actual pressure and temperature
measurements that are obtained by a pressure transducer
40 and a temperature transducer 472 that are connected
to the controller 32 by means of electrical connections
44 and 46, respectively.

[0032] Compressor 14 1s a reciprocating machine that

15 sized, as mentioned above, such that the capacity of

the machine 15 less than the maximum allowable flow

rate of the compressed hydrogen feed stream to the salt

cavern 4. If two or more stages were used 1n

compressor 14, 1intercoolers would be provided.

Although not 1llustrated, the compressed hydrogen feed

stream will typically be cooled by an after—-cooler.

When sufficient extra hydrogen 1s available, the salt
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cavern 4 will be filled at rates consistent with the

maxlimum capaclity of the compressor 14. If less extra

hydrogen 1s available from the hydrogen pipeline 2,

controller 30 controls control wvalve 22 to reduce tThe

flow rate of the compressed hydrogen feed stream.
[0033] Since recliprocating compressors displace a

constant volume of gas regardless of operating

conditions, the compressor 14 1s generally configured

to displace somewhat more gas than 1s required.

Although not i1llustrated, but as would be well known 1in

the art, compressor 14 1s provided with 1ts own flow

control system that 1s connected to a controller 48 by
electrical connections generally shown by reference
number 50. As discussed above, such control acts 1n
concert with the control of proportional control valve
22 to control the flow of the compressed hydrogen feed
stream being i1njected 1into the salt cavern 4. Part of
such control system associated with the compressor can
1nclude a by-pass line. When more volume 1s compressed
than 18 required, the excess gas may then be sent back
to the suction side of the compressor 14 through the
bypass line. Another alternative 1s to simply wvent the
excess gas that could be flared. Thus, when control
valve 22 closes to reduce the flow rate of the

compressed hydrogen feed stream, controller 48 would

aCt to open a valve and route the excess gas back to

the suction side of the compressor 14 through the by-

pass line. In such manner the flow rate hydrogen feed

stream being withdrawn from the hydrogen pipeline 2 can

be controlled. Alternatively, the controller 48 could

be programmed to control the speed of the motor driving

compressor 14 to trim the quantity of gas displaced.
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This 1s not a typilcal arrangement since most
recilprocatlng compressors are designed to run at a
constant speed. Another mechanism that 1s often used

1s to vary the amount of gas that the compressor

displaces. This mechanism 1s effectuated through

loading and unloading the compressor. There are two

methods of loading and unloading a reciprocating

compressor. The first method i1nvolves holding the

intake valves associliated with compressor 14 1in an open

poslition. Thilis method 1n combination with a by-pass

line 1s the preferred mode of control when double

acting hydrogen compressors are used. In such method,
the controller 48 would act on the intake valves to the
compressor 14. The second method i1nvolves small
pockets or reservolrs that are typically associated
with a compressor such as compressor 14 which are
opened by valves when unloading the compressor. The
gas 15 compressed 1nto these pockets on the compression
stroke and expanded on the return stroke, thereby
preventing the compression of any additional gas.
Compressors can have multiple clearance pockets per
cach stage. For example, 1f four clearance pockets are
provided per stage then a five-step flow control can be
achieved, namely, full load, three-quarters load, one-

half load, one—-gquarter load and no load. When two

stages Oor more stages are used each stage should be

cequally loaded to mailntain a relatively consistent

compression ratio for each stage. If the stages are

not equally loaded, then the pressure between the two

stages willl be either too high or too low and this

might result 1n damage to the compressor 14. In case

of such control, the controller 48 would act on valves
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that would be set 1n open positions to allow flow 1nto

the clearance pockets to 1n turn control flow of the

compressed hydrogen feed stream.

[0034] It 1s to be noted that the compressed

hydrogen feed stream 1s normally compressed to a

pressure that 1s above the pipeline pressure of

hydrogen flowing within hydrogen pilpeline 2 and as

such, the resulting stored hydrogen within salt cavern

4 1s at a cavern pressure that 1s above the pilpeliline
pressure of the hvdrogen pilpeline 2. The maximum
pressure and the minimum pressure, as measured by a
pressure transducer 52 within transfer line 26, are set
such that the structural integrity of the salt cavern 4

1s not compromised. In a manner that will be

discussed, the pressure measured by pressure transducer
b2 1s used 1n the control of compressor 14. The
maxlmum pressure 1s set to keep the cavern pressure
below the pressure defined by the lithostatic head to
prevent fracturing and the minimum pressure 1s set to
orevent the salt cavern 4 from closing in on the
storage volume, often called creep. If a high level of
creep 1s allowed the cavern can lose 1ts i1ntegrity, and

wlill either lose hydrogen when the cavern pressure 1S

ralsed or when the cavern pressure 1s low allow
hydrocarbons, carbon dioxide, and other gases that
might be present 1n the surrounding structures to enter
the cavern and contaminate the hydrogen or 1n a worst

case, will result 1n the cavern 4 collapsing. As will

be discussed, 1n the present invention, the minimum
pressure 1s also set to assure that a minimum volume of
hyvdrogen 1s always stored within the salt cavern 4. A

temperature measurement 18 made by a temperature
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transducer 54, also for purposes of assuring the

minimum volume of stored hydrogen 1s maintained.

[0035] When withdrawing the stored hydrogen from the

salt cavern 4, valves 12 and 24 are set 1in closed

poslitions and valves 56 and 58 are set in open

poslitions. The stored hydrogen, as a consequence of

the cavern pressure, flows as stored hydrogen stream

through final well casing 28 and transfer line 26 back

to the hvdrogen pilipeline 2 through the return side 3b

of flow network 3. As mentioned above, the flow rate

and the velocity of the stored hydrogen stream 1s also
limited to prevent disturbance of the stagnant layer
and thereby to allow the stored hydrogen stream to be
reintroduced i1into hydrogen pipeline 2 without carbon
dioxide removal. This control can be effectuated by
appropriliate sizing of a proportional control valve 60,
to be discussed, through which the stored hydrogen

stream flows. The appropriate sizing of such valve, 1n

a manner known in the art, will result in the stored
hydrogen stream from never being able to exceed a
maximum allowable flow rate and flow velocity within
the salt cavern 4 that would disrupt the stagnant
layer. The flow velocity would be computed by dividing
the limiting flow rate of the stored hvyvdrogen stream 1in

actual cubic feet by the flow area of the final well

casing 28. Here, the “actual cubic” feet would be

computed at the lowest operating pressure of the salt

cavern 4 and at a temperature of the stored hydrogen at

the lower, open end 128 of the final well casing 28

that 1s an adjusted produced gas temperature based on

the local geothermal gradient of the stored hydrogen.
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[0036] In addition to acting as a flow and velocity

limiter for the stored hydrogen stream, the

proportional control valve 60 1s used 1n connection

with a drying unit 62 to make certain that pressure

limltation assoclated with the drylng unit 62 1s never

exceeded. Proportional control valve 60 1s controlled
by a pressure controller o4 through an electrical
connection 05 that reacts to a pressure sensed by a
pressure transducer 606, connected to pressure

controller 64 through an electrical connection 67.

This pressure control 1s designed to 1nsure that the

pressure of the stored hydrogen stream being fed into

drving unit 62 will not exceed the pressure limit of

the drving unit 62. Drying unit 62 can use an
adsorbent system, a ligquid glycol dehydration system,
or other dryving concepts to remove molsture from the
stored hydrogen stream. However, this 1s optional and
1n fact, such a unit could be placed on the customer
site for such purposes. In fact, 1f the hydrogen 1is
injected 1into, stored and withdrawn 1n accordance with
the present 1nvention, the moisture content could be

surfficiently low as to not reguire moilisture removal at

any location. This would depend upon pipeline

specifications for the hydrogen pipeline 2 and

requirements of the customer consuming the hydrogen.

I1f drving unit o062 were not employed, the return side 3b

of the flow network 3 would be designed by provision of
a separate valve coupled with piping pressure losses to

produce a pre-specified pressure drop so that maximum

flow rates and velocities of the stored hydrogen stream

would never exceed a maximum allowable flow rate and
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veloclty in connection with the disturbance of the
stagnant layer within the salt cavern 4.

[0037] The resulting dried stored hydrogen stream
then passes through a proportional contrel valve 68
that controls the flow of the stored hydrogen stream
for purposes of metering the amount of hydrogen that
will be redelivered back to the hydrogen pipeline 2.
The proportional control valve 68 18 controlled by a
controller 70 through an electrical connection 72.
Controller 70 reacts to flow measured by an orifice
meter 74 that is connected to controller 70 by way of
an electrical connection 76. The measured flow is
corrected within controller 70 through temperature and
presgure measurements made by pregsure and temperature
transducers 78 and 80 that are connected to the
controller 70 by electrical connections 82 and 84,
regpectively. The controller 70 is set with targets in

a manner to be discussed that provide the hydrogen flow
to the hydrogen pipeline 2 as reguired Lo meet the
rieeds of the system 1 with respect to down stream
customers and potential spot sales. Thereafter, the
stored hydrogen stream passes through valve 58 and back
into the hydrogen pipeline 2 through conduit 10.

[0038] In the illustrated embodiment, the stored

hydrogen stream is driven from the salt cavern 4 by the
cavern pressure of the stored hydrogen. Consequently,

the return side 3b of the flow network 3 is designed
with a pressure drop not only to limit maximum flow
rates and velocity of the stored hydrogen stream, but
also, to reduce the pressure of the stored hydrogen
stream to pipeline pressure of the hydrogen pipeline 2.
Tt 15 to be noted, that it is possible to further
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compress the stored hydrogen stream 1f reguired. 1In

this regard, 1t 1s possible to conduct an embodiment of

the present 1nvention 1n which the cavern pressure

would not be sufficient to return the stored hydrogen

stream back to the hydrogen pipeline 2. In such case, a

compressor would have to be provided for such purposes
or compressor 14 could be used after appropriate plpiling
changes.

[0039] Control over the minimum volume of hydrogen
that 1s to be maintained within the salt cavern 4 1is
effectuated by measurement of cavern pressure by
pressure transducer 52 and hydrogen temperature by
temperature transducer 54 located within transfer line
26 and the actual hydrogen containing volume of the
cavern. Pressure transducer 52 and temperature
transducer 54 are connected to a supervisory control
system 90 by electrical connections 92 and 94,
respectively. Supervisory control system 90 can take
many forms that are known 1n the art and no particular
form of such control for purposes of the present
invention 1s preferred. For example supervisory
control system 90 can i1ncorporate a supervisory control
and data acqguisition software, that can be obtained
from a variety of sources, that 1s loaded on a

dedicated computer that i1nterfaces over a local area

network with an automated control system, for example a

control system i1ncorporating model predictive control

or other automated control of less sophistication. The

supervisory control and data acqguisition system serves

to collects data from the controllers previously
discussed, such as controllers 18, 32, 48, o4 and 70

and pressure and temperature transducers 1ncorporated



CA 02802044 2012-12-07
WO 2011/156081 PCT/US2011/036205

1nto such controllers, as well as other pressure and
temperature transducers such as 52 and 54, generate
alarms and etc. The automated control system 90 1n

turn transmits targets to the controllers which 1n the

11llustrated embodiment are 1n the mailn pressure targets

to control the control valves. The linkages between

the controllers 18, 32, 48, o4 and 70 and the

supervisory control system 90 are 1llustrated by
electrical connections 96, 98, 100, 102 and 104

respectively. Alternatively or additionally, the

supervisory control system 90 could be a human
interface to allow an operator to note pressure and
temperature readings and manually transmit targets to
the controllers.

[0040] The volume computation 1s accomplished within
the supervisory control system 90 by applyving to the
cavern pressure measured by pressure transducer 52, a
Cemperature measurement by temperature transducer 54
when 1t measures the stored hydrogen leaving the salt
cavern 4 to provide the basis for calculating the

standard volume of gas 1n the cavern that fills the

actual hydrogen volume 1n the cavern. In lieu of
measuring actual temperature, the temperature to be
applied could be an adjusted produced gas temperature

based on the local geothermal gradient. A conservative

approach i1involves using the higher of the two
temperatures, temperature transducer 54 and the

temperature based on the local geothermal gradient. 1In

any case, the measurement orf the volume o0of hydrogen
that 1s derived 1n a manner set forth above 1s then

compared to a minimum hydrogen volume that must be

malntained to malntain the stagnant layer within the
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salt cavern 4. As a result of such comparison, the

removal of stored hydrogen 1s terminated when the

minimum hydrogen volume 1s approached. As can be

appreciated, this can either be done manually or

automatically by automated controls 1ncorporated into

supervisory control system 90 that would produce
targets sent to controllers 64 and 70. It 1s to be
polinted out that the pressure, as measured by pressure
transducer 52, 1s also used as a constraint that 1s fed
to controller 48. Controller 48 1s programmed to
respond to such pressure and shut down compressor 18
when the pressure exceeds the maximum allowable l1imit
that would compromise the structural integrity of the
salt cavern 4. As mentioned above, the flow rate of
the compressed hydrogen feed stream could also be

stored and used for such calculation.

[0041] All controllers 18, 32, 48, 64 and 70 could

be proportional, i1integral and differential controllers
that are well known i1n the art and that can be obtained
from a variety of suppliers. Additionally, all of the
electrical connections mentioned above with respect to
such control or other controllers mentioned herein can
el1ther be hard wired or by radio signals. As can also

be appreciated, although 1in the 1llustrated embodiment

of the present invention, the flow rates and velocities
of the compressed hydrogen feed stream and the stored
hydrogen stream are limited by compressor capacity of

the hyvdrogen compressor 14 and by pressure drop 1in the

return side 3b of flow network 3, the controllers 32

and 72 could also be programmed with constraints that

would act as an alternative means of limiting flow

rates and velocities.
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[0042] With additional reference to Figure 2, salt

cavern 4 1s formed by solution mining 1n which water

capable of dissolving salt 1s 1njected through a pipe

110 known as a brine string. The water dissolves the

salt and the resulting brine, during the mining
operation, 1s returned through the annular space 29

formed 1in the final well casing 28 between the 1nner

wall of the final well casing and the pipe 110. As

known 1in the art, the 1njection of the water and

removal of the brine could be alternated so that the

water 1s 1njected through the annular space 29 formed
1n the well casing 28 and removed through the pipe 110.
After the mining operation 1s complete, the residual
brine 1n the cavern 1s removed through pipe 110 by
pressure displacement resulting from injection of
hyvdrogen through the final casing 28. Once the brine
level reaches the bottom of pipe 110, the pipe 1s
sealed off by a valve 112 which can be seen 1in Figure

1. Although not 1llustrated, but as would be known 1n

the art, the final well casing 28 1s cemented 1n place
and penetrates overlving formations known as cap rock.
The resulting salt cavern 4 has a residual brine laver
114 also known as a brine sump located 1n the bottom of
the salt cavern 4. The sides of the salt cavern 4 can

be said to be defined by a side regions 116. The top

and bottom of the salt cavern are defined by a top or

roof by a top region 118 and a bottom region 120,
respectively.

[0043] As has been discussed above, 1t has been
found that the salt cavern 4 can be operated to obviate
any need to remove carbon dioxide and therefore, the

carbon dioxide content of the hvydrogen feed can be very
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close to that of the stored hydrogen stream reinjected

back i1into the hvydrogen pipeline 2. For example, the

1NnCcrease 1n carbon dioxide content of the stored

hyvdrogen stream over the feed stream of hydrogen 10 can

be no greater than 1.5 ppmv and preferably, less than

0.5 ppmv. The maintenance of at least a minimum volume
of stored hvydrogen at all times, namely before, during

and between times at which the compressed hvdrogen feed
stream 1s 1njected 1nto the salt cavern 4 and the

stored hydrogen stream 1s wilithdrawn from the salt

cavern 4 produces a stagnant laver of hydrogen that 1s

also maintained in the salt cavern 4. Preferably, the
minimum volume of stored hydrogen that 1s stored within
the salt cavern 4 1s maintained at a volume ratio equal
to a stored volume of the hydrogen to the actual cavern
volume of no less than 29 scf/cf for such purposes. AS
discussed above, this maintenance of the minimum volume
of hydrogen within the salt cavern 4 1s provided by
pressure and temperature measurements by pressure and

temperature transducers 52 and 54 and the actual volume

of contailned hydrogen 1n the cavern. As 1llustrated,
the stagnant layer of hydrogen has a bottom portion 122
overlyving the residual brine laver 114, a lateral
portion 124 situated at the side regions 116 of the

salt cavern and a top portion 126 situated at the top

or roof region 118 of the salt cavern 4.

[0044] As mentioned above, the stagnant layer has a
carbon dioxide concentration that 1s a potential source
of contamination to the stored hydrogen stream to be
1njected back to the hydrogen pipeline 2. The carbon
dioxide that 1s present within the stagnant laver, as

contamination to the stored hydrogen stream to be
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returned to the hydrogen pilpeline 2, arises principally

from the residual brine layver 114. The carbon dioxide

present within the residual brine laver 114 enters the

salt cavern 4 from the solution mining water used 1n

forming the salt cavern 4 as well from carbon dioxide,
carbonate and bicarbonate contaminants that may have

been contained 1n the dissolved salt and such carbon

dioxide remains 1n the residual brine layer 114. It 1s
also possible that some carbon dioxide can be present

within the lateral and top portions 124 and 126 from

the cavern wall. However, so long as the stagnant
layer 1s not disturbed during the i1njection and
wilithdrawal of hydrogen into and from the salt cavern 4,
such carbon dioxide contamination of an interior region
130 of the salt cavern 4 that boarders the stagnant

laver will be 1nhibited and as a result, carbon dioxide

contamination of the stored hyvdrogen stream from the

carbon dioxide content of the stagnant laver will also

be 1nhibited. The term “1nhibited” as used here and in
the claims means that any transport of the carbon
dioxide contamination from the stagnant layer to the
interior region 130 1s limited to such contamination

arising from the molecular diffusion of the carbon

dioxide from the stagnant layer to the interior region

130 of the salt cavern 4. Such molecular diffusion of

carbon dioxide 1s an extremely slow process. In this

regard, 1t has been calculated that 1f the stagnant

layer were produced as described above and the same

were left undisturbed, 1t would take more than 1000

days for the carbon dioxide contamination to diffuse

1nto the 1nterior region 130 to a concentration that 1s

10% of the concentration of carbon dioxide at the
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hydrogen brine interface when measured at a level 100
feet above the brine layer 114.

[0045] The final well casing 28 iz positioned within
the salt cavern 4 20 that a bottom portion 128 of the
final well <¢asing 28 is situated beneath the top region
118 of the salt cavern 4 to allow the formation of the
top portion 126 of the stagnant layer that would be
left undisturbed by injection and withdrawal of the
hydrogen from the salt cavern. It is possible to
practice the present invention with the bottom portion
128 of the final well c¢aging 28 level Or nearly level
with the top region 118 of the salt cavern 4. If this
were done, then the stagnant layer would not have a top
portion 126 that was maintained at all times and
potentially, c¢arbon dioxide contamination from the top
region 118 of the salt cavern 4 to the interior region
130 of the salt cavern could occ¢ur, but carbon dioxide

contamination from this region will impact the stored
hydrogen to a lesser extent than could result from the

bottom region 122 of the stagnant layer.
[0046] With respect to the placement of the final

well casing 28 or other condult having a lower open end

that does not include a diffuser 136 to be discussed,
the lower, open end of the final well casing 28 should
be gpaced a lower vertical distance “LO” from the

surface of the brine layer 114 that iz preferably no

less than 250 feet and at a lateral distance “LAY from
the side region 116 of the salt cavern 4 of no less

than 40 feet as measured from a vertical line extending

between 10 and 250 feet below the lower, open end of

the final well casing 28 shown in the drawing as “MD”.

Additionally, if a top portion 126 is
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to be maintained, then the lower end should be aspaced

an upper vertical distance “U” of no less than 50 feet.
[0047] The limitation of the flow rate and velocity

of the compressed hydrogen feed stream will result in
the momentum ©f the compressed hydrogen feed stream
dissipating before reaching the stagnant layer, namely
portions 122 and 124 thereof and top portion 126 1if
pregent. The limitation on the flow rate and velocity
at which the stored hydrogen stream is withdrawn from
the salt cavern will ensure that gas velocities are not

produced i1n the stored hydrogen, adjac¢ent the lateral

and bottom portions 124 and 122 of the stagnant layer
and also, the top portion 126 thereof if the same 18
present. Preferably, the flow rate of the compressed
hydrogen feed stream is limited such that an injection
ratio exists that is egual to the injection flow rate
divided by the actual cavern volume of salt cavern 4

that is no greater than 7.5 scfd/cf of cavern volume.
The injection velocity of the compressed hydrogen feed

stream, as measured at the lower, copen end of the final
well casing 28 or other conduit used for such purpose,

ig preferably no greater than 100 feet per second. The
flow rate of the stored hydrogen stream can be limited
gsuch that a withdrawal ratio of the withdrawal [low

rate to the actual cavern veolume is no greater than
10.0 scfd/cf. The withdrawal velocity of the stored

hydrogen stream, as measured at the lower, open end of

the final well casing or other ¢ondult should

preferably be no greater than 150 feet per second. As
can be appreciated, such flow rates and velocities are

calculated values that will work with
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the distances “LO”, “LAa"” and “U” discussed above to
inhibit carbon dioxide contamination of the stored
hydrogen stream. Obviously such flow rates and
velocities could change depending upon the placement of
final well casing 28 within the galt cavern 4. For
example, the closer the lower, open end of the final
well casing 28 or other conduit to the residual brine
layer 114, the lower the limiting flow rates and
velocitties of the compressed hydrogen feed stream and
the stored hydrogen stream. In this regard, the
minimum volume of hydrogen that would have to be
maintained within the salt cavern and the flow rates
and velocities could be computed by one skilled in the
art by modeling the operation of the salt cavern under
consideration by computational fluid dynamics software
such ag ANSYS CFX software obtained from Ansys, Inc.,
Southpointe, 275 Technology Drive, Canonshburg, PA
15317, USA. Thias modeling would disclose the flow

patterns within the salt cavern during injection and

withdrawal of the hydrogen at various flow rates,

velocities, placement of the final well casings and

cavern pregsures. Regions of the salt cavern in which
no flow patterns <¢ccur define the stagnant layer.
[0048] When the present invention is practic¢ed in

the mamner set forth above, namely, with the
positioning of the lower, open end of the final well

casging 28 and the limitation on flow rates and
velocities, where the hydrogen flowing within the
hyvdrogen pipeline 2 c¢ontains less than 1.0 ppmv carbon
dioxide and less than 8 ppmv ¢arbon monoxide, the
stored hydrogen stream will be within a typical

hydrogen pipeline specification in which a sum of a
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carbon dioxide content and carbon monoxide content 1s

less than 10 ppmv. However, under a more stringent

specification, where the hydrogen flowlng within the

plipeline will contain less than 0.1 ppmv carbon dioxide

and less than 0.6 ppmv carbon monoxide, the stored

hydrogen stream will contain a carbon dioxide content

and carbon monoxide content that when added together 1s

less than 1.0 ppmv. This beling said the present

invention has applicability to other pilpeline

speclfications having higher total carbon dioxide and

carbon monoxide concentrations.

[0049] Although 1n the prior art, minimum volumes of
hydrogen have been maintained within salt cavern that
would likely have within the numerical limits set forth
above and i1injection and withdrawal flow rates and
velocitlies have also been used that are likely to have
been within the numerical limits set forth above, 1t
has not been appreciated 1n the prior art that the

speclfic maintenance of such numerical values lead to

the formation of a stagnant layver and the prevention of
the disturbance of such stagnant laver so that carbon
dioxide removal 1s not required. In fact, carbon
dioxide removal was believed to be necessary even when
a2 salt cavern was operated within such limitations.

[0050] With additional reference to Figure 3,

multiple, dedicated conduits can be used for the
1njection of the compressed hydrogen feed stream and

withdrawal of the stored hydrogen stream from the salt

cavern 4. Except as noted below, the operation of the
system to be used 1n connection with such conduits 1is
the same as that described with reference to Figures 1

and 2 above.
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[0051] The multiple, dedicated conduits include an
1njection conduit 132 that 1s situated within an
additional final well casing 134. The lower end of
1njection condulit 132 1s provided with a flow diffuser
136. Injection conduit 132 1s formed by a pipe that 1is
inserted within the final well casing 134 that 1s also
set 1n concrete 1n the same manner as final well casing
28. The 1njection conduit 132 1s 1nserted into the
final well casing 134 and a transfer condult 138

communicates between the valve 24, the operation of

which was previously described, and a valve 140 that 1s

left 1n a normally open position. When hydrogen 1s to
be stored 1n salt cavern 4, valve 24 1s set 1n an open
poslition and valve 56 1s set 1n a closed position and
the compressed hydrogen feed stream 1s supplied from
the compressor 14 to the salt cavern 4 through the

transfer conduit 138. As 1llustrated, transfer

conduilts 138 and 154 are 1nstrumented with the pressure
transducers 52 and 53 and a temperature transducers 54
and 55 that function 1n the manner also discussed
above. The pressure and temperature transducers 53 and
b5 function to calculate the actual flow rate of the

stored hydrogen stream and although not 1llustrated,

would be connected by suitable electrical connections

to the supervisory controller 90. A well head casing

valve 142 associated with final well casing 134 1s set

1n a closed position. Unlike the embodiments shown and

described 1n Figures 1 and 2, the stored hydrogen

stream does not flow through i1injection conduit 132, but

rather, from a withdrawal conduit that 1s formed from a

final well casing 146 that 1s used 1n connection with

mining the salt cavern 4 and as such, has a brine
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string 148 left in place that is gealed by a valve 150. In
this regard, final well casing 146 and brine string 148
are identical to final well casing 28 and brine string
110, previously described. When stored hydrogen is to be
supplied back to the hydrogen pipeline 2, valve 24 in a
closed position and valve 56 18 set in an open position
and the steored hydrogen stream flows through a wellhead
casing valve 152 to a transfer condult 154 that 1is
connected to valve 56.

[0052] As can be appreciated, the use of dedicated
conduits involves the formation of an additional well and
etc., However, the provision of the diffuser 136 within the
injection conduit has the advantage of lessening any
possible disturbance of the bottom portion 122 of the
stagnant layer overlying the brine layex 114. In this
regard, diffuser 136 is formed by a sleeve 156 that is
welded to injection conduit 132 and is closed at its
bottom by a plate 158 welded to the sleeve 156, A series

of peripheral openings 160 are provided from which the

compressed hydrogen feed stream flows into the salt ¢averm
4. As such, hydrogen is prevented from being expelled

directly toward the residual brine layer 114. It is to be

noted, however, that in place of the diffuser 136, other

designs are possible, for example, more sophisticated

devices such a8 screens or =peclally designed devices to

redirect the linear momentum of the compressed hydrogen
feed stream being injected through the injection conduit
132.

[0053] The lower end of the injection conduit 132 that
is formed by the diffuser 136 should preferably situated

no less than 200 feet above the residual brine layer 114

of the salt cavernn 4. The reason for such

- 33 -
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decrease over an open ended condult such as has been
discussed above 1s that the 1ncoming hydrogen stream 1S
not directed directly at the residual brine layer 114.

The preferred limits for the residual hydrogen that 1is

maintained 1n salt cavern 4, the 1njection and
wlithdrawal flow rates and velocities are all the same

as have been discussed above with respect to Figures 1

and 2 except that the velocitiles are computed on the

basis of a different flow area and the injection

velocity of the compressed hydrogen feed stream 1s less

than that of the open ended condult provided by fina.

well casing 28. With respect to diffuser 136, the flow
area that would be used 1n connection with computing
the velocity would be the area provided by the
peripheral openings 100. The velocity of the
compressed hydrogen stream, as measured at such
peripheral openings 160, should be less than 50 feet
per second. However, 1t 1s to be noted that actual

velocity and placement limitations will depend on the

design of the particular flow diffuser used.

[0054] Although 1n the embodiment discussed above,
dedicated 1njection and withdrawal conduilts are

utilized for 1njecting and withdrawing hydrogen,

embodiments of the present i1nvention are also possible
1n which the injection conduit 132 and the flow

diffuser 136 are used 1n connection with withdrawilng

hydrogen 1n the same manner as well casing 28 described

above 1n connection with Figures 1 and 2. Also

possible, as has been discussed above, 1s to have

multiple conduits that are 1n the form of final well

casings 146 or 28 that are either used without a

diffuser 1n parallel or 1n a dedicated fashion 1n which
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one of such conduits 18 connected to wvalve 24 for
1njection of the compressed hydrogen feed stream 1nto
the salt cavern 4 and another 1s connected to wvalve 56

for the withdrawal of hydrogen from the salt cavern 4.

It 1s also possible to have two plpes such as 1njection

conduit 132 within a single final well casing. This

being said, the use of final well casing 28 1s used as

a conduit for withdrawal and 1njection of the hvyvdrogen

from and to, respectively, salt cavern 4 1s convenient

because such condult 1s 1n place after the solution

mining of the salt cavern 4.

[0055] While the present invention has been
described with reference to preferred embodiments, as

would occur to those skilled in the art, numerous

changes, additions and omission can be made without

departing from the spirit and scope of the invention as

set forth 1in the appended claims.
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We Claim;

1, A method of storing and supplying hydrogen to a hydrogen pipeline comprising;

compressing a feed stream of the hydrogen to produce a compressed hydrogen feed

stream;

injecting the compressed hydrogen feed stream into a salt cavemn to produce stored
hydrogen within the salt cavern through at least one conduit and withdrawing a stored hydrogen
stream, composed of the stored hydrogen, from the salt cavern through the at least one conduit,
the salt cavern having a residual brine layer located at a bottom region of the salt cavern and side
regions exiending upwardly from the bottom region of the salt cavern and the at least one conduit
having at least one lower end located in an interior region of the salt cavern and spaced above the

brine layer and from the side regions of the salt cavern;

introducing the stored hydrogen stream after having been withdrawn from the salt cavemn

into the pipeline without removing carbon dioxide present within the stored hydrogen stream;

maintaining at least a minimum quantity of the stored hydrogen within the salt cavern
before, during, and between times at which the compressed hydrogen feed stream is injected and
at which the stored hydrogen stream is withdrawn such that a stagnant layer of hydrogen is

maintained that borders the interior region and has at least a bottom portion overlying the

residual brine layer and a lateral portion situated along the side repgions of the salt cavern, the
stagnant layer having a carbon dioxide content that is a potential source of carbon dioxide

contamination to the stored hydrogen stream; and

limiting the flow rates and the velocities at which the compressed hydrogen feed stream
15 Injected into the salt cavern and the stored hydrogen stream is withdrawn from the salt cavem
such that the stagnant layer is not disturbed and the carbon dioxide contamination of the stored

hydrogen stream from the stagnant layer 1s inhibited.

2. The method of claim 1, wherein:

the at least one lower end of the at least one conduit is spaced below a top region of the

salt cavern, located opposite to the bottom region of the salt cavemn; and
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the stagnant layer also has a top portion extending along the top region of the salt cavem

and situated opposite to the bottom portion of the stagnant layer,

3. The method of claim 1, wherein water 1s removed from the stored hydrogen stream prior

to injection into the pipeline.

4. The method of claim 1, wherein:

the hydrogen feed stream is compressed to a pressure above the pipeline pressure within

the pipeline;
the stored hydrogen has a cavern pressure that is above the pipeline pressure;

the stored hydrogen stream is removed from the salt cavern as a consequence of the

cavern pressure; and

the stored hydrogen stream is reduced to the pipeline pressure prior to injecting the stored

hydrogen stream into the pipeline.

5. The method of claim 1, wherein the at least one conduit has an injection conduit and a

withdrawal conduit and the compressed hydrogen feed stream is injected into the salt cavern

through the injection conduit and the stored hydrogen strcam is withdrawn from the salt cavern

through the withdrawal conduit.

6. The method of claim 1, wherein the at least one conduit comprises an injection condwut

having a flow diffuser from which at least the compressed hydrogen feed stream is injected into

the salt cavern.

7. The method of claim 1, wherein:

the minimum volume of the hydrogen stored within the salt cavern is maintained at a

volume ratio equal to a stored volume of the hydrogen to the actual cavern volume of no less

than 29.0 scf/cf:

the at least one lower end of the at least one conduit 1s open;
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the at least one lower end of the at least one conduit 1s spaced from the residual brine

layer at a lower vertical distance of no less than 250 feet,

the at least one lower end of the at least one conduit is spaced from the side regions of the
salt cavern at a latcral distance of no less than 40 feet from a vertical line extending between 10

and 250 fest below the at least one lower end of the at least one conduit; and

the flow rates and velocities are limited such that, as measured at the at least one lower
end of the Lt least one conduit, the compressed hydrogen feed stream is injected at an injection
ratio equal to an injection flow rate of the compressed hydrogen feed stream to the actual cavemn
volume of no preater than 7.5 scfd/ct and at an injection velocity of the compressed hydrogen
feed stream of no greater than 100 feet per second and the stored hydrogen stream 1s withdrawn
al a withdrawal ratio equal to the withdrawal flow rate of the stored hydrogen stream to the

actual cavern volume of no greater than 10.0 scfd/cf and at a withdrawal velocity of the stored

hydrogen stream of no greater than 150 feet per second.

8. The method of claim 7, wherein:;

the at least one lower end of the at least one conduit is spaced below a top region of the

salt cavern, located opposite to the bottom region of the salt cavern; and

the slagnant layer also has a top portion extending along the top region of the salt cavern

and situated opposite to the botiom portion of the stagnant layer; and

the at least one lower end of the at least one conduit is spaced from the top region of the

salt cavern at an upper vertical distance of no less than 50 feet.

9. The method of claim 7 or 8, wherein the hydrogen feed stream contains less than 1.0

ppmv carbon dioxide and less than 8 ppmv carbon monoxide and a sum of a carbon dioxide

content and carbon monoxide content in the stored hydrogen stream 1s less than 10 ppmv.

10.  The method of claim 7 or 8, wherein hydrogen feed stream contains less than 0.1 ppmv
carbon dioxide and less than 0.6 ppmv carbon monoxide and a sum of a carbon dioxide content

and carbon monoxide content in the stored hydrogen stream 1s less than 1.0 ppmv,
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11. A system for storing and supplying hydrogen to a hydropen pipeline at a combined

carbon monoxide and carbon dioxide content of less than 10 parts per million, compnsing:

a compressor for compressing a feed stream of the hydrogen to produce a compressed

hydrogen feed stream;

a salt cavern having a residual brine laycer located at a bottom region of the salt cavern

and side regions extending upwardly from the bottom region of the salt cavern;

at least one conduit in communication with the salt cavern for injecting the compressed
hydrogen teed stream into the salt cavern to produce stored hydrogen within the salt cavern and
for withdrawing a stored hydrogen stream composed of stored hydrogen from the salt cavern and
without hydrogen purification, the at least one conduit having at least one lower end located
an interior region of the salt cavern and spaced above the brine layer and from the side regions of

the salt cavemn;

a flow network configured to selectively connect the compressor to the at least one

conduit such that the compressed hydrogen feed strcam is injected into the salt cavern to produce
the stored hydrogen within the salt cavern and to selcctively connect the at least one conduit to
the hydrogen pipeline such that the stored hydrogen stream is mnjected into the pipeline without

removing carbon dioxide contained in the stored hydrogen stream,

that salt cavern having at least a minimum quantity of the stored hydrogen within the salt

cavern before, during, and between times at which the compressed hydrogen feed stream 1s

injected and at which the stored hydrogen stream is withdrawn such that a stagnant layer of
hydrogen is maintained that has at least a bottom portion overlying the residual brine layer and a
lateral portion situated along side regions of the salt cavern, the stagnant layer having a carbon

dioxide content that is a potential source of carbon dioxide contamination to the stored hydrogen

stream; and

supervisory control system for limiting the flow rates and the velocities at which the
compressed hydrogen feed stream is injected into the salt cavern and the stored hydrogen stream
is withdrawn from the salt cavern such that the stagnant layer is not disturbed and the carbon

dioxide contamination of the stored hydrogcn stream from the stagnant layer is inhibited, the
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minimum volume of the hydrogen stored within the salt cavern is maintained at a volume ratio

equal to a stored volume of the hydrogen to the actual cavern volume of no less than 29.0 scf/cf:

the at least one lower end of the at least one conduit is open and spaced from the top

region of the salt cavern at an upper distance of no less than 50 feet:

the at least one lower end of the at least one conduit is spaced from the residual brine

layer at a lower vertical distance of no less than 250 feet:

the at least one lower end of the at least one conduit is spaced from the side regions of the

salt cavern at a lateral distance of no less than 40 feet from a vertical line extending between 10

and 250 feet below the at least one lower end of the at least one conduit; and

the tlow rates and velocities are limited such that, as measured at the at least one lower
end of the at least one conduit, the compressed hydrogen feed stream is injected at an injection
ratio equal to an injection flow rate of the compressed hydrogen feed stream to the actual cavern

volume of no greater than 7.5 scfd/cf and at an injection velocity of the compressed hydrogen

feed stream of no greater than 100 feet per second and the stored hydrogen stream is withdrawn
at a withdrawal ratio equal to the withdrawal flow rate of the stored hydrogen stream to the
actual cavern volume of no greater than 10.0 scfd/cf and at a withdrawal velocity of the stored

hydrogen stream of no greater than 150 feet per second.

12.  The system of claim 11, wherein:

the at least one lower end of the at least one conduit is spaced below a top region of the

salt cavern, located opposite to the bottom region of the salt cavern; and

the stagnant layer also has a top portion extending along the top region of the salt cavern

and situated opposite to the bottom portion of the stagnant layer.

13.  The system of claim 11, wherein the flow network has a drying unit positioned within the

- flow network to remove water from the stored hydrogen stream prior to injection into the

pipeline.
14.  The system of claim 11, wherein:
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the compressor compresses the hydrogen [eed stream such that the compressed hydrogen
feced stream 15 injected into the salt cavern at a cavern pressure that is above the pipeline

pressure; and

the tlow network 15 configured to reduce the cavern pressure of the stored hydrogen

stream to the pipeline pressure prior to injecting the stored hydrogen stream into the pipeline.

15.  The system of claim 14, wherein the at least one conduit is an injection conduit from
which the compressed hydrogen feed stream i1s injected into the salt cavern and a withdrawal

conduit from which the stored hydrogen stream 1s withdrawn from the salt cavern through a

withdrawal conduit.

16.  The system of claim 11, wherein the at least one conduit comprises an injection conduit

having a flow diffuser from which at least the compressed hydrogen feed stream 1s injected info

the salt cavern.

17.  The system of claim 11, wherein:

the at least one lower end of the at least one conduit is spaced below a top region of the

salt cavern, located opposite to the bottom region of the salt cavern;

the stagnant layer also has a top portion extending along the top region of the salt cavern
and situated opposite to the bottom portion of the stagnant layer; and the at least one lower end

of the at least one conduit is spaced from the top region of the salt cavern at an upper vertical

distance of no less than 50 feet.

18. A method of storing and supplying hydrogen to a hydrogen pipeline comprising:

compressing a feed stream of the hydrogen to produce a compressed hydrogen feed

stream;.

injecting the compressed hydrogen feed stream into a salt cavern to produce stored
hydrogen within the salt cavern through at least one conduit and withdrawing a stored hydrogen

stream, composed of the stored hydrogen, from the salt cavern through the at least one conduit,
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the salt cavern having a residual brine layer located at a bottom region of the salt cavern and side
regions extending upwardly from the bottom region of the salt cavernt and the at least one conduit
having at least one lower end located in an interior region of the salt cavern and spaced above the

brine layer and from the side regions of the salt cavern;

introducing the stored hydrogen stream after having been withdrawn from the salt cavern

into the pipeline;

maintaining at least a minimum quantity of the stored hydrogen within the salt cavern

betore, during, and between times at which the compressed hydrogen feed stream is injected and

at which the stored hydrogen stream is withdrawn; and

limiting the flow rates and the velocities at which the compressed hydrogen feed stream

is in;ected into the salt cavern such that, as measured at the at least one lower end of the at Jeast
on:z conduit, the compressed hydrogen feed stream is injected at an injection ratio equal to an
1ajection flow rate of the compressed hydrogen feed stream to the actual cavern volume of no

greater than 7.5 scfd/cf and at an injection velocity of the compressed hydrogen feed stream of
no grcater than 100 feet per second and the stored hydrogen stream is withdrawn at a withdrawal
ratio equal to the withdrawal flow rate of the stored hydropen stream to the actual cavern volume

of no greater than 10.0 scfd/cf and at a withdrawal velocity of the stored hydrogen stream of no

greater than 150 feet per second such that the stored hydrogen stream is withdrawn from the salt

Caveril.

19.  The method of claim 18, further comprising removing water from the stored hydrogen

stream prior to injection into the pipeline.

20.  The method of claim 18, wherein the combined carbon monoxide and carbon dioxide

content of the hydrogen stored and supplied to the hydrogen pipeline 1s less than 10 parts per

million.

21.  The method of claim 18, further comprising:

compressing the hydrogen feed stream to a pressure above the pipeline pressure within

the pipeline;
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storing the hydrogen at a cavern pressure that is above the pipeline pressure;

removing the stored hydrogen stream from the salt cavern as a consequence of the cavern

pressure; and

reducing the pressure of the stored hydrogen strcam to the pipeline pressure prior to

injecting the stored hydrogen stream into the pipeline.

22, The method of claim 18, wherein the at least one conduit has an injection conduit and a
withdrawal conduit and the compressed hydrogen feed stream is injected into the salt cavern
through the injection conduit and the stored hydrogen stream is withdrawn from the salt cavern

through the withdrawal conduit.

23.  The method of claim 18, wherein the al least one conduit comprises an injection conduit
having a flow diffuser from which at least the compressed hydrogen feed stream 1s injected 1nto

the salt cavern.

24,  The method of claim 18, wherein:

the minimum volume of the hydrogen stored within the salt cavern is maintained at a

volumne ratio equal to a stored volume of the hydrogen to the actual cavern volume of no less
than 29.0 scf/cf:

the at least one lower end of the at least one conduit 1s open:

the at least one lower end of the at least one conduit is spaced from the residual brine

layer at a lower vertical distance of no less than 250 feet; and

the at lcast one lower end of the at least one conduit is spaced from the side regions of the

salt cavern at a lateral distance of no less than 40 feet from a vertical line extending between 10

and 250 feet below the at least one lower end of the at least one conduit.

25. The method of claim 24, wherein:

the at least one lower end of the at least one conduit is spaced below a top region of the

salt cavern, located opposite to the bottom region of the salt cavern; and
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the at least one lower end of the at least one conduit is spaced from the top region of the

salt cavern at an upper vertical distance of no less than 50 fect.

26.  The method of claim 24 or 25, wherein the hydrogen feed stream contains less than 1.0
ppmy carbon dioxide and less than § ppmv carbon monoxide and a sum of a carbon dioxide

content and carbon monoxide content in the stored hydrogen stream is less than 10 ppmv.

27.  The method of claim 24 or 25, wherein hydrogen feed stream contains less than 0.1 ppmyv
carbon dioxide and less than 0.6 ppmv carbon monoxide and a sum of a carbon dioxide content

and carbon monoxide content in the stored hydropen stream is less than 1.0 ppmv.

28. A method of storing and supplying hydrogen to a hydrogen pipeline comprising:

compressing a feed stream of the hydrogen to produce a compressed hydrogen feed

stream;

injecting the compressed hydrogen feed stream into a salt cavern to produce stored
hydrogen within the salt cavern through at least one conduit and withdrawing a stored hydrogen
stteam, composed of the stored hydrogen, from the salt cavern through the at least one conduit,
the salt cavern having a residual brine layer located at a bottom region of the salt cavern and side

regions extending upwardly from the bottom region of the salt cavern;

introducing the stored hydrogen stream after having been withdrawn from the salt cavern

into the pipeline within the stored hydrogen stream;

maintaining at least a minimum quantity of the stored hydrogen within the salt cavern
before, during, and between times at which the compressed hydrogen feed stream is injected and

at which the stored hydrogen stream 15 withdrawn; and

limiting the flow rates at which the compressed hydrogen feed stream is injected into the
salt cavern such that, as measured at the at least one lower end of the at least one conduit, the
compressed hydrogen feed stream is injected at an injection ratio equal to an 1njection flow rate
of the compressed hydrogen feed stream to the actual cavern volume of no greater than 7.3
scfd/ct and the stored hydrogen stream 1s withdrawn at a withdrawal ratio equal to the

withdrawal flow rate of the stored hydrogen stream to the actual cavern volume of no greater
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than 10.0Q scfd/cf.

29. A method of storing and supplying hydrogen to a hydrogen pipeline comprising:

compressing a feed stream of the hydrogen to produce a compressed hydrogen feed

streéam,;

injecting the compressed hydrogen feed stream into a salt cavern to produce stored
hydrogen within the salt cavern through at least one conduit and, the salt cavem having a
residual brine layer located at a bottom region of the salt cavern and side regions extending

upwardly from the bottom region of the salt cavern and the at least one conduit;

introducing the stored hydrogen stream after having been withdrawn from the salt cavern

into the pipeline within the stored hydrogen stream;

maintaining at least a minimum quantity of the stored hydrogen within the salt cavern
before, during, and between times at which the compressed hydrogen feed stream is injected and

at which the stored hydropen stream is withdrawn; and

limiting the velocities at which the compressed hydrogen feed stream is injected into the
salt cavern such that, as measured at the at least one lower end of the at least one conduit, at an

injection velocity of the compressed hydrogen feed stream of no greater than 100 feet per second

and the stored hydrogen stream is withdrawn at a velocity of the stored hydrogen siream of no

ereater than 150 feet per second.

30. A method for storing hydrogen in a salt cavern connected (0 a hydrogen pipeline and

supplying the stored hydrogen to the hydrogen pipeline compnsing;
drawing a hydrogen feed stream from the pipelineg;
compressing the feed stream to produce a compressed hydrogen feed stream;

feeding the compressed hydrogen feed stream into an annular space within the salt cavern

at a limited predetermined flow rate and velocity wherein the limited flow rate 1s such that an
injection ratio exists that i1s equal to the injection flow rate divided by the actual cavern volume

of the salt cavem that is no greater than 7.5 scfd/cf of salt cavern volume and the injection
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velocity of the compressed hydrogen feed stream is not greater than 100 feet per second and

forming stored hydrogen within the salt cavern:

withdrawing the stored hydrogen from the salt cavern at a predetermined limited flow
rate and velocity wherein the limited flow rate is such that a withdrawal ratio of the withdrawal

tlow rate to the salt cavern volume is no greater than 10.0 scfd/cf and at a velocity is not greater

than 150 feet per second:;
returning the stored hydrogen to the hydrogen pipeline; and

maintaining the pressure within the salt cavern within a maximum pressure and a
minimum pressure such that the structural integrity of the salt cavern is not substantially

compromised.

31. A method of storing and supplying hydrogen to a hydrogen pipeline comprising:

compressing a feed stream of the hydrogen to produce a compressed hydrogen feed

stream;

injecting the compressed hydrogen feed stream into a salt cavern to produce stored
hydrogen within the salt cavern wherein the minimum volume of the hydrogen stored within the

salt cavern is maintained at a volume ratio equal to a stored volume of the hydrogen to the actual

cavern volume of no less than 29.0 Sm*/m’® (Sct/cf) through at least one conduit and withdrawing

a stored hydrogen stream, composed of the stored hydrogen, from the salt cavern through the at

least one conduit, the salt cavern having a residual brine layer located at a bottom region of the

salt cavern and side regions extending upwardly from the bottom region of the salt cavern and
the at least one conduit having at least one lower end located in an interior region of the salt

cavern and spaced above the brine layer and from the side regions of the salt cavern,

introducing the stored hydrogen stream afler having been withdrawn from the salt cavemn

into the pipeline;

maintamning at least a minimum quantity of the stored hydrogen within the salt cavern
before, during, and between times at which the compressed hydrogen feed stream is injected and

at which the stored hydrogen stream is withdrawn such that a stagnant layer of hydrogen is

maintained that borders the intenor region and has at least a bottom portion overlying the
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residual brine layer and a lateral portion situated along the side regions of the salt cavern, the

stagnant layer having a carbon dioxide content that is a potential source of carbon dioxide

contarmnation to the stored hydrogen stream; and

g1 023/030

limiting the flow rates and the velocities such that, as measured at the at least one lower

end of the at least one conduit, the compressed hydrogen feed stream is injected at an injection

ratio equal to an injection flow rate of the compressed hydrogen feed stream to the actual cavern

volume of no greater than 7.5 Sm’d/m? (Scfd/cf) and at an injection velocity of the compressed

hydrogen feed stream of no greater than 30.5 m/s (100 feet per second) and the stored hydrogen

stream 15 withdrawn at a withdrawal ratio equal to the withdrawal flow rate of the stored

hydrogen stream to the actual cavern volume of no greater than 10.0 Sm?d/m? (Scfd/ef) and at a

withdrawal velocity of the stored hydrogen stream of no greater than 45.7 m/s (150 feet per

second) such that the hydrogen stream is withdrawn from the salt cavern and the carbon dioxide

contamination of the stored hydrogen stream is inhibited.

32.  The method of claim 31, wherein:

the at least one lower end of the at least one conduit is spaced below a top region of the

salt cavern, located opposite to the bottom region of the salt cavem; and

the stagnant layer also has a top portion extending along the top region of the salt cavern

and situated opposite to the bottom portion of the stagnant layer.

33.  The method of claim 31, wherein water is removed from the stored hydrogen stream prior

to iyection into the pipeline.

34, The method of claim 31, wherein:

the hydrogen feed stream is compressed to a pressure above the pipeline pressure within

the pipeline;

the stored hydrogen has a cavern pressure that is above the pipeline pressure;

the stored hydrogen stream is removed from the salt cavern as a consequence of the cavern

pressure; and
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the stored hydrogen stream is reduced to the pipeline pressure prior to injecting the stored

hydrogen stream into the pipeline.

35.  The method of claim 31, wherein the at least one conduit has an injection conduit and a
withdrawal conduit and the compressed hydropen feed stream is injected into the salt cavern
through the injection conduit and the stored hydrogen stream is withdrawn from the salt cavern

through the withdrawal conduit.

36.  The method of claim 31, wherein the at least one conduit comprises an injection conduit
having a flow diffuser from which at least the compressed hydrogen feed stream is injected into

the salt cavern.

37.  The method of ¢laim 31, wherein:

the at least one lower end of the at least onc conduit is open;

the at least one lower end of the at least one conduit is spaced from the residual brine

layer at a lower vertical distance of no less than 76.2 m (250 feet);

the at least one lower end of the at least one conduit 1s spaced from the side regions of the

salt cavern at a lateral distance of no less than 12.2 m (40 feet) from a vertical line extending

between 3.05 and 76.2 m (10 and 250 feet) below the at least one lower end of the at least one

conduit.

38.  The method of claim 37, wherein:

the at least one lower end of the at least one conduit is spaced below a top region of the

salt cavern, located opposite to the bottom region of the salt cavern; and

the stagnant layer also has a top portion extending along the top region of the salt cavern
and situated opposite to the bottom portion of the stagnant layer; and
the at least one lower end of the at least one conduit is spaced from the top region of the salt

cavern al an upper vertical distance of no less than 15.2 m (50 feet).

39.  The method of claim 37 or 38, wherein the hydrogen feed stream contains:
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less than 1.0 ppmv carbon dioxide and less than 8 ppmv carbon monoxide and a sum of a carbon
dioxide content and carbon monoxide content in the stored hydrogen stream is less than 10

ppmv.

40. The method of claim 37 or 38, whercin the hydrogen feed stream contains:
less than 0.1 ppmv carbon dioxide and less than 0.6 ppmv carbon monoxide and a sum of a

carbon dioxide content and carbon monoxide content in the stored hydrogen stream is less than

1.0 ppmv.

4l. A system for storing and supplying hydrogen to a hydrogen pipeline at a combined

carbon monoxide and carbon dioxide content of less than 10 parts per million, comprising:

a compressor for compressing a feed stream of the hydrogen to produce a compressed

hydrogen feed stream;

a salt cavern having a residual brine layer located at a bottom region of the a salt
cavern and side régions extending upwardly from the bottom region of the salt cavern;

at least one conduit in communication with the salt cavern for injecting the compressed

hydrogen feed stream into the salt cavern to produce stored hydrogen within the salt cavern and

for withdrawing a stored hydrogen strcam composed of stored hydrogen from the salt cavern and
without carbon dioxide purification, the at least one conduit having at least one lower end located
in an interior region of the salt cavern and spaced above the brine layer and from the side regions

of the salt cavemn:

a flow network configured to selectively connect the compressor to the at least one
conduit such that the compressed hydrogen feed stream is injected into the salt cavern is injected

at an mjection ratio equal to an injection flow rate of the compressed hydrogen feed stream to the
an actual cavern volume of no greater than 7.5 scfd/cf and at an injection velocity of the
compressed hydrogen feed stream of no greater than 100 feet per second and the stored hydrogen
stream 18 withdrawn at a withdrawal ratio equal to the withdrawal flow rate of the stored

hydrogen stream to the actual cavern volume of no greater than 10.0 scfd/cf and at a withdrawal

velocity of the stored hydrogen stream of no greater than 150 feet per second to produce the
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stored hydrogen within the salt cavern and to selectively connect the at least one conduit to the

hydrogen pipeline such that the stored hydrogen stream is injected into the pipeline; and

that salt cavern having at least a minimum quantity of the stored hydrogen within the salt

cavern before, during, and between times at which the compressed hydrogen feed stream is

jected and at which the stored hydrogen stream.

42.  The system of claim 41, wherein the at least one lower end of the at least one conduit is
spaced below a top region of the salt cavern, located opposite to the bottom region of the salt

Cavceril,

43.  The system of claim 41, wherein the flow network has a drying unit positioned within the

flow network to remove water from the stored hydrogen stream prior to injection into the

pipeline.

44,  The system of claim 41, wherein the compressor compresses the hydrogen feed stream

such that the compressed hydrogen feed stream is injected into the salt cavern at a cavern
pressure that 15 above the pipeline pressure; and the flow network is configured to reduce the
cavern pressure of the stored hydrogen stream to the pipeline pressure prior to injecting the

stored hydrogen stream into the pipeline.

43 The system of claim 44, wherein the at least one conduit is an injection conduit from
which the compressed hydrogen feed stream is injected into the salt cavern and a withdrawal

conduit from which the stored hydrogen stream 1s withdrawn from the salt cavern through a

withdrawal conduit.

46.  The system of claim 41, wherein the at least one conduit comprises an injection conduit
having a flow diffuser from which at least thc compressed hydrogen feed stream is injected into

the salt cavern.
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47.  The system of claim 41, wherein:

the minimum volume of the hydrogen stored within the salt cavern is maintained at a

volume ratio equal to a stored volume of the hydrogen to the actual cavern volume of no less
than 29.0 scf/cf;

the at least one lower end of the at least one conduit is open;

the at least one lower end of the at least one conduit is spaced from the residual brine

layer at a lower vertical distance of no less than 250 feet;

the at least one lower end of the at least one conduit is spaced from the side regions of the

salt cavern at a lateral distance of no less than 40 feet from a vertical line extending between 10
and 250 feet below the at least one lower end of the at least one conduit; and the flow rates and

velocities are limited such that, as measured at the at least one lower end of the at least one

conduit, the compressed hydrogen feed stream.

48. A method of storing and supplying hydrogen to a hydrogen pipeline comprising:

compressing a feed stream of the hydrogen to produce a compressed hydrogen feed

stream;

inje:cting the compressed hydrogen feed stream into a salt cavern to produce stored
hydrogen within the salt cavern and withdrawing a stored hydrogen stream, composed of the

stored hydrogen, from the salt cavern, the salt cavern having a residual brine layer located at a

bottom region of the salt cavern and side regions extending upwardly from the bottom region of

the salt cavern:

infroducing the stored hydrogen stream after having been withdrawn from the salt cavern

into the pipeline;

maintaining at least a minimum quantity of the stored hydrogen within the salt cavern
before, during, and between times at which the compressed hydrogen feed stream is injected and

at which the stored hydrogen stream is withdrawn; and

limiting flow rates and velocitics at which the compressed hydrogen feed stream is

Injected into the salt cavern such that, the compressed hydrogen feed stream is injected at an
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Injection ratio equal to an injection flow rate of the compressed hydrogen feed stream to an
actual cavern volume of no greater than 7.5 scfd/cf and at an injection velocity of the compressed
hydrogen teed stream of no greater than 100 feet per second and the stored hydrogen stream is
withdrawn at a withdrawal ratio equal to an withdrawal flow rate of the stored hydrogen stream
to the actual cavern volume of no greater than 10.0 scfd/cf and at a withdrawal velocity of the

stored hydrogen stream of no greater than 150 fect per second such that the stored hydrogen

stream 1s withdrawn from the salt cavern.

49,  The method of claim 48, further comprising removing water from the stored hydrogen

stream prior to injection into the pipeline.

50. The method of ¢claim 48, wherein a combined carbon monoxide and carbon dioxide

content of the hydrogen stored and supplied to the hydrogen pipeline is less than 10 parts per

million.

51.  The method of claim 48, further comprising:

compressing the hydrogen feed stream to a pressure above a pipeline pressure within the

pipeline;
storing the hydrogen at a cavern pressure that is above the pipeline pressure;

removing the stored hydrogen stream from the salt cavern as a consequence of the cavern

pressure; and

reducing the pressure of the storcd hydrogen stream to the pipeline pressure prior to

injecting the stored hydrogen stream into the pipeline.

52.  The method of claim 48, wherein the compressed hydrogen feed stream i3 injected into
the salt cavern through an injection conduit and the stored hydrogen stream is withdrawn from

the salt cavemn through a withdrawal conduit.
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53.  The method of ¢claim 52, wherein the injection conduit includes a flow diffuser from

which at least the compressed hydrogen feed stream 1s injected into the salt cavern.

54, The method of claim 52, wherein:

the minimum volume of the hydrogen stored within the salt cavern 15 maintained at a

volume ratio equal to a stored volume of the hydrogen to the actual cavern volume of no less
than 29.0 scl/ct;

the at least one lower end of the injection conduit is open; the at least one lower end
of the injection conduit is spaced from the residual brine layer at a lower vertical distance
of no less than 250 feet;

the at least one lower end of the injection conduit is spaced from the side regions of
the salt cavern at a lateral distance of no less than 40 fcet from a vertical line extending

between 10 and 250 feet below the at least one lower end of the injection conduat.

55.  The method of claim 54, wherein:

the at least one lower end of the injection conduit is spaced below a top region of the salt

cavern, located opposite to the bottom region of the salt cavern; and

the at least one lower end of the injection conduit is spaced from the top region of the salt

cavern at an upper vertical distance of no less than 50 feet.

56. The method of claim 54 or 55, wherein the hydrogen feed streamn contains less than 1.0

ppmyv carbon dioxide and less than 8 ppmv carbon monoxide and a sum of a carbon dioxide

content and carbon monoxide content in the stored hydrogen stream 1s less than 10 ppmv.
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57.  The method of claim 54 or 53, wherein hydrogen teed stream contains less than 0.1 ppmv

carbon dioxide and less than 0.6 ppmv carbon monoxide and a sum of a carbon dioxide content

and carbon monoxide content in the stored hydrogen stream is less than 1.0 ppmv.
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