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(57) ABSTRACT

An operating method is disclosed for a dehydrogenation
reaction system. The method includes providing a system
having: an acid aqueous solution tank including an acid
aqueous solution; a dehydrogenation reactor including a
chemical hydride of a solid state and receiving an acid
aqueous solution from the acid aqueous solution tank to
react the chemical hydride with the acid aqueous solution to
generate hydrogen; and a fuel cell stack receiving hydrogen
generated from the dehydrogenation reactor to be reacted
with oxygen to generate water and simultaneously to gen-
erate electrical energy. The method also includes recycling
the water generated from the fuel cell stack to one or all of
the acid aqueous solution tank, the dehydrogenation reactor,
and a separate water tank. The acid is formic acid and, in in
the dehydrogenation reactor, the temperature is in a range of
10° C. to 400° C. and the pressure is in a range of 1 bar to
100 bar.
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DEHYDROGENATION REACTION DEVICE
AND SYSTEM HAVING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present application is a continuation of U.S.
application Ser. No. 17/348,552 filed Jun. 15, 2021 and
which claims priority to and the benefit of Korean Patent
Application No. 10-2021-0017384 filed in the Korean Intel-
lectual Property Office on Feb. 8, 2021. The entire contents
of these prior filed applications are incorporated herein by
reference.

BACKGROUND DISCLOSURE

(a) Field of the Disclosure

[0002] The present disclosure relates to a dehydrogenation
reaction device, a dehydrogenation reaction system includ-
ing the same, and a method of operating the system for
supplying hydrogen to a fuel cell stack.

(b) Description of the Related Art

[0003] Due to depletion of fossil energy and environmen-
tal pollution problems, there is a great demand for renewable
and alternative energy, and hydrogen is attracting attention
as one of such alternative energies.

[0004] A fuel cell and a hydrogen combustion device use
hydrogen as a reaction gas, and in order to apply the fuel cell
and the hydrogen combustion device to vehicles and various
electronic products for example, a stable and continuous
supply technology of hydrogen is required.

[0005] In order to supply hydrogen to a device that uses
hydrogen, a method of receiving hydrogen from a separately
installed hydrogen supply source may be used. In this way,
compressed hydrogen or liquid hydrogen may be used.
[0006] Alternatively, a method of generating hydrogen
through a reaction of a corresponding material after mount-
ing a material in which hydrogen is stored on a device using
hydrogen and supplying it to the device using hydrogen may
be used. For this method, for example, a method using a
liquid hydride, a method using adsorption or absorbents/
carbon, and a method using chemical hydrogen storage have
been proposed.

[0007] However, in the case of the method using a liquid
hydride, since the hydride is diluted and used with a low
concentration to maintain the liquid state even after a
hydrolysis reaction of the hydride is completed, a volume of
the storage tank is large and a separate recovery tank is also
required. In addition, a gas-liquid separator may be required
because excess moisture is contained in the hydrogen gas
after the reaction. This increases the volume and weight of
the system as a whole and decreases the hydrogen storage
capacity.

[0008] The above information disclosed in this Back-
ground section is only for enhancement of understanding of
the background of the disclosure, and therefore it may
contain information that does not form the prior art that is
already known in this country to a person of ordinary skill
in the art SUMMARY

[0009] One embodiment provides a dehydrogenation reac-
tion device capable of maximizing a hydrogen storage
amount compared to a material by preventing vaporization
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of water and reducing a use amount of water through a
device configuration capable of high temperature/high pres-
sure operation.

[0010] Another embodiment provides a dehydrogenation
reaction system capable of reducing a water storage capacity
by recycling water generated from a fuel cell, increasing a
hydrogen storage capacity for the system, and reducing a
system cost and weight by removing a gas-liquid separator
and a recovery tank from the system.

[0011] Another embodiment provides a method of oper-
ating the dehydrogenation reaction system.

[0012] According to an embodiment, a dehydrogenation
reaction device including a dehydrogenation reactor includ-
ing: a solid chemical hydride; and an acid aqueous solution
tank supplying an acid aqueous solution to the dehydroge-
nation reactor is provided, wherein the dehydrogenation
reactor includes a heating device, a cooling apparatus, a
porous metal foam, or a combination thereof.

[0013] The porous metal foam may be positioned in the
center of the width direction of the dehydrogenation reactor
and extend in the length direction of the dehydrogenation
reactor, and the side of the length direction of at least the
porous metal foam may be surrounded by the chemical
hydride.

[0014] The porous metal foam may be a porous nickel
foam or a porous cobalt-nickel foam.

[0015] The dehydrogenation reactor may include O parts
by volume to 100 parts by volume of the porous metal foam
with respect to 100 parts by volume of the chemical hydride.
[0016] The acid aqueous solution may be supplied to the
dehydrogenation reactor by gravity or a pump.

[0017] The chemical hydride may include sodium boro-
hydride (NaBH,), lithium borohydride (LiBH,), potassium
borohydride (KBH,), ammonium borohydride (NH,BH,),
ammonia borohydride (NH;BH;), tetramethyl ammonium
borohydride ((CH,),NH,BH,), sodium aluminum hydride
(NaAlH,), lithium aluminum hydride (LiAlH,), potassium
aluminum hydride (KAlH,), calcium diborohydride (Ca
(BH,),), magnesium diborohydride (Mg(BH,),), sodium
gallium hydride (NaGaH,), lithium gallium hydride (Li-
GaH,), potassium gallium hydride (KGaH,), lithium
hydride (LiH), calcium hydride (CaH,), magnesium hydride
(MgH,), or mixture thereof.

[0018] The acid may be sulfuric acid, nitric acid, phos-
phoric acid, hydrochloric acid, boric acid, a heteropoly acid,
acetic acid, formic acid, malic acid, citric acid, tartaric acid,
ascorbic acid, lactic acid, an oxalic acid, succinic acid, tauric
acid, or a mixture thereof.

[0019] In the dehydrogenation reactor, the dehydrogena-
tion reaction may be performed by reacting 1 mol of
hydrogen atoms of the chemical hydride with an acid and
water at a molar ratio of 0.5 to 2.

[0020] In the dehydrogenation reactor, the temperature of
the dehydrogenation reaction may be 10° C. to 400° C., and
the pressure may be 1 bar to 100 bar.

[0021] The gas product produced in the dehydrogenation
reactor may include 99 volume % or greater of hydrogen and
1 volume % or less of water.

[0022] According to another embodiment, a dehydroge-
nation reaction system including an acid aqueous solution
tank including an acid aqueous solution; a dehydrogenation
reactor including a chemical hydride of a solid state and
receiving an acid aqueous solution from the acid aqueous
solution tank to react the chemical hydride with the acid
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aqueous solution to generate hydrogen; and a fuel cell stack
receiving hydrogen generated from the dehydrogenation
reactor to be reacted with oxygen to generate water and
simultaneously to generate electrical energy may be pro-
vided, wherein the water generated from the fuel cell stack
is recycled to the acid aqueous solution tank, the dehydro-
genation reactor, a separate water tank, or all of the above.
[0023] The acid aqueous solution may be supplied to the
dehydrogenation reactor by gravity or a pump.

[0024] The dehydrogenation reaction system may further
include a gas cooler that can be cooling the hydrogen
generated from the dehydrogenation reactor, and a buffer
tank that receives and stores hydrogen from the gas cooler.
[0025] The dehydrogenation reaction system may further
include a pressure regulator between the gas cooler and the
buffer tank, between the buffer tank and the fuel cell stack,
or both.

[0026] The dehydrogenation reaction system may further
include a sensor inside or outside the dehydrogenation
reactor, a temperature sensor and a pressure sensor, or a
mass flow meter between the buffer tank and the fuel cell
stack.

[0027] The acid aqueous solution tank may be pressurized
by receiving hydrogen from the dehydrogenation reactor, the
gas cooler, the buffer tank, or a combination thereof.
[0028] The dehydrogenation reaction system may not
include a gas-liquid separator to separate hydrogen and
water from the reaction products produced in the dehydro-
genation reactor.

[0029] The dehydrogenation reaction system may further
include a pump, a filter, or both.

[0030] According to another embedment, an operating
method for a dehydrogenation reaction system includes
providing an acid aqueous solution tank including an acid
aqueous solution. The method also includes providing a
dehydrogenation reactor including a chemical hydride of a
solid state and receiving an acid aqueous solution from the
acid aqueous solution tank to react the chemical hydride
with the acid aqueous solution to generate hydrogen. The
method also includes providing a fuel cell stack receiving
hydrogen generated from the dehydrogenation reactor to be
reacted with oxygen to generate water and simultaneously to
generate electrical energy. The method also includes recy-
cling the water generated from the fuel cell stack to the acid
aqueous solution tank, the dehydrogenation reactor, a sepa-
rate water tank, or all of the acid aqueous solution tank, the
dehydrogenation reactor, and the separate water tank. The
method also includes the acid being formic acid. According
to the method, in the dehydrogenation reactor, the tempera-
ture is in a range of 10° C. to 400° C. and the pressure is in
a range of 1 bar to 100 bar.

[0031] The acid aqueous solution may be supplied to the
dehydrogenation reactor by gravity or a pump.

[0032] The dehydrogenation reaction system may further
include a gas cooler cooling the hydrogen generated from
the dehydrogenation reactor and a buffer tank that receives
and stores hydrogen from the gas cooler.

[0033] The dehydrogenation reaction system may further
include a pressure regulator between the gas cooler and the
buffer tank, between the buffer tank and the fuel cell stack,
or both.

[0034] The dehydrogenation reaction system further
include a mass flow meter between the buffer tank and the
fuel cell stack.
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[0035] The acid aqueous solution tank may be pressurized
by receiving hydrogen from the dehydrogenation reactor, the
gas cooler, the buffer tank, or a combination thereof.
[0036] The dehydrogenation reaction system may not
include a gas-liquid separator to separate hydrogen and
water from the reaction products produced in the dehydro-
genation reactor.

[0037] The dehydrogenation reaction system may further
include a pump, a filter, or both.

[0038] The dehydrogenation reactor may include a heating
device, a cooling apparatus, a porous metal foam, or a
combination thereof.

[0039] The porous metal foam may be positioned in the
center of a width direction of the dehydrogenation reactor
and may extend in a length direction of the dehydrogenation
reactor. The side of the length direction of at least the porous
metal foam may be surrounded by the chemical hydride.
[0040] The porous metal foam may be a porous nickel
foam or a porous cobalt-nickel foam.

[0041] The dehydrogenation reactor may include more
than O parts by volume and 100 parts by volume or less of
the porous metal foam with respect to 100 parts by volume
of the chemical hydride.

[0042] The acid aqueous solution may be supplied to the
dehydrogenation reactor by gravity or a pump.

[0043] The acid aqueous solution tank may be pressurized
by supplying hydrogen generated in the dehydrogenation
reactor.

[0044] The chemical hydride may include NaBH,, LiBH,,
KBH,, NH,BH,, NH,;BH,, (CH,),NH,BH,, NaAlH,,
LiAlH,, KAIH,, Ca(BH,),, Mg(BH,),, NaGaH,, LiGaH,,
KGaH,, LiH, CaH,, MgH,, or a mixture thereof.

[0045] In the dehydrogenation reactor, a dehydrogenation
reaction may be performed by reacting 1 mol of hydrogen
atoms of the chemical hydride with an acid and water at a
molar ratio of 0.5 to 2.

[0046] A gas product produced in the dehydrogenation
reactor may include 99 volume % or greater of hydrogen and
1 volume % or less of water.

[0047] The dehydrogenation reaction device according to
an embodiment may maximize the amount of hydrogen
storage compared to the material by preventing the vapor-
ization of the water and reducing the amount of the water
used through the device configuration capable of operating
at high temperature/high pressure.

[0048] The dehydrogenation reaction system and operat-
ing method according to further embodiments may increase
the conversion rate of the hydrolysis reaction by recycling
the water generated from the fuel cell and increasing the
hydrogen storage capacity by removing the gas-liquid sepa-
rator and the recovery tank from the system, and the system
cost and weight may be reduced.

BRIEF DESCRIPTION OF THE DRAWINGS

[0049] FIG. 1 is a view schematically showing a dehy-
drogenation reaction device according to an embodiment.
[0050] FIG. 2 is an enlarged cross-sectional view of a
dehydrogenation reactor in FIG. 1.

[0051] FIG. 3 is a view schematically showing a dehy-
drogenation reaction device according to another embodi-
ment.
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[0052] FIG. 4 is a graph showing a result of measuring a
hydrogen storage capacity of a dehydrogenation reaction
system using formic acid in several molar ratios in an
Embodiment 1.

[0053] FIG. 5 is a graph showing a result of measuring a
hydrogen storage capacity of a dehydrogenation reaction
system in an Embodiment 2.

[0054] FIG. 6 is a graph showing a result of measuring a
hydrogen storage capacity of a dehydrogenation reaction
system in an Embodiment 3.

[0055] FIG. 7 is a graph showing a result of measuring a
hydrogen storage capacity of a dehydrogenation reaction
system in an Embodiment 4.

[0056] FIG. 8 and FIG. 9 are graphs showing results of
measuring a hydrogen generation speed and a conversion
rate of a dehydrogenation reaction system in an Embodiment
5.

[0057] FIG. 10 is a graph showing a result of carrying out
a hydrogen generating reaction capable of driving a 1 kW
class fuel cell in an Embodiment 6.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0058] The advantages, features, and aspects that are
described hereinafter should become apparent from the
following description of the embodiments with reference to
the accompanying drawings, which is set forth hereinafter.
However, the present disclosure may be not limited to
embodiments that are described herein. Although not spe-
cifically defined, all of the terms including the technical and
scientific terms used herein have meanings understood by
persons having ordinary skill in the art. The terms have
specific meanings coinciding with related technical refer-
ences and the present specification as well as lexical mean-
ings. In other words, the terms are not to be construed as
having idealized or formal meanings. Throughout the speci-
fication and claims which follow, unless explicitly described
to the contrary, the word “comprise/include” or variations
such as “comprises/includes” or “comprising/including”
should be understood to imply the inclusion of stated
elements but not the exclusion or any other elements.
[0059] The terms of a singular form may include plural
forms unless referred to the contrary.

[0060] In the drawings, the thickness of layers, films,
panels, regions, etc., are exaggerated for clarity. Like refer-
ence numerals designate like elements throughout the speci-
fication.

[0061] It should be understood that when an element such
as a layer, film, region, or substrate is referred to as being
“on” another element, it can be directly on the other element
or intervening elements may also be present. In contrast,
when an element is referred to as being “directly on” another
element, there are no intervening elements present.

[0062] FIG. 1 is a view schematically showing a dehy-
drogenation reaction device according to an embodiment,
and FIG. 2 is an enlarged cross-sectional view of a dehy-
drogenation reactor in FIG. 1. Now, a dehydrogenation
reaction device is described in detail with reference to FIG.
1 and FIG. 2.

[0063] Referring to FIG. 1, a dehydrogenation reaction
device 100 includes a dehydrogenation reactor 110 and an
acid aqueous solution tank 120.

[0064] The dehydrogenation reactor 110 may be com-
posed of a high temperature and high pressure vessel so that
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a dehydrogenation reaction may be carded out in high
temperature and high pressure conditions. For example, the
dehydrogenation reactor 110 may have a shape such as a
cylinder, a sphere, a cuboid, or a polygonal column, and
particularly may have a cylinder shape.

[0065] Referring to FIG. 2, the dehydrogenation reactor
110 may have a high aspect ratio in which a ratio L/D of a
length L to a width D is high. Here, the width D of the
dehydrogenation reactor 110 is shorter than the length L.
[0066] In the dehydrogenation reactor 110, the aspect ratio
L/D of the length L to the width D may be 1 to 10, and for
example, may be 5 to 8. When the dehydrogenation reactor
110 has the high aspect ratio, it is possible to maximize
release of reaction heat during the dehydrogenation reaction
and minimize the use of a pump by utilizing a water level
difference. However, when the reaction heat generated in the
dehydrogenation reactor 110 is removed through the cooling
apparatus 230, the aspect ratio of the dehydrogenation
reactor 110 may be omitted.

[0067] The dehydrogenation reactor 110 includes a chemi-
cal hydride 111 of a solid state.

[0068] The chemical hydride 111 as a solid state, for
example, may be in a form of any one of a powder form, a
granular form, a bead form, a microcapsule form, and a
pellet form. When the chemical hydride 111 is stored in an
aqueous solution (a concentration, in one example, of about
20% of the chemical hydride), a large amount of the chemi-
cal hydride 111 may not be stored, but when the chemical
hydride 111 is stored in a solid state, large capacity storage
is possible.

[0069] The chemical hydride may be any compound that
may be hydrolyzed to generate hydrogen and a hydrolysate,
for example, NaBH,, LiBH,, KBH,, NH,BH,, NH,BH,,
(CHS),NH,BH,, NaAlH,, LiAlH,, KAIH,, Ca(BH,),,
Mg(BH,),, NaGaH,, LiGaH,, KGaH,, LiH, CaH,, MgH,,
or mixture thereof may be included.

[0070] The dehydrogenation reactor 110 is constructed in
the form of cartridge to allow the dehydrogenation reactor
110 to be replaced, or the upper part is designed to be opened
and closed so that the chemical hydride 111 may be injected
or replaced, or a product is exhausted through the lower part
and the chemical hydride 111 may be injected, thereby
allowing the dehydrogenation reactor 110 to ensure system
continuity. Additionally, the dehydrogenation reactor 110
may further include a part for exhausting a slurried hydro-
lysis reaction product and a part for injecting the chemical
hydride 111.

[0071] The dehydrogenation reactor 110 may include a
heating device that provides heat/temperature useful for the
hydrolysis of the chemical hydride 111 or for separate
purposes, a cooling apparatus 230 to exhaust reaction heat H
when the hydrogen-generating reaction is an exothermic
reaction, or a porous metal foam 112 to improve the reaction
speed through a catalysis reaction.

[0072] Forexample, the heating device may use electricity
or other heat sources, and the cooling apparatus 230 may be
implemented as a refrigerant circulation device to exhaust
heat generated by the hydrolysis of the chemical hydride
111.

[0073] The porous metal foam 112 has a cellular structure
composed of a solid metal with gas-filled pores having a
predetermined volume. The pores may be sealed (closed cell
foam) or interconnected (opened-cell foam), and the porous
metal foam 112 may be opened-cell foams. The porous
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metal foam 112 may have high porosity, and for example,
only 5 volume % to 25 volume % of the entire volume may
be metal. Accordingly, the porous metal foam 112 may be
ultra-lightweight while having a high-surface area. In addi-
tion, the porous metal foam 112 may have various charac-
teristics, for example, porosity, pore volume, thickness,
alloy composition, or density. The porous metal foam 112
may be integrally formed, or may be disposed by stacking at
least one or more thereof.

[0074] The porous metal foam 112 may use various mate-
rials in consideration of increasing a reaction speed through
the catalytic action as well as heat conduction. For example,
the porous metal foam 112 may be a porous nickel foam or
a porous cobalt-nickel foam. In the case of using the porous
nickel foam or the porous cobalt-nickel foam, the heat
transfer may be accelerated and the reaction may be accel-
erated through the metal as the catalytic active sites. It may
also help to release the heat of the reaction inside the
dehydrogenation reactor 110. In addition, it may act as a
distributor so that the acid aqueous solution may be evenly
supplied inside the dehydrogenation reactor 110.

[0075] The porous metal foam 112 is positioned in the
center of the width direction of the dehydrogenation reactor
110 and extends in the length direction of the dehydroge-
nation reactor 110. At this time, the chemical hydride 111
may be positioned on the outer side in the width direction of
the dehydrogenation reactor 110, and the side in the length
direction of the porous metal foam 112 may be surrounded
by the chemical hydride 111.

[0076] In addition, the porous metal foam 112 may be
connected to the inlet side through which the acid aqueous
solution supplied from the acid aqueous solution tank 120
inflows. At this time, the opposite surface of the surface
where the porous metal foam 112 is connected to the
dehydrogenation reactor 110 may be surrounded by the
chemical hydride 111.

[0077] The porous metal foam 112 may uniformly distrib-
ute the acid aqueous solution to the chemical hydride 111,
maximize heat transfer, and act as a non-uniform catalyst for
the dehydrogenation reaction. Accordingly, a barrier may be
suppressed from being formed by by-products such as a
borate, which may be generated from the chemical hydride
111 after the dehydrogenation reaction and the reaction
delay are minimized, thereby maximizing the generation
amount of hydrogen.

[0078] The dehydrogenation reactor 110 may include the
porous metal foam 112 in an amount of 0 to 100 parts by
volume with respect to 100 parts by volume of the chemical
hydride 111, and for example, it may include O to 50 parts
by volume thereof. If the porous metal foam 112 includes
greater than 50 parts by volume per 100 parts by volume of
the chemical hydride 111, the amount of the hydrogen
storage may decrease due to space constraints.

[0079] The acid aqueous solution tank 120 supplies the
acid aqueous solution to the dehydrogenation reactor 110. In
other words, the dehydrogenation reaction device 100 is a
system that generates hydrogen by injecting the aqueous
acid solution into a dehydrogenation reactor 110 including
the chemical hydride 111 of the solid state.

[0080] In addition, since a separate recovery tank in some
cases may not used, the cost and weight of the system may
be reduced. In particular, there is a merit that it may be easily
exhausted under pressure conditions above 100° C. and
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above atmospheric pressure when the product is present in
the form of a slurry with high fluidity in the container.

[0081] The acid aqueous solution tank 120 may have a
corrosion-resistant protective film such as Teflon coating to
prevent corrosion by the acid aqueous solution.

[0082] The acid aqueous solution shortens the reaction
time by adjusting the pH of the chemical hydride 111 to
promote the dehydrogenation reaction.

[0083] The acid may be an inorganic acid such as sulfuric
acid, nitric acid, phosphoric acid, boric acid, or hydrochloric
acid, an organic acid such as heteropoly acid, acetic acid,
formic acid, malic acid, citric acid, tartaric acid, ascorbic
acid, lactic acid, oxalic acid, succinic acid, and tauric acid,
or mixtures thereof, because the molecular weight is small
compared to the hydrogen ion, and the system weight may
be reduced and formic acid (HCOOH) may be used as it is
safer than hydrochloric acid in a high concentration state. In
the case of formic acid, as a weak acid, the pH is maintained,
in one example, at about 2 under the conditions described in
the present disclosure, so it may be used relatively safely. In
addition, captured carbon dioxide may be obtained through
hydrogenation, so it is an important material in terms of a
recycling of carbon dioxide. In addition, formate is con-
verted to bicarbonate through a dehydrogenation reaction,
whereby additional hydrogen may be obtained.

[0084] The acid aqueous solution tank 120 is positioned
above the dehydrogenation reactor 110 with respect to the
direction of gravity, and the acid aqueous solution tank 120
may supply the acid aqueous solution to the dehydrogena-
tion reactor 110 by gravity. That is, the acid aqueous solution
tank 120 may supply the acid aqueous solution to the
dehydrogenation reactor 110 due to the water level differ-
ence. Through this, it is possible to reduce the system cost
and weight by minimizing the use of the pump. However,
the present disclosure is not limited thereto, and the acid
aqueous solution tank 120 may be positioned below the
dehydrogenation reactor 110 in the gravity direction and the
acid aqueous solution may be supplied to the dehydrogena-
tion reactor 110 by a high pressure pump. In other words,
when the acid aqueous solution is injected into the dehy-
drogenation reactor 110 through a high pressure pump, the
pressure of the acid aqueous solution tank may be omitted,
and in this case, the position limitation also disappears.

[0085] For this purpose, the acid aqueous solution tank
120 may have the same pressure as the dehydrogenation
reactor 110 or higher than the pressure of the dehydrogena-
tion reactor 110, and a valve 710 such as a solenoid valve
may be mounted between the acid aqueous solution tank 120
and the dehydrogenation reactor 110. In this case, the acid
aqueous solution tank 120 does not need to be positioned on
the dehydrogenation reactor 110, and may be disposed in a
position equivalent to or lower than that of the dehydroge-
nation reactor 110. For example, the pressurization of the
acid aqueous solution tank 120 may be performed by using
hydrogen generated in the dehydrogenation reactor 110.
Instead of using the above methods, the acidic aqueous
solution at atmospheric pressure may be injected into the
dehydrogenation reactor 110 using a high pressure pump.

[0086] In the dehydrogenation reaction device 100, a
dehydrogenation reaction in which hydrogen is produced by
the hydrolysis reaction of the chemical hydride 111 with an
acid aqueous solution proceeds.
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[0087] For example, when the chemical hydride 111 is
NaBH, and the acid is HCOOH, the dehydrogenation reac-
tion as shown in Reaction Formula 1 below occurs.

NaBH,+HCOOH+4H,0—~HCOONa+H;BO;+H,O+
4H,—HCO;Na+H;BO;+5H, [Reaction Formula 1]

[0088] In the dehydrogenation reactor 110, the dehydro-
genation reaction may be performed by reacting 1 mol of
hydrogen atoms of the chemical hydride with an acid and
water at a molar ratio of 0.5 to 2. If the molar ratio of acid
and water is less than 0.5, the chemical hydride 111 may not
react sufficiently, and if it is greater than 2, the system weight
and reactor volume may increase.

[0089] On the other hand, when the acid aqueous solution
is used to generate hydrogen from hydrolysis with the
chemical hydride 111, water is easily vaporized and loss due
to elevated temperature by an exothermic reaction (a water
vaporization temperature: 100° C. at 1 bar), so that the
amount of hydrogen generated (i.e., a hydrogen storage
capacity) may be declined.

[0090] Therefore, the dehydrogenation reaction may take
place under high temperature and high pressure conditions.
This prevents vaporization of water and reduces the amount
of the used water, thereby maximizing the amount of gen-
erated hydrogen (the water vaporization temperature: 175°
C. at 10 bar, 260° C. at 50 bar). In addition, the generation
of CO2 may also be suppressed through the pressurization
operation of the dehydrogenation reactor 100.

[0091] Also, if excess water is included in a hydrogen gas
after the reaction, an additional gas-liquid separator may be
required, and accordingly the volume and weight of the
entire system may be increased and then the hydrogen
storage capacity may be decreased. However, high tempera-
ture and high pressure operation of the dehydrogenation
reactor 100 may increase the hydrogen storage capacity and
reduce the system cost and weight.

[0092] For example, in the case of the system using
NaBH, and formic acid (HCOOH), the temperature of the
dehydrogenation reaction may be 10° C. to 400° C., or 100°
C. to 250° C. When the temperature of the dehydrogenation
reaction is less than 10° C., the acid or acid aqueous solution
may be coagulated or separated, and when the temperature
is greater than 400° C., a side reaction such as an occurrence
of carbon monoxide may increase.

[0093] The pressure of the dehydrogenation reaction may
be 1 bar to 100 bar, or 5 bar to 50 bar. If the pressure of the
dehydrogenation reaction is less than 1 bar, a decompression
pump is used, which may increase the system weight. If the
pressure is greater than 100 bar, the dehydrogenation reac-
tion may be inhibited, and the weight and volume of a high
temperature/high pressure container may increase.

[0094] Accordingly, the gas product generated in the
dehydrogenation reactor may contain 99 volume % or
greater of hydrogen, 1 volume % or less of water, and 0.1
volume % or less of other impurities.

[0095] The generation speed of hydrogen in the dehydro-
genation reactor 100 may be controlled by changing the
injection speed of the acid aqueous solution or by changing
the injection time (a valve open time) while fixing the
injection speed. Considering system cost and convenience,
one of the high pressure pump and the injection method of
the acid aqueous solution by gravity may be selected.
[0096] FIG. 3 is a view schematically showing a dehy-
drogenation reaction device according to another embodi-
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ment. Now, the dehydrogenation reaction system is
described in detail with reference to FIG. 3.

[0097] Referring to FIG. 3, the dehydrogenation reaction
system 10 includes the dehydrogenation reactor 110, the
acid aqueous solution tank 120, and the fuel cell stack 500,
and may selectively further include a gas cooler 300 and a
buffer tank 400.

[0098] Since the description of the dehydrogenation reac-
tor 110 and the acid aqueous solution tank 120 is the same
as described above, a repeated description is omitted.
[0099] The dehydrogenation reactor 110 may increase the
amount of hydrogen storage by disposing several reactors in
parallel as needed.

[0100] Hydrogen generated from the dehydrogenation
reactor 110 is transferred to the gas cooler 300. The gas
cooler 300 cools the supplied hydrogen. The cooling tem-
perature of hydrogen is not particularly limited in the present
disclosure, and as an example, it may be a temperature of
10° C. to 60° C.

[0101] FIG. 3 shows that the gas cooler 300 is configured
of a plurality of chambers sequentially connected to each
other, but the present disclosure is not limited thereto, and
the gas cooler 300 may be configured of a single chamber.
[0102] The hydrogen cooled in the gas cooler 300 is
transferred to the buffer tank 400. The buffer tank 400
receives and stores a certain amount of the hydrogen gas.
[0103] If desired, pressure regulators 610, 620 may be
further included between the dehydrogenation reactor 100
and the gas cooler 300, between the gas cooler 300 and the
buffer tank 400, between the buffer tank 400 and the fuel cell
stack 500, or a combination thereof. A sensor, a temperature
sensor, or a pressure sensor may be further included inside
or outside the dehydrogenation reactor 100. Amass flow
meter 630 may be further included between the buffer tank
400 and the fuel cell stack 500. Accordingly, the hydrogen
gas may be stored in the buffer tank 400 at a constant
pressure, and the hydrogen gas may be supplied to the fuel
cell stack 500 at a desired pressure and mass.

[0104] Meanwhile, as described above, the acid aqueous
solution tank 120 may be pressurized by using hydrogen
generated in the dehydrogenation reactor 110. The acid
aqueous solution tank 120 may receive hydrogen directly
from the dehydrogenation reactor 110 or may receive the
hydrogen from the gas cooler 300 or the buffer tank 400, or
a combination thereof. At this time, the amount of hydrogen
gas supplied to the acid aqueous solution tank 120 may be
controlled by the valve 720.

[0105] The fuel cell stack 500 is positioned on a down-
stream side of the buffer tank 400 to receive the hydrogen
gas from the buffer tank 400. For example, the hydrogen gas
may be received from the buffer tank 400 through an intake
port such as a valve.

[0106] The fuel cell stack 500 generates water by reacting
the supplied hydrogen with oxygen and simultaneously
generates electrical energy. The water produced in the fuel
cell stack 500 is exhausted through exhaust means such as
valves, for example. At this time, the water exhausted from
the fuel cell stack 500 is recycled to the acid aqueous
solution tank 120, the dehydrogenation reactor 110, a sepa-
rate water tank, or all of them, thereby increasing the
hydrogen generation efficiency. At this time, the amount of
the water supplied to the acid aqueous solution tank 120 or
the dehydrogenation reactor 110 may be controlled by
valves 730 and 740.
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[0107] The fuel cell stack 500 may be any device that
converts the hydrogen gas into usable electrical energy, and
for example, it may be a proton exchange membrane fuel
cell (PEMFC), an alkaline fuel cell (AFC), a phosphoric acid
fuel cell (PAFC), a molten carbonate salt fuel cell (MCFC),
or a solid oxide fuel cell (SOFC), etc., but the present
disclosure is not limited thereto.

[0108] For example, the fuel cell stack 500 may pass the
generated electrical energy through a power converter such
as a DC converter, an inverter, or a charge controller. The
power converter may output a part of the electrical energy to
an electrical load through a load interconnect, and the other
part of the electrical energy may be sent back to the energy
storage through a recharging interconnect. Another part of
the electrical energy may be used to supply power to a
control unit.

[0109] The dehydrogenation reaction system 10 prevents
the vaporization of the water through the high temperature
and high pressure operation of the dehydrogenation reactor
100 and reduces the amount of the used water, so there is no
need for a separate gas-liquid separator because the excess
water is not included in the hydrogen gas after the reaction.
[0110] In the dehydrogenation reaction system 10, the use
of'the pump may be minimized by allowing the acid aqueous
solution tank 120 to supply the acid aqueous solution to the
bottom of the dehydrogenation reactor 110 by gravity,
however, if desired, a pump, a filter, or both may be further
included.

[0111] For example, the pump may be used to supply the
acid aqueous solution of the acid aqueous solution tank 120
to the dehydrogenation reactor 110, to supply the hydrogen
gas generated from the dehydrogenation reactor 110 to the
gas cooler 300, to supply the hydrogen gas cooled in the gas
cooler 300 to the buffer tank 400, to supply the hydrogen gas
stored in the buffer tank 400 to the fuel cell stack 500, to
supply the hydrogen gas to the acid aqueous solution tank
120, or to supply the water generated from the fuel cell stack
500 to the dehydrogenation reactor 110 or the acid aqueous
solution tank 120.

[0112] The filter may substantially remove unwanted par-
ticles included in the hydrogen gas by filtering the generated
hydrogen gas. The filter may be positioned between the
dehydrogenation reactor 110, the gas cooler 300, the buffer
tank 400, or the fuel cell stack 500, particularly between the
buffer tank 400 and the fuel cell stack 500.

[0113] In addition, optionally, the dehydrogenation reac-
tion system 10 may include an outlet for exhausting the
mixture of the chemical hydride, the acid, and the water after
the reaction has been completed, and may include a device
for removing reaction by-products other than hydrogen and
the water or converting it to other materials.

[0114] Hereinafter, specific embodiments of the disclosure
are presented. However, the embodiments described below
are only intended to specifically illustrate or describe the
disclosure and are not to limit the scope of the disclosure.
[0115] (Evaluation Method of Dehydrogenation Reaction)
[0116] The chemical hydride 111 is charged into the high
temperature and high pressure dehydrogenation reactor 110.
The acid aqueous solution mixed in a specific molar ratio is
injected using a syringe or a high-pressure pump. At this
time, the injection speed may be adjusted from 0.01 m[./min
to 20 mL/min, and may vary depending on the size of the
dehydrogenation reactor 110 and the amount of the chemical
hydride 111.
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[0117] The pressure and the temperature are measured,
and a predetermined pressure and temperature are main-
tained through valve control and cooling. In some cases,
H,O may be injected first and then the acid may be injected.
[0118] The hydrogen conversion rate may be calculated by
Equation 1 below, and the flow rate and the purity are
measured using a mass flow meter and gas chromatography
(GO).
The hydrogen conversion rate=((the amount of

hydrogen exhausted to the outside of the reactor

through the mass flow meter)+(the pressure at

the room temperature after the reaction)x(the

reactor volume))/(the theoretical hydrogen pro-

duction amount) [Equation 1]

Embodiment 1

[0119] By using the dehydrogenation reaction system 10
according to an embodiment, in the room temperature and
the room pressure condition, the dehydrogenation reaction
was performed by using NaBH,, as the chemical hydride 111
and HCOOH as the acid, and at this time, the hydrogen
storage capacity (the H, storage capacity, wt %) was mea-
sured by performing the dehydrogenation reaction while
changing the reaction molar ratio of NaBH,:cHCOOH:
PH,O to O=a=<1, 3=f=4, and a+p=4, and the result is shown
in FIG. 4.

[0120] Referring to FIG. 4, in Embodiment 1, the reaction
like Reaction Formula 2 below is performed, in the room
temperature/room pressure condition, a reaction molar sum
of HCOOH and H,O is maintained as 4 (for example, to
minimize water usage), and as the reacted result, it was
confirmed that hydrogen was generated under the condition
01 0.25 mol to 1 mol of HCOOH, and hydrogen, which was
close to the theoretical storage amount, was generated
particularly at 0.5 mol.

[Reaction Formula 2]
NaBH, + oHCOOH + BH,O0 —>

a HCOONa +

NaB,0,*yH,0 + 4H1

Embodiment 2

[0121] The reaction molar ratio of NaBH,:cHCOOH:
pPH,O is fixed as a=0.5 and p=3.5, while changing the
temperature to 25° C. to 300° C. and the pressure to 1 bar
to 50 bar, and the hydrogen storage capacity was measured
and the result thereof is shown FIG. 5.

[0122] Referring to FIG. 5, In order to obtain the same
hydrogen generation amount as the theoretical value by
preventing the water vaporization, the reaction temperature
and pressure were increased, and as the result confirming the
optimum reaction conditions, the hydrogen storage capacity
of 6 wt % or greater (theoretical value: 6.5 wt %) was
confirmed in the temperature of 100° C. to 250° C. and the
pressure of 5 bar to 50 bar, particularly the conversion rate
ot 97% was achieved at the range of 100° C. to 250° C. and
30 bar to 50 bar.

Embodiment 3

[0123] In the condition of 180° C. and 30 bar, while
changing the reaction molar ratio of NaBH,:cHCOOH:
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PH,O to a=0.5 and 2<f=4, the hydrogen storage capacity TABLE 1
was measured and the result thereof is shown in FIG. 6. : —
[0124] Referring to FIG. 6, as a result of checking the g,::daqueous solution injection rgi?riiln H?i?rifn n?l.?nifn
condition for the minimization of the usage amount of the Feed (NaBH,) injection amount 04 g/ 04 ¢/ 04 ¢
water under a high temperature/high pressure condition, in 0.867 ml 0.867 ml  0.867 ml
the case of HCOOH of 0.5 mol, H,O may be reduced to 2 Starting temperature 25°C. 2»°C. 237G
. . Reaction temperature 45° C. 65° C. 75° C.
mol, and the hydrogen storage capacity may theoretically Hydrogen generation speed” 15.4 4 30.8
reach 8.3 wt % and experimentally 7.0 wt % (the room ml/min mlmin ~ ml/min
temperature/room pressure condition: 5.5 wt %). conversion rate 85% 85% 84%
Embodiment 4 1)hydrogen generation speed based on initial 10 minutes
[0125] In the condition of 180° C. and 30 bar, while [0128] *Referring to FIG. 8, FIG. .9’ and Table 1, it is
: . . confirmed that the hydrogen generation speed increases as
changing the reaction molar ratio of NaBH,:aHCOOH: the injection speed of the acid aqueous solution increases. In
PH,O to 0=a=0.7, 1.8<f=<2.5, and a+p=2.5, the hydrogen ryection sp q .
2 ] . addition, it was confirmed that the total amount of the
storage capacity was measured and the result thereof is -

. generated hydrogen was the same at the conversion rate of
shown in FIG. 7 L 85% and there was no reaction decline due to the increase of
[0126] Referring to FIG. 7, for the mlmmlzatlon.of the speed. That is, it can be seen that the rate of hydrogen
usage amount of the water, after fixing the molar ratio sum generation can be controlled by changing the injection rate
of HCOOH and H,O as 2.5, as a result of measuring the of the aqueous acid solution.
amount of hydrogen generated according to the HCOOH
molar ratio, it was confirmed that the hydrogen storage Embodiment 6
capacity was 6 wt % or greater in the range ot 0.3 mol to 0.5
mol of HCOOH. [0129] Based on the results of FIG. 8, FIG. 9, and Table 1,

the dehydrogenation reactor capable of including NaBH,, at
Embodiment 5 1.10 g was manufactured apd the hydrogen ger.leration reac-
tion (the hydrogen generation speed of 15 L/min) capable of
[0127] The hydrogen generation speed and the conversion driving a 1 kW class fuel cell was produced, and the result
rate were measured while changing the injection speed of thereof is shown in FIG. 10.
the acid aqueous solution, and the result thereof is shown in [0130] In addition, the dehydrogenation reaction pro-
FIG. 8 and FIG. 9 and is summarized in Table 1. In FIG. 9, ceeded while changing the system operation and control
the reaction molar ratio of NaBH,:aHCOOH:fH,O was conditions as shown in Table 2 below, and the results are
a=0.5 and $=3.5. summarized in Table 2.
TABLE 2
NaBH,(SBH) 70 g 70 g 176 g 160 g 70 g 70 g 70 g
injection amount
HCOOH:H,0 05:35 0535 0535 0535 0535 0535 0.5:2
molar ratio
Injection 8 4 4 4 4 4 2.5
equivalent equivalents equivalents equivalents equivalents equivalents equivalents equivalents
([molgy +
molzyel/
molspe)
Valve on/off time 3s/27 s 3527 s 3s/12s 3s/12s 3s/12s 3s/12s 3s/12s
(acid aqueous
solution injection)
Reactor 50 bar 50 bar 20 bar 50 bar 30 bar 30 bar 30 bar
predetermined
pressure
Starting pressure 50 bar 50 bar 20 bar 50 bar 30 bar Room Room
pressure pressure
Reactor inside 203°C.  201°C.  172°C. 190°C.  222°C. — 216° C.
maximum
temperature
Conversion rate 100% 100% 75.5% 84% 100% — 75.8%
Product volume 180 L 180 L 342 L 363 L 180 L — 137L
Product form Liquid + Liquid + Solid Slurry Top Viscous Solid
solid solid (Swelling) solid, liquid  (viscoelastic)
Bottom  at100° C.
slurry
Uniqueness — — Internal — — — —

clogging
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[0131] While this disclosure has been described in con-
nection with what is presently considered to be practical
embodiments, it is to be understood that the disclosure is not
limited to the disclosed embodiments. On the contrary, the
present disclosure is intended to cover various modifications
and equivalent arrangements included within the spirit and
scope of the appended claims.

DESCRIPTION OF SYMBOLS

[0132] 10: dehydrogenation reaction system
[0133] 100: dehydrogenation reaction device
[0134] 110: dehydrogenation reactor

[0135] 111: chemical hydride

[0136] 112: porous metal foam

[0137] 120: acid aqueous solution tank
[0138] 230: cooling apparatus

[0139] 300: gas cooler

[0140] 400: buffer tank

[0141] 500: fuel cell stack

[0142] 610, 620: pressure regulator
[0143] 630: mass flow meter
[0144] 710, 720, 730, 740: valve

What is claimed is:

1. An operating method for a dehydrogenation reaction
system, the operating method comprising:

providing an acid aqueous solution tank including an acid

aqueous solution;

providing a dehydrogenation reactor including a chemical

hydride of a solid state and receiving an acid aqueous
solution from the acid aqueous solution tank to react
the chemical hydride with the acid aqueous solution to
generate hydrogen;

providing a fuel cell stack receiving hydrogen generated

from the dehydrogenation reactor to be reacted with
oxygen to generate water and simultaneously to gen-
erate electrical energy; and

recycling the water generated from the fuel cell stack to

the acid aqueous solution tank, the dehydrogenation
reactor, a separate water tank, or all of the acid aqueous
solution tank, the dehydrogenation reactor, and the
separate water tank,

wherein the acid is formic acid, and

wherein, in the dehydrogenation reactor, the temperature

is in a range of 10° C. to 400° C. and the pressure is in
a range of 1 bar to 100 bar.

2. The operating method of claim 1, wherein the acid
aqueous solution is supplied to the dehydrogenation reactor
by gravity or a pump.

3. The operating method of claim 1, wherein the dehy-
drogenation reaction system further includes:

a gas cooler cooling the hydrogen generated from the

dehydrogenation reactor; and

a buffer tank that receives and stores hydrogen from the

gas cooler.
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4. The operating method of claim 3, wherein the dehy-
drogenation reaction system further includes a pressure
regulator between the gas cooler and the buffer tank,
between the buffer tank and the fuel cell stack, or both.

5. The operating method of claim 3, wherein the dehy-
drogenation reaction system further includes a mass flow
meter between the buffer tank and the fuel cell stack.

6. The operating method of claim 3, wherein the acid
aqueous solution tank is pressurized by receiving hydrogen
from the dehydrogenation reactor, the gas cooler, the buffer
tank, or a combination thereof.

7. The operating method of claim 1, wherein the dehy-
drogenation reaction system does not include a gas-liquid
separator to separate hydrogen and water from the reaction
products produced in the dehydrogenation reactor.

8. The operating method of claim 1, wherein the dehy-
drogenation reaction system further includes a pump, a filter,
or both.

9. The operating method of claim 1, wherein the dehy-
drogenation reactor includes a heating device, a cooling
apparatus, a porous metal foam, or a combination thereof.

10. The operating method of claim 9, wherein:

the porous metal foam is positioned in the center of a

width direction of the dehydrogenation reactor and
extends in a length direction of the dehydrogenation
reactor; and

the side of the length direction of at least the porous metal

foam is surrounded by the chemical hydride.

11. The operating method of claim 10, wherein the porous
metal foam is a porous nickel foam or a porous cobalt-nickel
foam.

12. The operating method of claim 10, wherein the
dehydrogenation reactor includes more than 0 parts by
volume and 100 parts by volume or less of the porous metal
foam with respect to 100 parts by volume of the chemical
hydride.

13. The operating method of claim 1, wherein the acid
aqueous solution is supplied to the dehydrogenation reactor
by gravity or a pump.

14. The operating method of claim 1, wherein the acid
aqueous solution tank is pressurized by supplying hydrogen
generated in the dehydrogenation reactor.

15. The operating method of claim 1, wherein the chemi-
cal hydride comprises NaBH4, LiBH4, KBH4, NH4BH4,
NH3BH3, (CH3)4NH4BH4, NaAlH4, LiAlH4, KAIH4,
Ca(BH4)2, Mg(BH4)2, NaGaH4, LiGaH4, KGaH4, LiH,
CaH2, MgH2, or a mixture thereof.

16. The operating method of claim 1, wherein, in the
dehydrogenation reactor, a dehydrogenation reaction is per-
formed by reacting 1 mol of hydrogen atoms of the chemical
hydride with an acid and water at a molar ratio of 0.5 to 2.

17. The operating method of claim 1, wherein a gas
product produced in the dehydrogenation reactor includes 99
volume % or greater of hydrogen and 1 volume % or less of
water.



