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FIGURE 4

(57) Abstract: A system for discharging hydrogen from two or more hydrogen storage vessels (1A, 1B, 1C) containing solid hy-
drogen storage material. The system includes at least one hydrogen supply line for connecting the hydrogen storage vessels to a
hydrogen demand (3), an energy delivery system (6A, 6B, 6C) to provide heat to the hydrogen storage material in each hydrogen
storage vessel to desorb hydrogen from the solid hydrogen storage material, and one or more supply connection conduits (4A, 4B,
4C) for connecting the supply line or lines to the hydrogen storage vessels (1A, 1B, 1C). Each supply connection conduit has a
backflow prevention device (5A, 5B, 5C) to prevent hydrogen in the supply line from flowing back into the hydrogen storage ves-
sels (1A, 1B, 1C). Also disclosed is a system for delivering a supply of hydrogen to a hydrogen supply line including a control
system (7) to determine the timing of activation of an energy delivery system based (6A, 6B, 6C) on the hydrogen demand in the
hydrogen supply line. The control system (7) activates the energy delivery system (6A, 6B, 6C) in the next hydrogen storage unit
to provide a sufficient period of time for the material in the next hydrogen storage vessel to heat to the temperature at which hy-
drogen is provided at the supply pressure for the hydrogen supply line.
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Hydrogen Release System

Field of the invention

This invention relates to a hydrogen release system and in particular a hydrogen
release system including two or more hydrogen storage vessels in which hydrogen is
stored in the vessels within a hydrogen storage material.

Background of the invention

Hydrogen storage units utilising metal hydrides such as catalysed MgH: require
temperatures above 280°C to effect a positive pressure desorption. The heat loss from
a heated well insulated solid state storage cylinder with the dimensions of a commonly
used G sized compressed gas cylinder can approximate 500 watts. Therefore, the heat
loss from a heated 16 cylinder manifolded solid state pack can approximate 8 kilowatts.
This 8 kilowatts is additional to the energy required to break the MH-hydrogen bonds
and affect the adsorption. Hence the resulting thermal efficiency of such a system is
extremely low resulting in increased electricity usage and poor carbon footprint.

As each storage vessel requires significant heat input to desorb hydrogen, it is
advantageous to heat one vessel at a time (1) to reduce the total heating power

~ requirement at start-up or (2) enable the desomption of hydrogen to occur at a much

faster rate when a fixed amount of heating power is available. Hence, the applicant is

- pursuing the concept of a manifolded storage system including a multiple number of

hydrogen storagé vessels where only one cylinder is desorbing at a time.

Unlike a compressed gas storage unit, a solid state hydrogen storage unit containing
hydrogen storage material empties under a constant pressure. In a compréssed gas
unit, the depth of discharge can be accurately inferred from the remaining gas pressure
in the cylinder. In contrast, a solid state hydrogen storage unit will discharge from full to
over 90% empty at a constant equilibrium pressure determined by the operating
temperature. Once the volume of stored gas is too low to supply the flow for the
required demalnd, the pressure in the hydrogen storage vessel will reduce quickly from
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the equilibrium point to zero. This is typically once the depth of discharge is beyond
90%. ’

Generally, when hydrogen is being desorbed from only a single vessel at a time, once ‘
the equilibrium pressure in that hydrogen storage vessel begins to drop, it is too late to
start heating up the next cylinder in sequence as the time to bring the vessel to
desorption pressure and temperature far exceeds the remaining supply capacity of the
current near empty vessel. In order to provide a constant supply of hydrogen to meet a
hydrogen demand, it is desirable that the next hydrogen storage vessel in sequence
begins heating well before the constant equilibrium pressure begins to drop.

Additionally, once the active desorbing cylinder is empty, it is desirable to cool down the
cylinder to minimise heat loss. However, since the hydriding/dehydriding reaction is a
reversible reaction, the reaction will reverse and the hydrogen storage material will
absorb hydrogen once the temperature of the hydrogen storage material drops. Figure 1
shows the absorption rate of MgH, as a function of temperature for a given pressure.
For example, the plot of the absorption rate indicates that the reaction is in the
desorption direction at temperatures above the equilibrium temperature. For
temperatures below the equilibrium point the reaction is in the absorption direction.
Theréfore, if the cylinders are connected in parallel to a supply manifold and the next
cylinder in the sequence is now supplying hydrogen by being heated to above the
équilibrium temperature, the previous cylinder will absorb all of this hydrogen as it cools
down below the equilibrium pbint leaving zero net hydrogen supply to méet the
hydrogen demand.

It is desirable that the present invention provides a hydrogen storage system or supply
arrangement which addresses one or more of the above problems.

Reference to any prior art in the specification is not, and should not be taken as, an
acknowledgment or any form of suggestion that this prior art forms part of the common
general knowledge in Australia or any other jurisdiction or that this prior art could
reasonably be expected to be ascertained, understood and regarded as relevant by a
person skilled in the art.
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Summary of the invention

According to one aspect of the inve.ntion there is provided a system for discharging

~ hydrogen from one or more hydrogen storage vessels, the hydrogen storage vessel or

vessels containing solid hydrogen storage material, the system including:
a hydrogen supply line for connecting to a hydrogen demand,

an energy delivery system to provide heat to the hydrogen storage material in at
least one of the hydrogen storage vessel to desorb hydrogen from the solid hydrogen
storage material;

one or more supply connection conduits for connecting the supply line to one or
more hydrogen storage vessels; wherein ’

each supply connection conduit connected to a hydrogen storage vessel has a
backflow prevention device to prevent or limit hydrogen in the supply line from flowing
back into that hydrogen storage vessel when the solid storage material is no longer
desorbing hydrogen at the pressure of the supply line.

In the accordance with all aspects of the invention, preferaf:ly, when the solid storage
material is no longer desorbing hydrogen at the pressure of the supply line, the energy
delivery system is deactivated and no longer provides heat to the hydrogen storage

vessel.

In preferred forms of the invention the backflow prevention device is a one-way valve or
may simply be a shut-off valve. The provision of the backflow prevention device
prevents hydrogen in the hydrogen: supply line from re-entering an emptied hydrogen
storage vessel in which a substantial pfoportion of the hydrogen has been desorbed
from the hydrogen storage unit and the energy delivery system deactivated or allows
the hydrogen to leak back into the exhausted hydrogen storage vessel at an intended
low leakage rate. Thus, as the temperature of the hydrogen storage material drops and
the hydrogen storage reaction proceeds in the direction of absorbing hydrogen,
hydrogen in the hydrogen supply line is prevented from re-entering or only a limited
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amount allowed to re-enter the emptied hydrogen storage unit from the hydrogen
supply line.

As the kinetics driving the absorpfion of hydrogen into the cooled hydrogen storage
material will absorb all of the available hydrogen in the emptied hydrogen storage unit
and create a partial vacuum in the hydrogen storage vessel. In some instances, it may
be desirable for the vacuum to develop.

The invention may provide a means to fill the vacuum by either supplying gases other
than hydrogen such as argon, air or nitrogen or provide hydrogen to be provided to the
cooling material from an auxiliary hydrogen supply. The gases other than hydrogen may

" be supplied or air may be intentionally allowed to leak into the vessels as they cool.

The auxiliary hydrogen supply may be connectible to the respective emptied hydrogen
storage vessel when the energy delivery system to the hydrogen storage vessel is
deactivated or may alternatively be a small amount of the supplied hydrogen taken off a
branch outlet to the supply and returned to the vessels.

When an auxiliary hydrogen supply is provided, an amount of hydrogen is fed into the
emptied hydrogen storage unit to prevent a vacuum being created. At pressures bélow
the operating pressure for desorbing hydrogen, the kinetics for absorbing hydrogen
reduces dramatically. It is preferred that the auxiliary hydrogen supply, supply hydrogen
to the emptied hydrogen storage unit to maintain the pressure in the hydrogenAstorage
vessel at atmospheric or slightly above atmospheric préssure in order to prevent leaks
forming in the hydrogen storage unit and air entering the unit.

As mentioned above, the auxiliary hydrogen supply may be an auxiliary hydrogen
conduit from the supbly line to at least the hydrogen storage vessel which has been
deactivated. The hydrogen storage conduit preferably has a pressure control valve to
supply hydrogen to the deactivated hydrogen storage vesse! at a pressure lower than
the pressure in the supply line and preferably at atmospheric to 2 bara (or slightly above
atmospheric pressure). In one embodiment, the pressure contro! valve is a step down
valve. Alternatively, the auxiliary hydrogen supply may be a secondary hydrogen
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storage cylinder such as a hydrogen' gas cylinder supplying gas at a pressure of

between atmospheric and two atmospheres to maintain the pressure in the deactivated
hydrogen storage unit at a pressure positive to atmospheric pressure.

_To further limit the amount of hydrogen reabsorbed into the cooling emptied hydrogen

storage cylinder, the rate of cooling of the hydrogen storage material may be increased
by improving the cooling of the emptied cylinder by either or both passive or active
cooling of the cylinder. Passive cooling may take the form of removing any external
insulation which may be covering the exteridr of the cylinder and active cooling may
involve the use of an air blower over the exterior surface of the emptied cylinder or the
use of a water-cooled jacket

In another aspect of the invention there is provided a system for delivering a subply of
hydrogen to a hydrogen supply line including:

one or more hydrogen storage vessels containing solid hydrogen storage

material,

at least one energy delivery system to supply heat to the solid hydrogen storage
material in at least one hydrogen storage vessel, the heat being sufficient to desorb
hydrogen from the solid hydrogen storage material; and

a control system to control the timing of activation of the energy delivery system
based on the hydrogen demand in the hydrogen supply line, the control system being
configured to anticipate a time when hydrdgen will need to be supplied from the
hydrogen storage vessel to the hydrogen supply line to meet the hydrogen demand, and
activate the energy delivery system in the hydrogen storage vessel a period of time prior
to the anticipated time to allow the material in the hyd‘rdgen storage vessel to heat to the
temperature at which hydrogen can be supplied at the supply pressure of the hydrogen
supply line to meet the hydrogen demand in the supply line.

The above invention may be applicable to a single hydrogen storage vessel in having
an energy delivery system and control system. The control system would monitor the
demand and activate the energy delivery system in response to variable which indicates
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that hydrogen from the hydrogen storage vessel will be required to meet the anticipated
hydrogen demand.

However, in a preferred form, the above system includes two or more hydrogen storage
vessels coniaining hydrogen storage material, the control system being configured to
anticipate or determine a time when hydrogen supply from a first hydrogen storage
vessels will fall below a predetermined level and activate the energy delivery system in
a second hydrogen storage vessel a predetermined time prior to the anticipated or
determined time to allow the material in the second hydrogen storagla vessel to heat to
the temperature at which hydrogen can be supplied at the supply pressure of the
hydrogen supply line to meet the hydrogen demand in the supply line.

In the preferred form of this invention, the control system cbmprises a sensor which
monitors a variable of hydrogen supply to the supply line and a processor which
activates the energy delivery system in the next sequential hydrogen supply vessel
when it determines from signals from the sensor that the hydrogen supply in the
hydrogen storage vessel currently connected to the hydrogen supply line has fallen
below a predetermined level. '

In another aspect of the invention there is provided a method of supplying hydrogen
from a hydrogen delivery system to a hydrogen supply line, the system including one or
more hydrogen storage vessels containing solid hydrogen storage material, at least one
energy delivery system to supply heat to the solid hydrogen storage material in at least
one hydrogen storage vessel, the heat being sufﬁbient to desorb hydrogen from the
solid hydrogen storage material; and a control system to control the timing of activation
of the energy delivery system based on the hydrogen demand in the hydrogen supply

line.

The method includes the steps of anticipating or determining a time when hydrogen will
need to be supplied from the hydrogen storage vessel to the hydrogen supply line to
meet the hydrogen demand, and activating the energy delivery system in the hydrogen
storage vessel a period of time prior to the anticipated time to allow the material in the
hydrogen storage vessel to heat to the temperature at which hydrogen can be supplied
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at the supply pressure of the hydrdgen sppply line to meet the hydrogen demand in the
supply line.

As used heréin. except where the context requires otherwise, the term "comprise” and

variations of the term, such as "comprising”, "comprises" and "comprised”, are not
intended to exclude further additives, components, integers or steps.

Brief description of the drawings / figures

Figure 1 is a graph of a typical reaction rate versus temperature curve for hydrogen
absorption of a metal hydride material. The equilibrium points between absorption and
desorption for a given pressure is defined by the intersection of the x-axis;

Figure 2 is a flow chart for sequential desorption of manifolded metal hydride cylinders
based on digital mass flow meter integration;

Figure 3 is a flow chart for sequential desorption of manifolded metal hydride cylinders

based on heater power integration;

Figure 4 is a process and instrumentation diagram showing configuration of passive gas

valves;

Figure 5 is a FEA simulation _of temperature profile of a cylinder cooling under 1.1 bara.;

and

Figure 6 is a FEA simulation of concentration profile of a cylinder cooling under 1.1

bara.

Detailed description of the embodiments

Referring to figure 4, the connection of hydrogen storage vessels 1A, 1B, 1C is
schematically' shown. The hydrogen storage vessels are filled with a suitable hydrogen
storage material such as MgH: or other hydride forming alloy which absorbs hydrogen
above a predetermined temperature and pressure and desorbs hydrogen when the
temperature is raised above the desorption temperature. The vessels are connected in
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parallel by a common desorption gas manifold 2 to a hydrogen supply line 3. The supply

line 3 is generally on site where the hydrogen storage vessels are delivered to meet a
hydrogen demand at the site.

A hydrogen conduit 4A, 4B, 4C is connectable to the hydrogen storage vessels A, !B,
IC respectively to receive hydrogen gas discharged from that vessel. A hydrogen
storage vessel containing hydrogen storage material such as magnesium hydride
discharge hydrogen under a constant pressure when heated to the absorption
temperature. Hydrogen continues to be discharged until it is substantially'empty at
which time the discharge pressure drops dramatically.

The hydrogen discharge conduits 4A, 4B, 4C connecting to the hydrogen desorption
manifold are preferably provided with backflow prevention devices }5A, 5B, 5C such as
one way valves which prevent hydrogen gas in the manifold from returning to the
discharge/spent/depleted hydrogen storage vessel 1A, 1B, IC respectively. As the -
decrease in discharge pressure from the hydrogen storage vessel occurs close to the
point at which the hydrogen storage vessel is totally depleted, it is essential for the
continual supply of hydrogen to the hydrogen supply line that the next hydrogen storage
vessel to supply hydrogen is heated to the required desorption temperature by the time
that the pressure begins to decrease in the nearly depleted hydrogen storage véssel.

A process controller 7 monitors the desorption process in the discharging hydrogen
storage vessel and commences heating the next hydrogen storage vessel at an
appropriate time ph'or to the pressure drop to ensure continuity of supply. This is done
by activating heating element 6A, 6B, 6C at the appropriate time. The operation of the
controller will be described in more detail later. The heating elements may be electrical
heating elements which are located either internally or extemally of the hydrogen
storage vessels. To enhance the effects of the heating an insulated heating jacket may
be provided during the heating and desorption operation. Once the hydrogen storage
vessel 1A, 1B, 1C has finished discharging hydrogen, the energy source to the heating
element of the hydrogen storage vessel is deactivated and the hydrogen storage
material is allowed to cool. Ideally any insulated jacket may be removed when the
heating elements deactivated. As illustrated in figure 1, once the hydrogen storage
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material cools below. the equilibrium temperature. (in the direction of arrow T), the
kinetics for the absorption/the absorption reaction favours absorption of hydrogen.
Hence all hydrogen available to the hydrdgen storage material is absorbed potentially
creating a negative pressure (ie. pressure below atmospheric, 1 bar absolute) in the
hydrogen storage vessel. '

If it is desirable to prevent pressure in the hydrogen storage vessel dropping below
atmospheric pressure, an ancillary supply source communicates with the exhausted
hydrogen storage vessel at least during cooling. The ancillary supply source may be '
provided to the supply conduit 8A, 8B, 8C through a backflow prevention device 9A, 9B,
9C such as a one way valve. The ancillary supply source may be a separate hydrogen
supply 11 such as a gas cylinder through a valve 12 or it may be a branch line 8 from
the absorption gas manifold. The branch line 8 is provided with a pressure control valve
to step down the pressure from the absorption manifold supply pressure to a pressure
that is slightly above atmospheric ie. preferably in the range of 1-2 bar absolute. While
the absorption/desorption reaction is in absorption cycle during the cool down stage of
the hydrdgen storage material, the reaction kinetics is very slow at that pressure so only
a small volume of the hydrogen is actually absorbed.

It may be acceptable to allow a vacuum td develop in the hydrogen storage vessel and

so no ancillary source need be provided. Alternatively the vacuum may be filled with
other gases such as argon, nitrogen or air supplied separately or air may be
intentionally allowed to leak in and fill the vacuum.

To further limit the amount of hydrogen reabsorbed into the cooling emptied hydrogen
storage cylinder, the rate of cooling of the hydrogen storage material may be increased
by improving the cooling of the emptied cylinder by either or both passive or active
cooling of the cylinder and as shown in figure 1 reduce the reaction rate of the hydrogen
absorbing onto the hydrogen storage material. Passive cooling may take the form of
removing any external insulation which may be covering the exterior of the cylinder and
active cooling may involve the use of an air blower over the exterior surface of the
emptied cylinder or the use of a water-cooled jacket
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The operation of the process controller will now be described. The individual control and
sequential desorption of each pressure cylinder minimises heat loss by ensuring only
one cylinder is actively desorbing. An additional cylinder is pre-heated at an appropriate
time to seamlessly take over the supply of hydrogen once the active cylinder empties.
The remaining cylinders are stored at room temperature until required

The operation of the system can be simplified as follows

1. Cylinder A desorbing

2. Cylinder A reaches 80% depth of discharge and initiates warm-up of Cylinder B
(taking 15 minutes)

3. Cylinder B begins desorbing automatically as soon as it reaches temperature. At
this stage cylinder A is still not 100% empty. Cylinder A continues to desorb
slowly in parallel with Cylinder B.

4. Cylinder B reachés 20% depth of discharge and initiates cool-down of cylinder A.

Therefore, at any point in time the number of hot cylinders is given as follows.

‘B= {m(I@ZOZH W(DUD(Cylinder A) < 0.8, "~ JUD(Cylinder B) > 0.2 DUD(Lylinder A) > 0B IO (Cylinder B < 0.2]

Assuming a constant flow rate of hydrogen, the average number of cYIinders heated at
any point of time can be estimated as,

arg(n) = 1.4

The sequencer controller keeps track of the volume of hydrogen desorbed from each
cylinder in order to manage the pre-heating of the next cylinder in the sequence and the

- cool down of the emptied cylinder. The sequencer controller can be a programmable

logic controller (PLC), a personal computer (PC), or any microprocessor based
embedded controller with communications capabilities. Figure 2 depicts an example
software flow chart for implementation in a PLC to manage the sequencing of the

cylinders.
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The depth of discharge can be calculated from integration of mass flow and
implemented as shown in figure 2. Alternatively, the heater power can also be used to
approximate the mass flow of hydrogen and hence infer the depth of discharge.

The flow rate of hydrogen is related to the heater power by the following equation,

KWh
w(ED)
The enthalpy of reaction AH is a chemical property of the hydride. For MgH,,

kWh
AH = 1039 —
( kg

The depth of discharge can easily be calculated from the flow rate by subtracting the
integral from the capacity of the storage unit.

Connxlig) = F-R (%)dt(h)

ponee) = Conax(g)
kg

X 100(9%)

In order for this to be accurate, a good estimate of the instantaneous losses is needed.
The losses will be a characteristic of the storage system but will also be dependent on
ambient temperature. One possible way to estimate the losses is by sampling the
ambient temperature. Alternatively, the warm-up time of the cylinders will be a function
of the losses and may also be used.

Figure 3 depicts an example software flow chart for implementation in a PLC to manage
the sequencing of the cylinders based on heater energy.
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Alternatively the depth of discharge can be approximated through observation of the
metal hydride temperature and desorption pressure.

As mentioned above, the cooling down of the solid state cylinders is managed by the
inclusion of two one way gas valves (9A, 9B, 9C, 5A, 5B, 5C) on each cylinder and a
pressure control valve between the desorption manifold and the absorption manifold.

o The one-way valve on the desorption side of the cylinder provides an isolation
means between the cooling cylinder and the desorption manifold. So, if cylinder
1A is cooling, hydrogen cannot flow backwards from the common desorption
manifold 2 to the cylinder 1A. Hence, the cylinder cannot re-absorb hydrogen that -
is being sourced from cylinder 1B. waever, cylinder 1A can still induce a
vacuum by absorbing all the free gas available within the cylinder itself.

e To maintain cylinder 1A under positive pressure, the pressure control valve 13
between the desorption manifold and the absorption manifold was added. Where
hydrogen is to provide the positive pressure, the valve feeds hydrogen from the
desorption manifold béck into the -cylinder at a pressure very close to
atmospheric, e.g. 1.1bara. The absorption rate at this pressure for the cooling
cylinder is approximately zero and therefore only a negligible amount of
hydrogen is re-absorbed during the cooling. Once the material is cooled to room
temperature the absorption rate is zero.

e It may be acceptable to allow cylinder 1A to develop a vacuhm and so no
hydrogen would be provided or to use another gas source such as argon,
nitrogen or air to balance the pressure in the cylinder created by the cooling
storage material.

It will be understood that the invention disclosed and defined in this specification
extends to all alternative combinations of two or more of the individual features
mentioned or evident from the text or drawings. All of these different combinations 4
constitute various alternative aspects of the invention.
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The claims defining the invention are as follows:

1. A system for discharging hydrogen from one or more hydrogen storage vessels,
the hydrogen storage vessel or vessels containing solid hydrogen storage material, the

system including:
a hydrogen supply line for connecting to a hydrogen demand;

an energy delivery system to provide heat to the hydrogen storage material in at

least one of the hydrogen storage vessels to desorb hydrogen from the solid hydrogen

storage material;

- one or more supply connection conduits for Qonnecting the supply line to the one
or more hydrogen storage vessels; wherein

each supply connection conduit connected to a hydrogen storage vessel has a
backflow prevention device to prevent or limit hydrogen in the supply line from flowing
back into that hydrogen storage vessel when the solidv storage material is no longer
desorbing hydrogen at the pressure of the supply line.

2. The system of claim 1 wherein the energy delivery system is deactivated and no
longer provides heat to the hydrogen storage vessel when the solid storage material is
no longer desorbing hydrogen at the pressure of the supply line.

3. The system of claim wherein the backflow prevention device is a one-way valve

. or a shut-off valve.

4. The system of claim 2 or 3 wherein an auxiliary hydrogen supply system is
provided to supply hydrogen to the hydrogen storage vessel once the energy delivery
system has been deactivated.

5. The system of claim 4 wherein the auxiliary hydrogen supply system is an
auxiliary hydrogen conduit from the supply line to at least the hydrogen storage vessel
which has been deactivated.
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6. The system of claim 5 wherein the auxiliary hydrogen conduit has a pressure
control valve to supply hydrogen to the deactivatéd hydrogen storage vessel at a
pressure lower than the pressure in the supply line.

7. The system of claim 6 wherein the pressure control valve supplies hydrogen to
the deactivated hydrogen storage vessel at a pressure slightly above atmospheric

pressure.
8. The system of claim 7 wherein the pressure control valve is a step down valve.

9. The system of claim 4 wherein the auxiliary hydrogen supply system is a
secondary hydrogen storage cylinder .

10. The system of claim 9 wherein the hydrogen gas cylinder supplies gas at a
pressure to maintain the pressure in the deactivated hydrogen storage unit at a

pressure positive to atmospheric pressure.
11. A system for delivering a supply of hydrogen to a hydrogen supply line including:

one or more hydrogen storage vessels containing solid hydrogen storage
material,

at least one energy delivery system to supply heat to the solid hydrogen storage
material in at least one hydrogen storage vessel, the heat being sufficient to desorb
hydrogen from the solid hydrogen storage material; and

a control system to control the timing of activation of the energy delivery system
based on the hydrogen demand in the hydrogen supply line, the control system being
configured to anticipate or determine a time when hydrogen will need to be supplied
from the hydrogen storage vessel to the hydrogen supply line to meet the hydrogen
demand, and activate the energy delivery system in the hydrogen storage vessel a
period of time prior to the anticipated time to allow the material in the hydrogen storage
vessel to heat to the temperature at which hydrogen can be supplied at the supply
pressure of the hydrogen supply line to meet the hydrogen demand in the supply line.
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12. The system of claim 11 including two or more hydrogen storage vessels
containing hydrogen storage material, the control system being cbnﬁgured to anticipate
or determine a time when hydrogen supply from a first hydrogen storage vessel will fall
below a predetermined level and activate the energy delivery system in a second
hydrogen storage vessel a predetermined time prior to the anticipated or determined
time to allow the material in the second hydrogen storage vessel to heat to the
temperature at which hydrogen can be supplied at the supply pressure of the hydrogen
supply line to meet the hydrogen demand in the supply line. '

.13.  The system of claim 11, wherein the control system comprises

a sensor which monitors a variablé of hydrogen supply to the supply line, and

a processor which activates the energy delivery system in the hydrogen storage
vessel when it determines that the hydrogen supply has fallen below a predetermined

level.

14. The system of claim 12 or 13 wherein the processor deactivates the energy
delivery system of one or more of the hydrogen storage vessels when the pressure of
hydrogen has fallen below the pressure in the hydrogen supply line.

15. A method of supplying hydrogen from a hydrogen delivery system to a hydrogen
supply line, the system including one or more hydrogen storage vessels contéining solid
hydrogen storage ‘material, at least one energy delivery system to supply heat to the
solid hydrogen storage material in at least one hydrogen storage vessel, the heat being
sufficient to desorb hydrogen from the solid hydrogen storage material; and a control
system to control the timing of activation of the energy delivery system based on the
hydrogen demand in the hydrogen supply line, the method including the steps of

anticipating or determining a time when hydrogen will need to be supplied from
the hydrogen storage vessel to the hydrogen supply line to meet the hydrogen demand,

and
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heat to the temperature at which hydrogen can be supplied at the supply pressure of the
hydrogen supply line to meet the hydrogen demand in the supply line.

16. The method of claim 15 further including the step of deactivating the energy
delivery system and no longer providing heat to the hydrogen storage vessel when the
solid storage material in the hydrogen storage vessel is no longer desorbing hydrogen

at the pressure of the supply line.
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AMENDED CLAIMS
received by the International Bureau on 23 June 2011 (23.06.11)

1. A system for discharging hydrogen from one or more hydrogen storage vessels,
the hydrogen storage vessel or vessels containing solid hydrogen storage material, the
system including:

a hydrogen supply line for connecting to a hydrogen demand;

an energy delivery system to provide heat to the hydrogen storage material in at
least one of the hydrogen storage vessels to desorb hydrogen from the solid hydrogen
storage material,

a process control system; wherein the process control systemn monitors the
description process from the one or more hydrogen storage vessels; wherein the
process control system regulates the delivery energy from the energy delivery system to
the one or more hydrogen storage vessels;

one or more supply connection conduits for connecting the supply line to the one
or more hydrogen storage vessels; wherein

each supply connection conduit connected to a hydrogen storage vessel has a
backflow prevention device to prevent or limit hydrogen in the supply line from flowing
back into that hydrogen storage vessel when the solid storage material is no longer
desorbing hydrogen at the pressure of the supply line.

2. The system of claim 1 wherein the energy delivery system is deactivated and no
longer provides heat to the hydrogen storage vessel when the solid storage material is
no longer desorbing hydrogen at the pressure of the supply line.

3. The system of claim wherein the backflow prevention device is a one-way valve
or a shut-off valve.

AMENDED SHEET (ARTICLE 19)
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4, The system of claim 2 or 3 wherein an auxiliary hydrogen supply system is
provided to supply hydrogen to the hydrogen storage vessel once the energy delivery

system has been deactivated.

5. The system of claim 4 wherein the auxiliary hydrogen supply system is an
auxiliary hydrogen conduit from the supply line to at least the hydrogen storage vessel
which has been deactivated.

6. The system of claim 5 wherein the auxiliary hydrogen conduit has a pressure
control valve to supply hydrogen to the deactivated hydrogen storage vessel at a
pressure lower than the pressure in the supply line.

7. The system of claim 6 wherein the pressure control valve supplies hydrogen to
the deactivated hydrogen storage vessel at a pressure slightly above atmospheric
pressure.

8. The system of claim 7 wherein the pressure control valve is a step down valve.

Q. The system of claim 4 wherein the auxiliary hydrogen supply system is a
secondary hydrogen storage cylinder. .

10. The system of claim 9 wherein the hydrogen gas cylinder supplies gas at a
pressure to maintain the pressure in the deactivated hydrogen storage unit at a
pressure positive to atmospheric pressure.

11. A system for delivering a supply of hydrogen to a hydrogen supply line including:

one or more hydrogen storage vessels containing solid hydrogen storage
material,

at least one energy delivery system to supply heat to the solid hydrogen storage
material in at least one hydrogen storage vessel, the heat being sufficient to desorb
hydrogen from the solid hydrogen storage material; and

AMENDED SHEET (ARTICLE 19)
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a control system to control the timing of activation of the energy delivery system
based on the hydrogen demand in the hydrogen supply line, the control system being
configured to anticipate or determine a time when hydrogen will need to be supplied
from the hydrogen storage vessel to the hydrogen supply line to meet the hydrogen
demand, and activate the energy delivery system in the hydrogen storage vessel a
period of time prior to the anticipated time to allow the material in the hydrogen storage
vessel to heat to the temperature at which hydrogen can be supplied at the supply
pressure of the hydrogen supply line to meet the hydrogen demand in the supply line.

12. The system of claim 11 including two or more hydrogen storage vessels
containing hydrogen storage material, the control system being configured to anticipate
or determine a time when hydrogen supply from a first hydrogen storage vessel will fall
below a predetermined level and activate the energy delivery system in a second
hydrogen storage vessel a predetemmined time prior to the anticipated or determined
time to allow the material in the second hydrogen storage vessel to heat to the
temperature at which hydrogen can be supplied at the supply pressure of the hydrogen
supply line to meet the hydrogen demand in the supply line. '

13. The system of claim 11, wherein the control system comprises
a sensor which monitors a variable of hydrogen supply to the supply line, and

a processor which activates the energy delivery system in the hydrogen storaAge
vessel when it determines that the hydrogen supply has fallen below a predetermined
level.

14. The system of claim 12 or 13 wherein the processor deactivates the energy
delivery system of one or more of the hydrogen storage vessels when the pressure of
hydrogen has fallen below the pressure in the hydrogen supply line.

16. A method of supplying hydrogen from a hydrogen delivery system to a hydrogen
supply line, the system including one or more hydrogen storage vessels containing solid
hydrogen storage material, at least one energy delivery system to supply heat to the
solid hydrogen storage material in at least one hydrogen storage vessel, the heat being

AMENDED SHEET (ARTICLE 19)
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sufficient to desorb hydrogen from the solid hydrogen storage material; and a control
system to control the timing of activation of the energy delivery system based on the
hydrogen demand in the hydrogen supply line, the method including the steps of

anticipating or determining a time when hydrogen will need to be supplied from
the hydrogen storage vessel to the hydrogen supply line to meet the hydrogen demand,
and |

activating the energy delivery system in the hydrogen storage vessel a period of
time prior to the anticipated time to allow the material in the hydrogen storage vessel to
heat to the temperature at which hydrogen can be supplied at the supply pressure of the
hydrogen supply line to meet the hydfogen demand in the supply line.

16.  The method of claim 15 further including the step of deactivating the energy
delivery systemn and no longer providing heat to the hydrogen storage vessel when the
solid storage material in the hydrogen storage vessel is no longer desorbing hydrogen
at the pressure of the supply line.

AMENDED SHEET (ARTICLE 19)
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