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ABSTRACT OF THE DISCLOSURE
The invention provides a method for supplying a cryogenic fluid to a
network of two or more cryogenic fluid receiving stations, wherein a cryogenic
liquid is routed to cryogenic fluid receiving stations in a single cryogenic vessel
and is dispensed to the cryogenic fluid receiving stations as either a cryogenic
liquid, a compressed gas, both a cryogenic liquid and a compressed gas, or as a
mixture of a cryogenic liquid and a compressed gas.
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TITLE OF THE INVENTION:

OPTIMIZED CRYOGENIC FLUID SUPPLY METHOD

BACKGROUND OF THE INVENTION

Cryogenic fluids are typically transported to a receiving station as either a
compressed gas or a cryogenic liquid, depending on factors which include
cryogenic fluid usage rate and whether the cooling capacity of the liquid
cryogenic fluid is needed by the customer. If the cooling capacity of the liquid
cryogenic fluid is needed, then a liquid supply is required. [f no cooling cap.acity
IS needed by the customer, the cryogenic fluid can be delivered as either a I‘iqiuid
or compressed gas. Where there is a high cryogenic fluid consumption rate at a
facility, it is preferable to deliver the fluid as a liquid, since a larger quantity of 5
product can be stored for a given vessel volume. Conversely, if the facility's

cryogenic fluid usage rate is low, delivering the fluid as a compressed gasis
preferred due to the cost of liquefaction.

As illustrated in Figures 2A and 2B, cryogenic fluid suppliers typically
employ one supply chain or distribution system for the transportation and delivery
of a compressed gas and a separate or different supply chain or distribution
system for the transportation and delivery of a cryogenic liquid. For example,
hydrogen can be supplied to a customer as a liquid from a_ liquid trailer, or as a
compressed gas from cylinders, tube trailers and, IN some cases, through a i

pipeline. When tube trailers are used, hydrogen is often offloaded from the
trailers by utilizing a pressure difference between the tubes on the trailer and ihe
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receiving tubes or vessels. Alternatively, the entire tube trailer may be dropped
off or left behind and exchanged for a depleted or relatively empty tube trailer.
Equipment has been designed to allow cryogenic fluids to be transported at high
pressures, thereby maximizing the amount of fluid stored on, for example, a ?
trailer. The sequencing or logistics of customer deliveries has also been tailored
to minimize the amount of residual gas in tubes when a delivery vehicle returns to
a fill station after completing deliveries.

Figures 3A and 3B illustrate that in known methods of delivering a
cryogenic fluid as a compressed gas, either the delivery vehicle or receiving
station must be configured to compress the cryogenic fluid to acceptable
pressures (e.g., pressures in the range of aroUnd 100 - 700 bar).

United States Patent No. 3,369,372 ("'372 Patent") describes a liquid
helium distribution system. United States Patent No. 5,762,119 ("'119 Patent")
describes a cryogenic gas transportation and delivery system for transporting the
gas in a liquefied state and delivering it to a storage vessel in a vaporized or
gaseous state.

Known cryogenic fluid delivery methods suffer from numerous drawbacks.
Having to use two different types of delivery vehicles in order to deliver cryogénic
liquids and gases separately is inherently expensive and inefficient: the more:
delivery vehicles required, the greater the delivery expenses and odds of deli\ffery
disruption. Where the maximum allowable working pressure for storage
equipment at a compressed gas facility is greater than a delivery vehicle's sur:aply
pressure, expensive compression equipment must be maintained at the facility to
aid in compressed gas delivery. Also, separate compressed gas and cryogenic
liquid supply chains cannot be modified readily to account for changes in the level
or type of cryogenic fluid demand at\any given cryogenic fluid receiving station.

Accordingly, the need exists for economical methods that enable efficient

delivery of both compressed gases and cryogenic liquids to a number of
cryogenic fluid receiving stations.
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BRIEF SUMMARY OF THE INVENTION

The invention provides methods for supplying a cryogenic fluid to a
network of two or more cryogenic fluid receiving stations, the methods
comprising:

(a) routing a cryogenic storage vessel containing a liquefied cryogenic fluid
to a cryogenic fluid receiving station;

(b) determining whether the cryogenic fluid receiving station is adapted to
receive the cryogenic fluid as a cryogenic liquid, a compressed gas, both a
cryogenic quuid”and a compressed gas, or as a mixture of a cryogenic liquid and
a compressed gas;

(c) dispensing the cryogenic fluid from the cryogenic storage vessel to the
cryogenic fluid receiving station as a cryogenic liquid, a compressed gas, both a
cryogenic liquid and a compressed gas, or a mixture of a cryogenic liquid and a
compressed gas in accordance with the determination made in step (b);

(d) (1) determining (i) whether another cryogenic fluid receiving station in
the network is in need of cryogenic fluid and (ii) whether the amount of cryogénic
fluid remaining in the cryogenic storage vessel is adequate to meet such need,
(2) where another cryogenic fluid receiving station in the network is determined to
be in need of cryogenic fluid and the amount of cryogenic fluid remaining in the
cryogenic storage vessel is determined to be adequate to meet such need,
implementing steps (a)-(c) to supply cryogenic fluid to that cryogenic fluid
receiving station, or (3) where another cryogenic fluid receiving station in the
network is determined to be in need of cryogenic fluid and the amount of
cryogenic fluid remaining in the cryogenic storage vessel is determined to be
inadequate to meet such need, (i) routing the cryogenic storage vessel to a
cryogenic fiuid supply facility which dispenses cryogenic fluid to the cryogenic
storage vessel, and (ii) thereafter implementing steps (a)-(c) to supply cryogenic
fluid to that cryogenic fluid receiving station; and :

(e) répeating steps (a)-(d) until (1) it is determined that no other cryogeénic
fluid station in the network is need of cryogenic fluid, or (2) routing of the '
cryogenic storage vessel within the network is otherwise terminated,

-3.
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wherein cryogenic fluid is dispensed as a compressed gas to a cryogenic fluid
receiving station by (1) increasing the pressure of at least a portion of the
liquefied cryogenic fluid in the cryogenic liquid storage vessel to a pressure
sufficient to form a supercritical fluid; and (2) heating at least a portion of the
supercritical fluid, thereby forming a compressed gas.

In one embodiment, the cryogenic storage vessel is disposed on a delivery
vehicle which comprises and is regulated by control means which are associated
with the cryogenic storage vessel, the one or more cryogenic fluid receiving
stations, and the cryogenic fluid supply facility for the transmission, receipt, and
analysis of data reflecting one or more of the following values: (1) the amount of
cryogenic liquid in the cryogenic storage vessel, (2) the cryogenic liquid or
compressed gas demands of the one or more cryogenic fluid receiving stations,
and (3) the amount of cryogenic fluid in the cryogenic fluid supply facility.

In one embodiment of the invention, cryogenic fluid is dispensed from the
cryogenic storage vessel to a cryogenic fluid receiving station as a mixture of
cryogenic liquid and a compressed gas. |

In still another embodiment of the invention, cryogenic fluid is dispensed
from the cryogenic storage vessel to a cryogenic fluid receiving station as both a
separate cryogenic liquid stream and a separate compressed gas stream.

In still another embodiment of the invention, cryogenic fluid is dispensed
from a cryogenic storage vessel to a cryogenic fluid receiving station as a
compressed gas and cryogenic liquid from the cryogenic storage vessel is used
to cool the compressed gas during dispensing of the compressed gas from the
cryogenic storage vessel to the cryogenic fluid receiving station.

In still another embodiment of the invention, liquefied hydrogen is
transported to a hydrogen receiving station and is dispensed from a cryogenic
storage vessel to the hydrogen receiving station as a compressed gas. During
th-is process, vaporized hydrogen: (1) is generated by cooling the compressed
hydrogen with liquefied hydrogen from the cryogenic storage vessel during

~ dispensing of the compressed hydrogen to the hydrogen receiving station; and/or
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(2) is delivered to a fuel cell which is positioned on, and provides electric power
for, a delivery vehicle upon which the cryogenic storage vessel is disposed.

In still another embodiment of the invention, the pressure of at least a 5
portion of the liquefied cryogenic fluid in the cryogenic storage vessel is '
increased by a piston-type pump.

In still another embodiment of the invention, cryogenic liquid in the
cryogenic storage vessel is depleted until the cryogenic storage vessel only
contains residual gaseous cryogenic fluid and at least a portion of the residual
gaseous cryogenic fluid is compressed and dispensed to a cryogenic fluid
receiving station.

In a still further embodiment of the invention, the cryogenic fluid which is
delivered and dispensed to a cryogenic fluid receiving station exists as a liquid at
a temperature of greater than around - 60°C.

Methods of the invention offer numerous advantages over known

processes for delivering cryogenic fluids. Some of these advantages are as '
follows.

In methods of the invention, a single vehicle may be dispatched in an
optimum routing and schedule to deliver a cryogenic liquid, a compressed gas,
both a cryogenic liquid and a compressed gas, or a mixture of a cryogenic liquid
and a compressed gas to a network of two or more cryogenic fluid receiving
stations. Inefficiencies associated with separate cryogenic liquid and
compressed gas delivery (e.g., increased number of vehicles and related
maintenance and personnel costs) are thereby avoided.

In methods of the invention, compressed gas is delivered from a cryogenic
storage vessel at a cryogenic fluid receiving station operating pressure, thereby
eliminating the need for costly compressors at the cryogenic fluid receiving
station. For example, in one embodiment of the invention, hydrogen gas can be
delivered to a hydrogen receiving station at approximately 100 - 700 bar without
using receiving station compressors. Consequently, methods of the invention

can use conventional liquefied hydrogen storage vessels to deliver hydrogen gas
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to hydrogen fueling stations at elevated pressures, e.g., pressures of around 100
bar to around 700 bar.

Another advantage offered by the invention is that conversion of a
cryogenic liquid such as liquefied hydrogen to a compressed gas at the cryogenic
fluid receiving station improves the purity of the compressed gas.

In certain embodiments of the invention, to improve fill time, minimize
cryogenic storage vessel size, and increase the amount of gas delivered, the '
cryogenic liquid is used to cool the compressed gas during dispensing of the
compressed gas from the cryogenic storage vessel to the cryogenic fluid
receiving station.

In preferred embodiments, methods of the invention achieve real time
optimization of cryogenic fluid delivery to two or more cryogenic fluid receiving
stations by continuous analysis of: (1) the amount of cryogenic liquid in the
cryogenic storage vessel, (2) the cryogenic liquid or compressed gas demands of
the two or more cryogenic fluid receiving stations, and (3) the amount of
cryogenic liquid in the cryogenic fluid supply facility. Cryogenic fluid delivery
routes and schedules can be varied in real time depending on any number of
factors (e.q., variations in cryogenic fluid consumption, cost, and pricing) which
affect cryogenic fluid receiving stations, either directly or indirectly.

These and other aspects of the invention are described further in the
following detailed description of the invention. .

BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS

FIGURE 1 illustrates one embodiment of a cryogenic fluid delivery method of the
invention.

FIGURES 2A and 2B illustrate known cryogenic fluid delivery methods.

FIGURES 3A and 3B illustrate known methods of delivering a cryogenic fluid as a
compressed gas.

FIGURE 4 is a flowchart which illustrates the delivery of a cryogenic liquid and a
compressed gas in one embodiment of the invention.
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FIGURE 5 is a flowchart which illustrates the delivery of a compressed gas in one
embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

As used herein, the following definitions apply unless noted otherwise.

"Cryogenic fluids" include fluids that liquefy at atmospheric pressure at a
temperature of below around -100°C. Hydrogen, helium, argon, oxygen,
nitrogen, natural gas, and mixtures of hydrogen and natural gas are examples of
such cryogenic fluids. Cryogenic fluids exist as a compressed gas at pressures
greater than they fluid’s critical pressure and at temperatures greater than around
-100°C. (Cryogenic fluid delivered in a tube trailer is typically called a
compressed gas, although since it is stored above its critical pressure, it is also a
supercritical fluid.)

Carbon dioxide is also considered to be a cryogenic fluid for purposes of
the invention.

Cryogenic fluids are delivered to cryogenic fluid receiving stations (as
defined hereinafter) as a cryogenic liquid, a compressed gas, both a cryogenic
liquid and a compressed gas, or as a mixture of a cryogenic liquid and a
compressed gas.

A "compressed gas" is a cryogenic fluid which is at a pressure greater than

the cryogenic fluid’s critical pressure and which is at a temperature greater than
around -100°C.

"Cryogenic fluid receiving stations" include any facilities (e.g., commercial
and residential facilities) that use a cryogenic liquid, a compressed gas, both a
cryogenic liquid and a compressed gas, or a mixture of a cryogenic liquid and a
compressed gas. A cryogenic fluid receiving station can be a hydrogen fueling
station, including but not Iimited to a hydrogen fuel station for vehicles, e.g., as
described in United States Patent No. 6,810,925. Two or more cryogenic fluid
receiving stations can be adapted to receive compressed gas at two or more
different pressures. For example, two or more cryogenic fluid receiving stations
are hydrogen receiving stations which are adapted to receive compressed

-7 -
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hydrogen gas at two or more pressures ranging from about 100 bar to about
700 bar.

"Cryogenic storage vessels" include but are not limited to insulated
cryogenic tanks and cryogenic liquid storage vessels that are well-known to those
of ordinary skill in the art. Preferably, a pressure buildup system is associated
with the cryogenic storage vessel. Cryogenic storage vessels may contain both a
cryogenic liquid and a gas in the head space above the cryogenic liquid. '

"Delivery vehicles" comprise "mobile support means" (e.g., platforms,
pallets, skids, rail cars, and trailers) that are adapted for the support and
transportation of cryogenic storage vessels and related apparatus for delivering
cryogenic liquids and/or compressed gases to cryogenic fluid receiving stations.
The mobile support means can be mounted on or connected for transportation to
either a self-propelled transportation means (e.g. trucks, tractor-trailers, aircraft,
or ships), or on transportation means which must be moved by separate
locomotion (e.g. rail cars, trailers, barges, transportable skids, and the like).

In one embodiment, the cryogenic fluid may be dispensed from the
cryogenic storage vessel to the receiying station as a cryogenic liquid, a
compressed gas, both a cryogenic liquid and a compressed gas, or a mixture of a
cryogenic liquid and a compressed gas using an apparatus described in Unitéd
States Patent Application Serial No. 11/039,264, the complete disclosure of
which is hereby incorporated by reference. Such an apparatus includes a mobile
support means; a cryogenic storage vessel which contains the cryogenic fluid
(the cryogenic liquid storage vessel is disposed on the mobile support means); a
piston-type pump in fluid communication with the cryogenic storage vessel (the
piston-type pump is disposed on the mobile support means); a heat exchanger
which is in fluid communication with the piston-type pump and which is disposed
to receive the cryogenic fluid from the piston-type pump; a first conduit having a
first end and a second end, wherein the first end of the first condui.t IS in fluid
communication with the heat exchanger and is disposed to receive the cryogenic
fluid from the heat exchanger, and wherein the second end of the first conduit is
in fluid communication with a compressed gas connection fitting; and a second

-8-



10

15

20

25

30

R | | HEENE

CA 02532934 2006-01-13

conduit having a first end and a second end, wherein the first end of the second
conduit is in fluid communication with the cryogenic storage vessel and is
disposed to receive the cryogenic fluid at least in part as a liquid from the
cryogenic storage vessel, and wherein the second end of the second conduit is in
fluid communication with a liquid cryogenic fluid connection fitting.

A "cryogenic fluid supply facility" can include any facility which stores and
optionally generates cryogenic fluids. Cryogenic fluid supply facilities include but
are not limited to hydrogen supply depots or production facilities. Means for
dispensing cryogenic fluid to the cryogenic storage vessel are described in United
States Patent Application Serial No. 11/039,264 and are well-known to those of
ordinary skill in the art.

In one embodiment, during the formation of a compressed gas,
supercritical fluids are formed by increasing the pressure of at least a portion of
the liquefied cryogenic fluid in the cryogenic storage vessel to a pressure
sufficient to form a supercritical fluid using a pump which is located on a delivery
vehicle upon which the cryogenic storage vessel is disposed, or which is located
at a cryogenic fluid receiving station.

In one embodiment, during the formation of a compressed gas,
supercritical fluids are heated by heat exchangers of any chosen design, for
example, a finned tube heat exchanger which utilizes heat provided by ambient
air. Preferably, the finned tube heat exchanger uses an optional fan to impro{/e
heat transter. In another illustrative embodiment, the heat exchanger may be a
hot water shell and tube heat exchanger which uses an electric heater as a heat
source. Heat may also be drawn from the engine cooling system of a delivery
vehicle. Other suitable heat exchanger designs are known to those of ordinary
skill in the art. The heat exchanger is preferably disposed on mobile support
means (e.g., delivery vehicle), but can also be positioned adjacent to the mobile

support means or can be part of a cryogenic fluid storage facility or cryogenic
fluid receiving station.

"Routing a cryogenic storage vessel containing a liquefied cryogenic fluid
to a cryogenic fluid receiving station" includes transporting the cryogenic storage

-9-
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vessel containing a liquefied cryogenic fluid by any suitable means to a location
from which it can supply cryogenic fluid to a cryogenic fluid receiving station.

Manual (e.g., on-site operator readings or telephone or e-mail
communications) or automatic means (e.g., control means as defined hereinafter)
can be used to (a) route a cryogenic storage vessel containing a liquefied
cryogenic fluid to a cryogenic fluid receiving station; and (b) to transmit, receive,
and analyze information that determines, or can be used to determine ;

(1) whether a cryogenic fluid receiving station is adapted to receive the cryogenic
fluid as either a cryogenic liquid, a compressed gas, both a cryogenic liquid ahd a
compressed gas, or as a mixture of a cryogenic liquid and a compressed gas; (2)
whether another cryogenic fluid receiving station in the network is in need of
cryogenic fluid; and (3) whether the amount of cryogenic fluid remaining in the
cryogenic storage vessel is adequate to meet such need.

In certain circumstances, routing of a cryogenic storage vessel within a
network may be terminated even though other cryogenic fluid station in the
network may be in need of cryogenic fluid. For example, delivery vehicle
breakdown, or circumstances unrelated to network operation (e.g., weather), may
necessitate that the routing being discontinued.

A "network of two or more cryogenic fluid receiving stations" means two
or more integrated or separate cryogenic fluid receiving stations which may or

may not be under common ownership or control and which may or may not bé in
communication with one another, whether for the transmission of data relating to

cryogenic fluid receiving station cryogenic fluid demands or otherwise.

"Control means" can be associated with the cryogenic storage vessel, the
two or more receiving stations, and the cryogenic fluid supply facility for the
transmission, receipt, and analysis of data reflecting one or more of the following
values: (1) the amount of cryogenic liquid in the cryogenic storage vessel, (2) the
cryogenic liquid or compressed gas demands of the one or more cryogenic fluid
receiving stations, and (3) the amount of cryogenic liquid in the cryogenic fluid
supply facility. -

- 10 -
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Control means can include computer systems comprising central
processing units (CPU's) for processing data (related to, e.g., the cryogenic liquid
or compressed gas levels and consumption rates of one or more cryogenic fluid
receiving stations), associated memory media including floppy disks or compact
discs (CD's) which may store program instructions for CPU's, one or more disblay
devices such as monitors, one or more alphanumeric input devices such as a
keyboard, and one or more directional input devices such as a mouse. Computer
systems used in control means can include a computational system memory
such as DRAM, SRAM, EDO DRAM, SDRAM, DDR SDRAM, or Rambus RAM,
or a non-volatile memory such as a magnetic media (e.g., a hard drive) or optical
storage. The memory medium preferably stores a software program or programs
for event-triggered transaction processing. The software program(s) 'may be
implemented in any of various ways, including procedure-based techniques,
component-based techniques, and/or object-oriented techniques, among others.

Control means can include instrumentation for: (1) monitoring analog input
data relating to cryogenic fluid receiving station and cryogenic storage vessel
parameters (e.g., €.9., the cryogenic liquid or compressed gas levels and
consumption rates of one or more of the cryogenic fluid receiving stations, the
cryogenic liquid levels and location of the cryogenic storage vessel, and the
cryogenic fluid levels of the cryogenic fluid supply facility); (2) converting such
analog input data to CPU input digital signals for CPU processing and generation
of CPU digital output signals; and (3) converting CPU digital output signals to-
analog signals that vary process parameters such as the routing of the cryogénic
storage vessel to one or more receiving stations in accordance with CPU digifal
output signals. Thus, control means can provide real-time, feedback control of

the delivery of a cryogenic fluid to a network of two or more cryogenic fluid
receiving stations.

In addition to regulating the delivery of a cryogenic fluid to a network of two

or more cryogenic fluid receiving stations in response to cryogenic fluid receiving
station and storage vessel parameters, control means can, through hardwired or

wireless transmission, receive and respond to external data that do not relate to

-11 -
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cryogenic fluid receiving station and cryogenic storage vessel parameters. Such
external data include but not are limited to: wireless transmissions from on-board
hydrogen vehicle fuel monitor sensors which alert a delivery vehicle upon which a
cryogenic storage vessel is disposed to the hydrogen fuel levels of vehicles in its
vicinity; cryogenic fluid cost and pricing; external inventory levels; projected
weather conditions; and projected peak cryogénic fluid consumption times.
Control means can also be associated with external databases (e.g., financial
institution databases or emergency response databases that are located rem(btely
from the cryogenic storage vessel, the two or more cryogenic fluid receiving
stations, and the cryogenic fluid supply facility) for the transmission of data which
does not relate to network and cryogenic storage vessel parameters to enable,
e.g., (1) real-time commodity pricing or investment decisions or (2) decisions
regarding the continuation or termination of cryogenic fluid deliveries based on,
e.g., hetwork cryogenic fluid consumption or pricing, or external events such as
an accident, blackout, natural disaster, terrorist threat, or attack.

In one embodiment, regulation of a delivery vehicle upon which a
cryogenic storage vessel is disposed by the control means includes routing the
delivery vehicle to two or more cryogenic fluid receiving stations using a delivéry
route and delivery schedule determined at least in part by analysis of data
reflecting one or more of the following values: (1) the amount of cryogenic quufid
in the cryogenic storage vessel, (2) the cryogenic liquid or compressed gas '
demands of the one or more cryogenic fluid receiving stations, and (3) the
amount of cryogenic liquid in the cryogenic fluid supply facility.

In another embodiment, the delivery route and delivery schedule are
determined before the delivery vehicle is routed to any cryogenic fluid receiving
station.

" In another embodiment, the delivery vehicle delivery route and delivery
schedule are altered after the delivery vehicle is routed toa cryogenic fluid
receiving station.

In another embodiment, the delivery vehicle delivery route and delivery
schedule are altered based at least in part by analysis of data reflecting one or

-19 .
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more of the following values: (1) the amount of cryogenic liquid in the cryogenic
storage vessel, (2) the cryogenic liquid or compressed gas demands of the one
or more cryogenic fluid receiving stations, and (3) the amount of cryogenic liquid
in the cryogenic fluid supply facility.

In another embodiment, the delivery vehicle delivery route and delivery
schedule are altered based at least in part by analysis of data that does not
reflect one or more of the following values: (1) the amount of cryogenic liquid in
the cryogenic storage vessel, (2) the cryogenic liquid or compressed gas
demands of the one or more cryogenic fluid receiving stations, and (3) the
amount of cryogenic liquid in the cryogenic fluid supply facility.

Figure 1 illustrates one embodiment of a cryogenic fluid delivery method of
the invention.

Referring to Figure 1, a cryogenic fluid delivery vehicle comprising a
cryogenic storage vessel filled with a cryogenic liquid departs a cryogenic fluid
supply facility and is routed to cryogenic liquid receiving station 1. ltis
determined that cryogenic liquid receiving station 1 is adapted to receive
cryogenic liquid and cryogenic liquid is dispensed to cryogenic liquid receiving
station 1.

It is determined that compressed gas receiving station 1 is in need of
compressed gas and that the amount of cryogenic liquid remaining in the
cryogenic storage vessel of the cryogenic fluid delivery vehicle is adequate to
meet such need. The cryogenic fluid delivery vehicle is then routed to ,
compressed gas receiving station 1, a determination is made that compressed
gas receiving station 1 is adapted to receive compressed gas, and compressed
gas is dispensed to compressed gas receiving station 1 by: (1) increasing the
pressure of at least a portion of the cryogenic liquid in the cryogenic storage
vessel to a pressure sufficient to form a superecritical fluid; and (2) heating at I.éast
a portion of the supercritical fluid, thereby forming a compressed gas.

It is also determined that cryogenic liquid receiving station 2 is in need of
cryogenic liquid and that the amount of cryogenic liquid remaining in the
cryogenic storage vessel of the cryogenic fluid delivery vehicle is adequate to

- 13 -
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meet such need. The cryogenic fluid delivery vehicle is then routed to cryogenic
liquid receiving station 2, a determination is made that cryogenic liquid receiving
station 2 is adapted to receive cryogenic liquid, and cryogenic liquid is dispensed
to cryogenic liquid receiving station 2. '

It is also determined that compressed gas receiving station 2 is in need of
compressed gas and' that the amount of cryogenic liquid remaining in the
cryogenic storage vessel of the cryogenic fluid delivery vehicle is adequate to
meet such need. The cryogenic fluid delivery vehicle is then routed to
compressed gas receiving station 2, a determination is made that compressed
gas receiving station 2 is adapted to receive compressed gas , and compressed
gas is dispensed to compressed gas receiving station 2 by (1) increasing the
pressure of at least a portion of the cryogenic liquid in the cryogenic liquid
storage vessel to a pressure sufficient to form a supercritical fluid; and (2) heating
at least a portion of the supercritical fluid, thereby forming a compressed gas.

It is also determined that compressed gas receiving station 3 is in neéd of
compressed gas and that the amount of cryogenic liquid remaining in the '
cryogenic storage vessel of the cryogenic fluid delivery vehicle is adequate to
meet such need. The cryogenic fluid delivery vehicle is then routed to
compressed gas receiving station 3, a determination is made that compressed
gas receiving station 3 is adapted to receive compressed gas, and compressed
gas iIs dispensed to compressed gas receiving station 3 by (1) increasing the -
pressure of at least a portion of the cryogenic liquid in the cryogenic liquid
storage vessel to a pressure sufficient to form a supercritical fluid; and (2) heating
at least a portion of the supercritical fluid, thereby forming a compressed gas.'

It is also determined after the delivery of compressed gas to compressed
gas receiving station 3 that either: (1) the amount of cryogenic liquid remaining in
the cryogenic storage vessel of the cryogenic fluid delivery vehicle is inadequate
to meet any additional cryogenic liquid demands of either cryogenic liquid
receiving stations 1 and 2, or that there are no such additional demands; or (2)
that the amount of cryogenic liquid remaining in the cryogenic storage vessel of
the cryogenic fluid delivery vehicle is inadequate to meet any additional

-14 -
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compressed gas demands of compressed gas receiving stations 1-3, or that
there are no such additional demands. The cryogenic fluid delivery vehicle is
then routed to, and refueled at, the cryogenic fluid supply facility.

The determinations as to the cryogenic fluid demands of any cryogenic
fluid receiving station, or the determinations as to whether a cryogenic fluid
receiving station is adapted to receive a cryogenic liquid, a compressed gas, both
a cryogenic liquid and a compressed gas, or a mixture of a cryogenic liquid and
compressed gas, can be made prior to, during, or after the routing of the
cryogenic storage vessel to any given cryogenic fluid receiving station. For
example, a preprogrammed delivery vehicle route can be altered in real time to
account for fluctuations in cryogenic fluid demand at one or more cryogenic fluid
receiving stations, or can be varied during the course of delivery based on '
external events such a traffic disruptions, price differentials between cryogenic
liquids and compressed gases, and weather conditions.

In the event that the cryogenic fluid supply facility from which the
cryogenic storage vessel was initially fueled is unable to supply adequate
amounts of cryogenic fluid after the initial fueling, the delivery vehicle may be :
routed to one or more alternative cryogenic fluid supply facilities. '

Figure 4 is a flowchart which illustrates the delivery of a cryogenic liquid
and compressed gas in accordance with one embodiment of the
invention. Referring to Figure 4, cryogenic liquid is dispensed 5 from a cryogenic
fluid supply facility into the cryogenic storage vessel of a delivery vehicle. A
cryogenic fluid reCeiving station in need of cryogenic liquid or compressed gas is
identified 10. The cryogenic liquid delivery vehicle is routed 15 to that receiving
station; it is determined 20 whether the station is adapted to receive and is in
need of compressed gas or cryogenic liquid. If it is determined that the receiving

station is adapted to receive and is in need of compressed gas, a supercritical

stream of cryogenic fluid is generated 25 by increasing 30 the pressure of at least
a portion of the cryogenic liquid in the cryogenic storage vessel, and by heating
35 the supercritical stream of cryogenic fluid to generate a compressed gas. |

- 15 -
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The compressed gas is then dispensed (off-loaded) 40 to the receiving station,
and is subsequently dispensed 50 from the receiving station to various end users.

As illustrated in Figure 4, if it is determined 20 that the cryogenic fluid.
receiving station is adapted to receive and is in need of cryogenic liquid,
cryogenic liquid is dispensed 45 to the receiving station, and is subsequently
dispensed from the receiving station to various end users.

It is then determined (55 and 60) whether any other receiving station is in
need of either compressed gas or cryogenic liquid and if there is such a need, it
determined 65 whether the amount of cryogenic liquid remaining in the cryogenic
storage vessel of the cryogenic fluid delivery vehicle is adequate to meet such
demand. If the amount of cryogenic liquid remaining in the cryogenic storage
vessel of the cryogenic fluid delivery vehicle is determined 65 to be adequate to
meet the compressed gas or cryogenic liquid demands of another receiving
station, the cryogenic fluid delivery vehicle is routed 70 to that station. Ifitis
determined 75 that the cryogenic liquid remaining in the cryogenic storage vessel
IS inadequate to meet the compressed gas or cryogenic liquid demands of
another station, or if it is determined 80 that no additional station is in need of
compressed gas or cryogenic liquid, the cryogenic fluid delivery vehicle is routed
85 to a cryogenic fluid supply facility.

Figure 5 is a flowchart which illustrates the delivery of a compressed gas
in accordance with one embodiment of the instant invention. Referring to
Figure 5, cryogenic liquid is dispensed 5 from a cryogenic fluid supply facility into
the cryogenic storage vessel of a delivery vehicle. A compressed gas receiving
station in need of compressed gas is identified 10; the delivery vehicle is routed

15 to that receiving station. A supercritical stream of cryogenic fluid is generated

20 by increasing the pressure of at least a portion of the cryogenic liquid in the
cryogenic storage vessel, and by heating 30 the supercritical stream of cryogenic
fluid to generate a compressed gas. The compressed gas is then dispensed 35

to the compressed gas receiving station, and is subsequently dispensed 40 from
the receiving station to various end users.

- 16 -
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After dispensing the compressed gas to the receiving station, it is
determined 45 whether any other compressed gas receiving station is in need of
compressed gas and if there is such a need, it determined 50 whether the
amount of cryogenic liquid remaining in the cryogenic storage vessel of the
cryogenic fluid delivery vehicle is adequate to meet such demand. If the amount
of cryogenic liquid remaining in the cryogenic storage vessel of the cryogenic
fluid delivery vehicle is adequate to meet the compressed gas demands of
another receiving station, the cryogenic fluid delivery vehicle is routed 55 to that
station. If it is determined 60 that the cryogenic liquid remaining in the cryogehic
storage vessel of the cryogenic fluid delivery vehicle is inadequate to meet the
compressed gas demands of another compressed gas receiving station, or if it is
determined 65 that no additional station is in need of compressed gas, the '
cryogenic fluid delivery vehicle is routed 70 to a cryogenic fluid supply facility.

Although illustrated and described herein with reference to certain spéciﬁc
embodiments, the present invention is nevertheless not intended to be limited to
the details shown. Rather, various modifications may be made in the details

within the scope and range of equivalents of the claims and without departing
from the spirit of the invention.

-17 -
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CLAIMS
What is claimed is:

1. A method for supplying a cryogenic fluid to a network of two or more
cryogenic fluid receiving stations, the method comprising:

(a) routing a cryogenic storage vessel containing a liquefied cryogenic fluid
to a cryogenic fluid receiving station;

(b) determining whether the cryogenic fluid receiving station is adapted to
receive the cryogenic fluid as either a cryogenic liquid, a compressed gas, both a
cryogenic liquid and a compressed gas, or as a mixture of a cryogenic liquid and

a compressed gas;

(c) dispensing the cryogenic fluid from the cryogenic storage vessel to the
cryogenic fluid receiving station as either a cryogenic liquid, a compressed gas,
both a cryogenic liquid and a compressed gas, or as a mixture of a cryogenic
liquid and a compressed gas in accordance with the determination made in step
(b); .

(d) (1) determining (i) whether another cryogenic fluid receiving station in
the network is in need of cryogenic fluid and (ii) whether the amount of cryogenic
fluid remaining in the cryogenic storage vessel is adequate to meet such need,
(2) where another cryogenic fluid receiving station in the network is determined to
be in need of cryogenic fluid and the amount of cryogenic fluid remaining in the
cryogenic liquid storage vessel is determined to be adequate to meet such need,
implementing steps (a)-(c) to supply cryogenic fluid to that cryogenic fluid
receiving station, or (3) where another cryogenic fluid receiving station in the
network is determined to be in need of cryogenic fluid and the amount of
cryogenic fluid remaining in the cryogenic storage vessel is determined to be
iInadequate to meet such need, (i) routing the cryogenic storage vessel to a
cryogenic fluid supply facility which dispenses cryogenic fluid to the cryogenic
storage vessel, and (ii) thereafter implementing steps (a)-(c) to supply cryogenic
fluid to that cryogenic fluid receiving station; and

- 18 -
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(e) repeating steps (a)-(d) until (1) it is determined that no other cryogenic
fluid receiving station in the network is need of cryogenic fluid , or (2) routing of
the cryogenic storage vessel within the network is otherwise terminated;
wherein cryogenic fluid is dispensed as a compressed gas to a cryogenic fluid
receiving station by (1) increasing the pressure of at least a portion of the
liquefied cryogenic fluid in the cryogenic storage vessel to a pressure sufficient to
form a supercritical fluid; and (2) heating at least a portion of the supercritical
fluid, thereby forming a compressed gas.

2. A method of claim 1, wherein cryogenic fluid is dispensed from the
cryogenic storage vessel to a cryogenic fluid receiving station as a mixture of a
cryogenic liquid and a compressed gas.

3. A method of claim 1, wherein the cryogenic fluid is dispensed from the
cryogenic storage vessel to a cryogenic fluid receiving station as a compressed
gas.

4. A method of claim 3, wherein cryogenic liquid from the cryogenic storage
vessel is used to cool the compressed gas as the compressed gas is dispensed
to the cryogenic fluid receiving station.

5. A method of claim 4, wherein: (a) the cryogenic fluid is hydrogen; (b) the
cryogenic storage vessel is disposed on a delivery vehicle; (¢) cooling of the
compressed gas generates a hydrogen vapor stream; and (d) the hydrogen vapor

stream is delivered to a fuel cell which is positioned on, and provides electric
power for, the delivery vehicle.

6. A method of claim 1, wherein the cryogenic fluid is a liquid at temperatures
of greater than around - 60°C.

-19-
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7. A method of claim 1, wherein the cryogenic fluid is selected from the group
consisting of hydrogen, helium, argon, oxygen, nitrogen, natural gas, mixtures of
hydrogen and natural gas, and carbon dioxide.

8. A method of claim 1, wherein the cryogenic storage vessel is disposed on
a delivery vehicle which is regulated by control means which are associated with
the delivery vehicle and cryogenic storage vessel, the two or more cryogenic fluid
receiving stations, and the cryogenic fluid supply facility for the transmission,
receipt, and analysis of data reflecting one or more of the following values: (1) the
amount of cryogenic liquid in the cryogenic storage vessel, (2) the cryogenic
liquid or compressed gas demands of the one or more cryogenic fluid receiving
stations, and (3) the amount of cryogenic liquid in the cryogenic fluid supply
facility.

0. A method of claim 1, wherein the cryogenic storage vessel is disposed on
a delivery vehicle.

10. A method of claim 8, wherein the control means are associated with a
database which: (a) is located remotely from the cryogenic storage vessel, the
two or more cryogenic fluid receiving stations, and the cryogenic fluid supply
facility; and (b) which is communicatioh with the control means for the
transmission, receipt, and analysis of data reflecting one or more of the following
values: (1) the amount of cryogenic liquid in the cryogenic storage vessel, (2) the
cryogenic liquid or compressed gas demands of the one or more cryogenic fluid
receiving stations, and (3) the amount of cryogenic fluid in the cryogenic fiuid

supply facility.

11. A method of claim 8, wherein the control means are associated with a
database which: (a) is located remotely from the cryogenic storage vessel, the

one or more cryogenic fluid receiving stations, and the cryogehic fluid supply
facility; and (b) which is communication with the control means for the
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transmission, receipt, and analysis of data which does not relate to the following
values: (1) the amount of cryogenic liquid in the cryogenic storage vessel, (2) the
cryogenic liquid or compressed gas defnands of the one or more cryogenic fluid
receiving stations, and (3) the amount of cryogenic fluid in the cryogenic fluid

supply facility.

12. A method of claim 1, wherein the supercritical fluid is heated by a heat
exchanger which is located either (a) on a delivery vehicle which transports the
cryogenic storage vessel to a cryogenic fluid receiving station, or (b) at a
cryogenic fluid receiving station.

13. A method of claim 1, whe'rein a cryogenic liquid, a compressed gas, or a
mixture of a cryogenic liquid and a compressed gas is dispensed from the
cryogenic storage vessel to a cryogenic fluid receiving station using an apparatus
comprising: .

a mobile support means upon which the cryogenic storage vessel is
disposed ;

a piston-type pump which is in fluid communication with the cryogenic
storage vessel and which is disposed on the mobile support means;

a heat exchanger which is in fluid communication with the piston-type
pump and which is disposed to receive the cryogenic fluid from the piston-type
pump,

a first conduit having a first end and a second end, wherein the first end of
the first conduit is in fluid communication with the heat exchanger and is disposed
to receive the cryogenic fluid from the heat exchanger, and wherein the second
end of the first conduit is in fluid communication with a compressed gas
connection fitting; and

a second conduit having a first end and a second end wherein the first end
of the second conduit is in fluid communication with the cryogenic storage vessel
and disposed'to receive the cryogenic fluid at least in part as a liquid from the
cryogenic storage vessel, and wherein the second end of the second conduit is in
tluid communication with a liquid cryogenic fluid connection fitting.
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14. A method of claim 1, wherein the pressure of at least a portion of the
liquefied cryogenic fluid in the cryogenic storage vessel is increased by a piston-

type pump.

15. A method of claim 1, wherein cryogenic liquid in the cryogenic storage

vessel is depleted until the cryogenic storage vessel only contains residual
gaseous cryogenic fluid and at least a portion of the residual gaseous cryogenic
fluid is compressed and dispensed to a cryogenic fluid receiving station.

16. A method of claim 1, wherein at least one cryogenic fluid receiving station
IS adapted to receive both a cryogenic liquid and a compressed gas.

17. A method of claim 1, wherein two or more cryogenic fluid receiving
stations are adapted to receive compressed gas at two or more different
pressures.

18. A method of claim 16, wherein two or more cryogenic fluid receiving
stations are hydrogen receiving stations which are adapted to receive
compressed hydrogen gas at two or more pressures ranging from about 100 bar
to about 700 bar.

19. A method of claim 1, wherein the cryogenic storage vessel receives
cryogenic fluid from two or more cryogenic fluid supply facilities.

20. A method of claim 12, wherein the heat exchanger is a finned tube heat
exchanger or a hot water shell and tube heat exchanger.

21. A method of claim 20, wherein the heat exchanger is mounted on a

delivery vehicle which transports the cryogenic storage vessel to a cryogenic fluid
receiving station.
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22. A method of claim 8, wherein regulation of the delivery vehicie by the
control means includes routing the delivery vehicle to two or more cryogenic fluid
receiving stations using a delivery route and delivery schedule determined at
least in part by analysis of data reflecting one or more of the following values: (1)
the amount of cryogenic liquid in the cryogenic storage vessel, (2) the cryogenic
liquid or compressed gas demands of the one or more cryogenic fluid receiving
stations, and (3) the amount of cryogenic liquid in the cryogenic fluid supply
facility.

23. A method of claim 22, wherein the delivery route and delivery schedule are

- determined before the delivery vehicle is routed to any cryogenic fluid receiving
‘station.

24. A method of claim 22, wherein the delivery route and delivery schedule are

- altered after the delivery vehicle is routed to a cryogenic fluid receiving station.

25. A method of claim 22, wherein the delivery route and delivery schedule are
altered based at least in part by analysis of data reflecting one or more of the '
following values: (1) the amount of cryogenic liquid in the cryogenic storage
vessel, (2) the cryogenic liquid or compressed gas demands of the one or more
cryogenic fluid receiving stations, and (3) the amount of cryogenic liquid in the
cryogenic fluid supply facility.

26. A method of claim 22, wherein the delivery route and delivery schedule are
altered based at least in part by analysis of data that does not reflect one or more
of the following values: (1) the amount of cryogenic liquid in the cryogenic storage
vessel, (2) the cryogenic liquid or compressed gas demands of the one or more

cryogenic fluid receiving stations, and (3) the amount of cryogenic liquid in the
cryogenic fluid supply facility.
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27. A method of claim 1, wherein, during formation of a compressed gas, the
pressure of at least a portion of the liquefied cryogenic fluid in the cryogenic
storage vessel is increased to a pressure sufficient to form a supercritical fluid
using a pump which is located on a delivery vehicle upon which the cryogenic '
tank is disposed. '

28. A method of claim 1, wherein, during formation of a compreshsed gas, the
pressure of at least a portion of the liquefied cryogenic fluid in the cryogenic
storage vessel is increased to a pressure sufficient to form a supercritical fluid
using a pump which is located at a cryogenic fluid receiving station.

29. A method of claim 21, wherein the delivery vehicle which transports the
cryogenic storage vessel to a cryogenic fluid receiving station also includes a
pump which is used to increase the pressure of at least a portion of the liquefied

cryogenic fluid in the cryogenic storage vessel to a pressure sufficient to form the
supercritical fluid.

30. A method of claim 21, wherein the delivery vehicle is a truck.

31. A method of claim 1, wherein one or more of the cryogenic fluid receiving
stations is a hydrogen fuel station for vehicles.

32. A method of claim 2, wherein one or more of the cryogenic fluid receiving
stations is a hydrogen fuel station for vehicles.

33. - A method of claim 3, wherein one or more of the cryogenic fluid receiving
stations is a hydrogen fuel station for vehicles.

34. A method of claim 12, wherein one or more of the cryogenic fluid receiving
stations is a hydrogen fuel station for vehicles.

- 24 .



1 14l

CA 02532934 2006-01-13

1/5

| 8Jnbi4

¢ UOLEIS
buinieoay
Ser)

P9SSa.dWwon

| uoljelsS
Duinisoay

Ser)
passaldwon

¢ UOLEIS
Buinieosy
Ser)

passaldwon

| UOIE]S
BUIAIBO8Y
Ser)

09SS8.AWO0Y)

¢ UOlE]S

Bulnieosy
pinbIT

ousbolin

| UOHELS
buinieosy

pinbr
oluabolin

O O

3joyap AusaljeQ
pinbi] dsbohir

UOI}BI0T
uonnquisi|
10 Uo1ONPO.Id

pInbi
ojuabohin




CA 02532934 2006-01-13

gz 2Bl s ] o o c

%9 S

N8sS$8idWO0N
SUOI]B]S J1ayl0

10} Jeaday

UOI}BO0T

2 UOEIS | UOEIS

OO ® uoinguisIq
Puinisosy Buinisosy > LB S
ser) sen - ﬁ%w%mgw 10 UONONPO.
passa.dwon passaldwo) mmao
passa.ldwo)
0
N _
\v /¢ 2inDi - U UOE)S o e
. Buingoey @
pnby Ay

olusbohin
suoiels Jaylo
10} JeadaYy

UOIJEO0T

2 uonels | UOIBIS

Buinigosy buinigoay a0 o] UOiNQUISIQ
pinbiy pinbi pinbry 2uabok 10 UOHINPOI4

o1uabokin oabohin pinbi

olusboAln



CA 02532934 2006-01-13

SUoNe;s Jaylo
10} Jeaday

¢ UOHELS
Buljen4
uaboipAn

5

® Vg a.nbi

Suolje;s Jaylo
10} Jeaday

¢ UOLE]S
Buisn4
uaboipAH

U UoelS

bunan4 H -

usboipAH

_ UONBI0]
| UONEIS uonNgLISIQ

LOISSAIAWON /A
buljsny

k) Aianjpg 10 U01ONpPOId

N95SaIAIC
SBL)

passaldwon

usbo.pAH

| UOIIELS
Builend
usboipAH

uo1e207
| UOIIE]S _ uonnquisi
puijsn4 3 . - 10 UoiONpPOId
uaboiphH _ | Ser)
Passaldwon



vl

CA 02532934 2006-01-13

4/5

 91nDI4

GG

; Justuysius|day

P33 SUOEIS JaYiQ 0Q

08

pinbi owabohin
J0 82In0S 0} |9AR |

uonels BuiAisdsy woly

Ser) passaldwoy) asuadsiq

)%

uonels Buinjzoey] o}
09 Ser) passalduion peoo

pini4 awabolin reanuossdng
JO Weals jesH

uoljelS BuAisday Wwoi)
pinbi7 o1uaboAin asuadsiq

0G

apoIya A AisnieQ

uonelg Buiniaday o) G _Wwwmc__u.ww,mﬂmosMw G2 o_z_u_%_m_omobo con_
NotTe 9 inj4 o1uaboAin) reanuosadn
piort eBoM1d PEOO | pinbry [ 1deooy uoneig seoq | PO [P X S e

uonels buinisdsy
0] [9ABI|

;a1yan Aisnyaq ul pinbry| 04
oiuabolin) ayenbapy s| [sa A

juswiysiuajday

9_ 99N Suonels Ajus
G/ IP8BN SUOilRIS Ajiluspy

8jo1yeA AisnjeQ
pini4 oiuabohin peo

G8

pinbr]
o1usbioiAn Jo 821n0S



CA 02532934 2006-01-13

5/5

Source of Cyrogenic
Liquid
5 |
| Load Cryogenic Fluid
Delivery Vehicle
_ 10 |
Identify Stations Needing |
Replenishment No
15 Yes | Is Adequate Cryogenic
55 Liquid in Delivery Vehicle?
Travel to |
Receiving Station No
50 ‘ Do Other stations Need
| Replenishment?
Generate Stream of

Supercritical Cryogenic Fluid

70

Travel to Source of
Cryogenic Liquid

65

On Cryogenic Fluid
Delivery Vehicle

30
Heat Stream of N
Supercritical Cryogenic Fluid
35
Offload Compressed Gas 45
to Receiving Station
| 40
Dispense Compressed Gas
from Receiving Station

Figure 5



Cryogenic

Liquid Cryogenic Compressed
. Cryogenic Liquial iqui Gas
Production or Drgﬁgeer?cveﬁg%e]' R;?giﬁng Receiving
D;_Sézgggﬁ” > Station 1 - Station 1
Cryogenic
Liquid
Receiving . -
Station 2 O O C
Compressed Compressed
(Gas Gas
| Receiving Receiving
@ Station Station 2
Compfessed

. | Rggisving ‘

O O O Station 3 9




	Page 1 - abstract
	Page 2 - abstract
	Page 3 - abstract
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - abstract drawing

