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HYDROGEN HEATING DEVICE AND
HYDROGEN HEATING METHOD

TECHNICAL FIELD

[0001] The present invention relates to a hydrogen heating
device and a hydrogen heating method.

BACKGROUND ART

[0002] In recent years, effective use of hydrogen heated to
high temperatures has attracted attention, such as using
heated hydrogen instead of coke as a reducing agent (see, for
example, Patent Literature 1), or using heated hydrogen as
a heat transfer medium in a heating device and the like in
production of steel using a blast furnace.

CITATION LIST

Patent Literature

[0003] Patent Literature 1: JP2017-172026A
SUMMARY OF INVENTION
Technical Problem
[0004] However, a heat energy source in a case of heating

hydrogen is still mainly obtained from thermal power gen-
eration or nuclear power generation. Therefore, from a
viewpoint of environmental problems and energy problems,
there is a demand for a novel hydrogen heating device and
anovel hydrogen heating method that utilize an inexpensive,
clean, and safe heat energy source to heat a hydrogen-based
gas and that have not been disclosed in the related art.
[0005] Therefore, an object of the present invention is to
provide a novel hydrogen heating device and a novel hydro-
gen heating method that can utilize an inexpensive, clean,
and safe heat energy source to supply a heated hydrogen-
based gas.

Solution to Problem

[0006] Ahydrogen heating device according to the present
invention relates to a hydrogen heating device that heats a
hydrogen-based gas containing hydrogen, the hydrogen
heating device including: a sealed container configured to
allow the hydrogen-based gas to be led in; a heat generating
element provided inside the sealed container and configured
to generate heat by occluding and discharging the hydrogen;,
and a temperature adjustment unit configured to adjust a
temperature of the heat generating element. The heat gen-
erating element includes a plurality of stacked bodies each
including a support made of at least one of a porous body,
a hydrogen permeable film, and a proton conductor, and a
multilayer film supported by the support. The multilayer film
has a first layer made of a hydrogen storage metal or a
hydrogen storage alloy and having a thickness of less than
1000 nm, and a second layer made of a hydrogen storage
metal or a hydrogen storage alloy different from the first
layer, or ceramics and having a thickness of less than 1000
nm. The number of the stacked bodies is set such that the
hydrogen-based gas reaches a predetermined temperature by
being heated by the heat generating element.

[0007] A hydrogen heating method according to the pres-
ent invention relates to a hydrogen heating method that heats
a hydrogen-based gas containing hydrogen, the hydrogen

Nov. 14,2024

heating method including: a lead-in step of leading the
hydrogen-based gas into a sealed container; a temperature
adjusting step of adjusting a temperature of a heat generating
element provided inside the sealed container by a tempera-
ture adjustment unit; and a heat generating step of generat-
ing heat from the heat generating element by occluding and
discharging the hydrogen in the heat generating element.
The heat generating element includes a plurality of stacked
bodies each including a support made of at least one of a
porous body, a hydrogen permeable film, and a proton
conductor, and a multilayer film supported by the support.
The multilayer film has a first layer made of a hydrogen
storage metal or a hydrogen storage alloy and having a
thickness of less than 1000 nm, and a second layer made of
a hydrogen storage metal or a hydrogen storage alloy
different from the first layer, or ceramics and having a
thickness of less than 1000 nm. The number of the stacked
bodies is set such that the hydrogen-based gas reaches a
predetermined temperature by being heated by the heat
generating element.

Advantageous Effects of Invention

[0008] According to the present invention, since the heat
generating element that generates heat by occluding and
discharging hydrogen is used to heat the hydrogen-based
gas, an inexpensive, clean, and safe heat energy source can
be utilized to supply the heated hydrogen-based gas.

BRIEF DESCRIPTION OF DRAWINGS

[0009] FIG. 1 is a schematic diagram of a hydrogen
heating device according to a first embodiment.

[0010] FIG. 2 is a cross-sectional view showing a structure
of a heat generating element.

[0011] FIG. 3 is a cross-sectional view showing a structure
of stacked bodies each including a first layer and a second
layer.

[0012] FIG. 4 is a diagram illustrating generation of
excess heat.
[0013] FIG. 5A is diagram illustrating a function of the

hydrogen heating device. FIG. 5B is a diagram illustrating a
heat generating element having multilayer films on two
surfaces according to a first modification.

[0014] FIG. 6 is a diagram illustrating a heat generating
element having a first layer, a second layer, and a third layer
according to a second modification.

[0015] FIG. 7 is a diagram illustrating a heat generating
element having a first layer, a second layer, a third layer, and
a fourth layer according to a third modification.

[0016] FIG. 8 is a graph showing a relationship between a
ratio of layer thicknesses of the multilayer film and the
excess heat.

[0017] FIG. 9 is a graph showing a relationship between
the number of layers of the multilayer film and the excess
heat.

[0018] FIG. 10 is a graph showing a relationship between
a material of the multilayer film and the excess heat.
[0019] FIG. 11 is a cross-sectional view showing a heat
generating element formed into a bottomed cylindrical
shape.

[0020] FIG. 12 is a schematic diagram showing a hydro-
gen heating device according to a fourth modification.
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[0021] FIG. 13 is a cross-sectional view showing a heat
generating element including a support formed into a colum-
nar shape.

[0022] FIG. 14 is a schematic diagram showing a hydro-
gen heating device according to a fifth modification.
[0023] FIG. 15 is a schematic diagram showing a hydro-
gen heating device according to a sixth modification.
[0024] FIG. 16 is a schematic diagram showing a hydro-
gen heating device according to a seventh modification.
[0025] FIG. 17 is a diagram illustrating a nozzle portion
having a plurality of ejection ports.

[0026] FIG. 18 is a cross-sectional view showing a cylin-
drical heat generating element having two open ends.
[0027] FIG. 19 is a schematic diagram showing a hydro-
gen heating device according to an eighth modification.
[0028] FIG. 20 is a schematic diagram showing a hydro-
gen heating device according to a ninth modification.
[0029] FIG. 21 is a diagram illustrating a first mode of a
hydrogen pressure control unit.

[0030] FIG. 22 is a diagram illustrating a second mode of
the hydrogen pressure control unit.

[0031] FIG. 23 is a schematic diagram showing a hydro-
gen heating device according to a tenth modification.
[0032] FIG. 24 is a diagram illustrating a function of the
hydrogen heating device according to the tenth modification.
[0033] FIG. 25 is a cross-sectional view showing a hydro-
gen heating device according to an eleventh modification.
[0034] FIG. 26 is a graph showing a relationship among a
hydrogen permeation amount, a hydrogen supply pressure,
and a sample temperature in a reference experiment.
[0035] FIG. 27 is a graph showing a relationship between
the sample temperature and input electric power in the
reference experiment.

[0036] FIG. 28 is a graph showing a relationship between
a heat generating element temperature and excess heat in
Experimental Example 26.

[0037] FIG. 29 is a graph showing a relationship between
a heat generating element temperature and excess heat
according to Experimental Example 27.

[0038] FIG. 30 is a schematic diagram showing a hydro-
gen heating device according to a second embodiment.
[0039] FIG. 31 is a schematic diagram showing a hydro-
gen heating device according to a third embodiment.
[0040] FIG. 32 is an exploded perspective view showing
a heat generating structure.

DESCRIPTION OF EMBODIMENTS

First Embodiment

[0041] As shown in FIG. 1, a hydrogen utilization system
10 includes a hydrogen heating device 11 and a hydrogen
utilization device 12. The hydrogen utilization system 10
heats a hydrogen-based gas containing hydrogen by heat
generated by a heat generating element 14 of the hydrogen
heating device 11, and utilizes the heated hydrogen-based
gas in various hydrogen utilization devices 12.

[0042] For example, the hydrogen utilization device 12 is
not particularly limited, and various hydrogen utilization
devices such as a heat exchanger, a power unit, and a
thermoelectric element that utilize the heated hydrogen-
based gas can be applied. That is, the hydrogen utilization
device 12 may be a device using the heated hydrogen-based
gas. which is used to pre-heat air and generate hot air for
drying or heating, such as an air conditioner, a boiler, and a
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combustion furnace, used for a heat source of a boiler, oil
heating, a chemical reaction tank, used in a double pipe
rotary heating machine, and used to heat a particulate
substance in a double pipe, and may be a Stirling engine
using the heated hydrogen-based gas, an organic rankine
cycle system (ORCS), or the like.

[0043] The hydrogen heating device 11 includes the heat
generating element 14, a sealed container 15, a temperature
adjustment unit 16, a hydrogen circulation line 17 including
a lead-in line 29 and a lead-out line 30, and a control unit 18.
The heat generating element 14 is accommodated in the
sealed container 15 and is heated by a heater 165 of the
temperature adjustment unit 16 to be described later. The
heat generating element 14 generates heat (hereinafter,
referred to as excess heat) having a temperature equal to or
higher than a heating temperature of the heater 165 by
occluding and discharging hydrogen. The heat generating
element 14 heats the permeating hydrogen-based gas to a
temperature within a range of, for example, 50° C. or higher
and 1000° C. or lower by generating the excess heat. In the
present embodiment, the heat generating element 14 is
formed into a plate shape having a front surface and a back
surface. A detailed configuration of the heat generating
element 14 will be described later with reference to another
drawing, and the number of the stacked bodies (to be
described later) of the heat generating element 14 is adjusted
advance such that the hydrogen-based gas reaches a prede-
termined temperature.

[0044] The sealed container 15 is a hollow container, and
accommodates the heat generating element 14 therein. The
sealed container 15 is made of, for example, stainless steel.
In the present embodiment, the sealed container 15 has a
shape having a longitudinal direction parallel to a direction
orthogonal to the front surface or the back surface of the heat
generating element 14. An installation portion 20 for install-
ing the heat generating element 14 is provided inside the
sealed container 15.

[0045] The inside of the sealed container 15 has a first
chamber 21 and a second chamber 22 partitioned by the heat
generating element 14. The first chamber 21 is defined by the
front surface that is one surface of the heat generating
element 14 and an inner surface of the sealed container 15.
The first chamber 21 has an inlet 23 connected to the lead-in
line 29 of the hydrogen circulation line 17. The hydrogen-
based gas circulating through the hydrogen circulation line
17 is led into the first chamber 21 through the inlet 23. The
second chamber 22 is defined by the back surface that is the
other surface of the heat generating element 14 and the inner
surface of the sealed container 15. The second chamber 22
has an outlet 24 connected to the lead-out line 30 of the
hydrogen circulation line 17. The hydrogen-based gas in the
second chamber 22 is discharged from the second chamber
22 to the hydrogen utilization device 12 through the lead-out
line 30 connected to the outlet 24.

[0046] The first chamber 21 is pressurized by leading in
the hydrogen-based gas. The second chamber 22 is depres-
surized by leading out the hydrogen-based gas. Accordingly,
a hydrogen pressure in the first chamber 21 is higher than a
hydrogen pressure in the second chamber 22. The hydrogen
pressure in the first chamber 21 is, for example, 100 [kPal].
The hydrogen pressure in the second chamber 22 is, for
example, 1x107* [Pa] or less. The second chamber 22 may
be in a vacuum state. In this manner, the first chamber 21 and
the second chamber 22 have different hydrogen pressures.



US 2024/0381494 Al

Therefore, the inside of the sealed container 15 is in a state
in which a pressure difference is generated between two
sides of the heat generating element 14.

[0047] When the pressure difference is generated between
the two sides of the heat generating element 14, a hydrogen
molecule contained in the hydrogen-based gas is adsorbed
on the one surface (the front surface) of the heat generating
element 14 at a high pressure side, and the hydrogen
molecule is dissociated into two hydrogen atoms. The
hydrogen atoms obtained by dissociation infiltrate into the
heat generating element 14. That is, hydrogen is occluded
into the heat generating element 14. The hydrogen atoms
diffuse into and pass through the heat generating element 14.
On the other surface (the back surface) of the heat generating
element 14 at a low pressure side, the hydrogen atoms that
pass through the heat generating element 14 are recombined
with each other and discharged as a hydrogen molecule. That
is, hydrogen is discharged from the heat generating element
14.

[0048] In this manner, hydrogen permeates through the
heat generating element 14 from the high pressure side to the
low pressure side. The phrase “permeate” refers to that
hydrogen is occluded on the one surface of the heat gener-
ating element and discharged from the other surface of the
heat generating element. The heat generating element 14 to
be described in detail later generates heat by occluding
hydrogen, and generates heat also by discharging hydroger.
Therefore, the heat generating element 14 generates heat by
permeation of hydrogen. In the following description, the
description that “hydrogen permeates through” the heat
generating element may be described as “the hydrogen-
based gas permeates through” the heat generating element.

[0049] A pressure sensor (not shown) that detects an
internal pressure of the first chamber 21 is provided inside
the first chamber 21. A pressure sensor (not shown) that
detects an internal pressure of the second chamber 22 is
provided inside the second chamber 22. The pressure sen-
sors provided in the first chamber 21 and the second cham-
ber 22 are electrically connected to the control unit 18, and
output signals corresponding to the detected pressures to the
control unit 18.

[0050] The temperature adjustment unit 16 adjusts a tem-
perature of the heat generating element 14 and maintains the
heat generating element 14 at an appropriate temperature for
heat generation. The appropriate temperature for heat gen-
eration in the heat generating element 14 is within a range
of, for example, 50° C. or higher and 1000° C. or lower. The
temperature adjustment unit 16 includes a temperature sen-
sor 16a and the heater 165. The temperature sensor 16a
detects the temperature of the heat generating element 14.
The temperature sensor 16a is, for example, a thermocouple,
and is provided in the installation portion 20 of the sealed
container 15. The temperature sensor 16a is electrically
connected to the control unit 18, and outputs a signal
corresponding to the detected temperature to the control unit
18.

[0051] The heater 165 heats the heat generating element
14. The heater 165 is, for example, an electric heating wire
of an electric resistance heat generating type, and is wound
around an outer periphery of the sealed container 15. The
heater 164 is electrically connected to a power supply 26,
and generates heat by inputting electric power from the
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power supply 26. The heater 160 may be an electric furnace
disposed to cover the outer periphery of the sealed container
15.

[0052] The hydrogen circulation line 17 is provided out-
side the sealed container 15, leads the hydrogen-based gas
containing hydrogen from the outside to the inside of the
sealed container 15, and also leads out the heated hydrogen-
based gas from the inside to the outside of the sealed
container 15. The hydrogen circulation line 17 includes a
hydrogen tank 28 and a filter 31 in addition to the lead-in line
29 and the lead-out line 30. Although not shown in FIG. 1,
the hydrogen heating device 11 includes a supply line for
supplying the hydrogen-based gas to the hydrogen tank 28,
and an evacuation line for evacuating the hydrogen-based
gas from the hydrogen circulation line 17. For example, the
hydrogen-based gas is supplied from the supply line to the
hydrogen tank 28 when an operation of the hydrogen heating
device 11 is started, and the hydrogen-based gas in the
hydrogen circulation line 17 is evacuated to the evacuation
line when the operation of the hydrogen heating device 11 is
stopped.

[0053] The hydrogen tank 28 stores the hydrogen-based
gas. The hydrogen-based gas is a gas containing isotopes of
hydrogen. As the hydrogen-based gas, at least one of a
deuterium gas and a protium gas is used. The protium gas
includes a mixture of naturally occurring protium and deu-
terium, that is, a mixture in which an abundance ratio of
protium is 99.985% and an abundance ratio of deuterium is
0.015%.

[0054] The lead-in line 29 connects the hydrogen tank 28
and the inlet 23 of the first chamber 21, and leads the
hydrogen-based gas stored in the hydrogen tank 28 into the
first chamber 21. The lead-in line 29 includes a pressure
adjustment valve 32. The pressure adjustment valve 32
depressurizes the hydrogen-based gas sent from the hydro-
gen tank 28 to a predetermined pressure. The pressure
adjustment valve 32 is electrically connected to the control
unit 18.

[0055] The lead-out line 30 connects the outlet 24 of the
second chamber 22 and the hydrogen utilization device 12,
discharges, to the hydrogen utilization device 12, the hydro-
gen-based gas that permeates through the heat generating
element 14 from the first chamber 21 to the second chamber
22. The lead-out line 30 includes a pump 33. The pump 33
leads out the hydrogen-based gas in the second chamber 22
to the lead-out line 30, pressurizes the hydrogen-based gas
to a predetermined pressure, and sends the pressurized
hydrogen-based gas to the hydrogen utilization device 12.
Examples of the pump 33 include a metal bellows pump.
The pump 33 is electrically connected to the control unit 18.
[0056] The filter 31 provided on the lead-in line 29
removes impurities contained in the hydrogen-based gas.
Here, a permeation amount of hydrogen permeating through
the heat generating element 14 (hereinafter, referred to as a
hydrogen permeation amount) is determined by the tem-
perature of the heat generating element 14, the pressure
difference between two sides of the heat generating element
14, and a front surface state of the heat generating element
14. When the hydrogen-based gas contains impurities, the
impurities may adhere to the front surface of the heat
generating element 14, and may deteriorate the front surface
state of the heat generating element 14. When the impurities
adhere to the front surface of the heat generating element 14,
adsorption and dissociation of the hydrogen molecule on the
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front surface of the heat generating element 14 are hindered,
and the hydrogen permeation amount decreases.

[0057] Examples of impurities that hinder the adsorption
and dissociation of the hydrogen molecule on the front
surface of the heat generating element 14 include water
(including steam), hydrocarbons (methane, ethane, metha-
nol, ethanol, and the like), C, S, and Si. It is considered that
water is discharged from an inner wall or the like of the
sealed container 15, or is obtained by reducing, by hydrogen,
an oxide film contained in a member provided inside the
sealed container 15. It is considered that hydrocarbons, C, S,
and Si are discharged from various members provided inside
the sealed container 15. Therefore, the filter 31 at least
removes the impurities including water (including steam),
hydrocarbons, C, S, and Si. The filter 31 removes the
impurities contained in the hydrogen-based gas, so that the
hydrogen permeation amount through the heat generating
element 14 can be prevented from decreasing.

[0058] The control unit 18 controls an operation of each
unit of the hydrogen heating device 11. The control unit 18
mainly includes, for example, an arithmetic device (a central
processing unit), and a storage unit such as a read only
memory and a random access memory. The arithmetic
device executes various kinds of arithmetic processing using
a program, data, and the like stored in the storage unit.
[0059] The control unit 18 is electrically connected to the
temperature sensor 16a, the power supply 26, the pressure
adjustment valve 32, and the pump 33. The control unit 18
controls an output of the excess heat generated by the heat
generating element 14 by adjusting input electric power of
the heater 165, a pressure of the sealed container 15, and the
like.

[0060] The control unit 18 functions as an output control
unit that controls an output of the heater 165 based on the
temperature detected by the temperature sensor 16a. The
control unit 18 controls the power supply 26 to adjust input
electric power to the heater 165, thereby maintaining the
heat generating element 14 at an appropriate temperature for
heat generation.

[0061] The control unit 18 controls the pressure adjust-
ment valve 32 and the pump 33 to adjust a hydrogen
pressure difference generated between the first chamber 21
and the second chamber 22, based on a pressure detected by
the pressure sensor (not shown) provided in each of the first
chamber 21 and the second chamber 22.

[0062] The control unit 18 performs a hydrogen occluding
step of occluding hydrogen in the heat generating element
14 and a hydrogen discharging step of discharging hydrogen
from the heat generating element 14. In the present embodi-
ment, the control unit 18 simultaneously performs the
hydrogen occluding step and the hydrogen discharging step
by generating the hydrogen pressure difference between the
first chamber 21 and the second chamber 22. The control
unit 18 causes a pressure in the first chamber 21 to be higher
than a pressure in the second chamber 22 by leading the
hydrogen-based gas through the lead-in line 29 to the first
chamber 21 and leading out the hydrogen-based gas in the
second chamber 22 to the lead-out line 30, and maintains a
state in which occluding of hydrogen on the front surface of
the heat generating element 14 and discharging of hydrogen
on the back surface of the heat generating element 14 are
simultaneously performed.

[0063] The phrase “simultaneously” in the present disclo-
sure refers to exact simultaneous or refers to a short period
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of time to an extent that can be regarded as substantially
simultaneous. Since hydrogen continuously permeates
through the heat generating element 14 by simultaneously
performing the hydrogen occluding step and the hydrogen
discharging step, the excess heat can be efliciently generated
in the heat generating element 14. The control unit 18 may
alternately repeat the hydrogen occluding step and the
hydrogen discharging step. That is, the control unit 18 may
first perform the hydrogen occluding step to occlude hydro-
gen in the heat generating element 14, and thereafter per-
form the hydrogen discharging step to discharge hydrogen
occluded in the heat generating element 14. In this manner,
the excess heat can be generated by the heat generating
element 14 by alternately repeating the hydrogen occluding
step and the hydrogen discharging step.

[0064] Inthe hydrogen heating device 11, when the hydro-
gen pressure difference is generated between the first cham-
ber 21 and the second chamber 22 that sandwich the heat
generating element 14, hydrogen permeates through the heat
generating element 14 and the excess heat is generated. The
hydrogen-based gas is heated by the excess heat generated
by the heat generating element 14 when permeating through
the heat generating element 14. The thicker the heat gener-
ating element 14 is and the longer a distance for the
hydrogen-based gas to permeate through the heat generating
element 14 is, the longer the time for heating the hydrogen-
based gas by the excess heat generated by the heat gener-
ating element 14 is, and the temperature when the hydrogen-
based gas permeates through the heat generating element 14
and is discharged to the second chamber 22 increases
accordingly. Therefore, in the heat generating element 14,
the thickness of the heat generating element 14 is set to a
predetermined thickness by staking a predetermined number
of the stacked bodies to be described later such that the
hydrogen-based gas after permeating through the heat gen-
erating element 14 reaches a predetermined temperature.
[0065] Next, a detailed structure of the heat generating
element 14 will be described with reference to FIGS. 2 and
3. As shown in FIG. 2, the heat generating element 14 has
a configuration in which a plurality of stacked bodies 14a
each including a support 61 and a multilayer film 62 are
stacked, and the thickness of the heat generating element 14
through which the hydrogen-based gas permeates is adjusted
by changing the number of the stacked bodies 14a. Specifi-
cally, as the number of the stacked bodies 14a increases, the
heat generating element 14 becomes thicker, and the dis-
tance for the hydrogen-based gas to permeate through the
heat generating element 14 becomes longer, and thus the
larger the number of the stacked bodies 14a is, the higher the
temperature of the hydrogen-based gas after permeating
through the heat generating element 14 becomes. On the
other hand, as the number of the stacked bodies 14a
decreases, the heat generating element 14 becomes thinner,
and the distance for the hydrogen-based gas to permeate
through the heat generating element 14 becomes longer, and
thus the smaller the number of the stacked bodies 14a is, the
lower the temperature of the hydrogen-based gas after
permeating through the heat generating element 14
becomes.

[0066] Here, for example, when the hydrogen-based gas at
about 25° C. permeates through the heat generating element
14, the hydrogen-based gas is heated by the heat generating
element 14, and becomes a hydrogen-based gas at a tem-
perature of 50° C. or higher and 1000° C. or lower, prefer-
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ably 600° C. or higher and 1000° C. or lower after perme-
ating through the heat generating element 14. When setting
the number of the stacked bodies 14a, a correspondence
between the temperature of the hydrogen-based gas after
permeating through the heat generating element 14 and the
number of the stacked bodies 14« is specified in advance
based on past operational experience and the like, and it is
desirable to specify the number of the stacked bodies 14a
based on the correspondence such that the hydrogen-based
gas reaches a desired temperature.

[0067] Inthe heat generating element 14, the support 61 of
the second stacked body 14a is disposed on the multilayer
film 62 of the first stacked body 14a, the support 61 of the
third stacked body 14a is disposed on the multilayer film 62
of the second stacked body 14a, and the plurality of stacked
bodies 14a are sequentially stacked. Accordingly, the heat
generating element 14 shown in FIG. 2 has a configuration
in which the supports 61 and the multilayer films 62 are
alternately arranged in order from the right to the left, such
as the support 61, the multilayer film 62, the support 61, and
the multilayer film 62. In the present embodiment, a case
where the hydrogen-based gas permeates through the sup-
port 61 at a left end in the paper toward the multilayer film
62 at a right end in the paper is shown, but the present
invention is not limited thereto, and the hydrogen-based gas
may permeate through the multilayer film 62 at the right end
in the paper toward the support 61 at the left end in the paper.

[0068] The support 61 is made of at least one of a porous
body, a hydrogen permeable film, and a proton conductor. In
the present embodiment, the support 61 is formed into a
plate shape having a front surface and a back surface. The
porous body has pores having a size through which the
hydrogen-based gas can pass. The porous body is made of,
for example, a metal, a non-metal, or ceramics. The porous
body is preferably made of a material that does not hinder a
reaction (hereinafter, referred to as a heat generating reac-
tion) between the hydrogen-based gas and the multilayer
film 62. The hydrogen permeable film is made of, for
example, a hydrogen storage metal or a hydrogen storage
alloy. Examples of the hydrogen storage metal include Ni,
Pd, V, Nb, Ta, and Ti. Examples of the hydrogen storage
alloy include LaNis;, CaCus, MgZn,, ZrNi,, ZrCr,, TiFe,
TiCo, Mg,Ni, and Mg,Cu. The hydrogen permeable film is
a film having a mesh-like sheet. Examples of the proton
conductor include a BaCeOj;-based conductor (for example,
Ba(Cep o5Yg05) O;.5), a SrCeOs-based conductor (for
example, Sr(Ce, 65Y ¢ 05) O5.), a CaZrO;-based conductor
(for example, CaZr, o5 Y, sO05_o)s @ StZrO;-based conduc-
tor (for example, SrZr, .Y, 105.o), p-ALO;, and B-Ga,Os.
[0069] As shown in FIG. 3, the multilayer film 62 is
provided on the support 61. The multilayer film 62 has a first
layer 71 made of a hydrogen storage metal or a hydrogen
storage alloy, and a second layer 72 made of a hydrogen
storage metal or a hydrogen storage alloy different from the
first layer 71, or ceramics. A heterogeneous material inter-
face 73 to be described later is formed between the support
61 and the first layer 71 and the second layer 72. In FIG. 3,
the multilayer film 62 is formed by alternately stacking the
first layer 71 and the second layer 72 in order on one surface
(for example, the front surface) of the support 61. The first
layer 71 and the second layer 72 each have five layers. The
number of layers of each of the first layer 71 and the second
layer 72 may be changed as appropriate. The multilayer film
62 may be formed by alternately stacking the second layer
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72 and the first layer 71 in order on the front surface of the
support 61. The multilayer film 62 preferably has one or
more first layers 71 and one or more second layers 72, and
one or more heterogeneous material interfaces 73 are pref-
erably formed.

[0070] The first layer 71 is made of, for example, any one
of Ni, Pd, Cu, Mn, Cr, Fe, Mg, Co, and an alloy thereof. An
alloy for forming the first layer 71 is preferably an alloy
made of two or more of Ni, Pd, Cu, Mn, Cr, Fe, Mg, and Co.
The alloy for forming the first layer 71 may be an alloy
obtained by adding an additive element to Ni, Pd, Cu, Mn,
Cr, Fe, Mg, and Co.

[0071] The second layer 72 is made of, for example, any
one of Ni, Pd, Cu, Mn, Cr, Fe, Mg, Co, an alloy thereof, and
SiC. An alloy for forming the second layer 72 is preferably
an alloy made of two or more of Ni, Pd, Cu, Mn, Cr, Fe, Mg,
and Co. The alloy for forming the second layer 72 may be
an alloy obtained by adding an additive element to Ni, Pd,
Cu, Mn, Cr, Fe, Mg, and Co.

[0072] A combination of the first layer 71 and the second
layer 72 is preferably Pd—Ni, Ni—Cu, Ni—Cr, Ni—Fe,
Ni—Mg, and Ni—Co when types of elements are expressed
as “first layer 71-second layer 72 (second layer 72-first layer
71)”. When the second layer 72 is made of ceramics, the
“first layer 71-second layer 72" is preferably Ni—SiC.
[0073] As shown in FIG. 4, hydrogen atoms permeate
through the heterogeneous material interface 73. FIG. 4 is a
schematic diagram showing a state in which hydrogen atoms
in a metal lattice of the first layer 71 permeate through the
heterogeneous material interface 73 and move to a metal
lattice of the second layer 72 in the first layer 71 and the
second layer 72 each made of a hydrogen storage metal
having a face-centered cubic structure. It is known that
hydrogen is light and hops in a manner of quantum diffusion
in hydrogen-occupied sites (octahedral sites or tetrahedral
sites) of substance A and substance B. Therefore, hydrogen
occluded in the heat generating element 14 hops in the
multilayer film 62 in a manner of quantum diffusion. In the
heat generating element 14, hydrogen permeates through the
first layer 71, the heterogeneous material interface 73, and
the second layer 72 in a manner of quantum diffusion.
[0074] A thickness of each of the first layer 71 and the
second layer 72 is preferably less than 1000 nm. When the
thickness of each of the first layer 71 and the second layer
72 is 1000 nm or more, hydrogen is less likely to permeate
through the multilayer film 62. When the thickness of each
of the first layer 71 and the second layer 72 is less than 1000
nm, a nano-structure that does not exhibit a bulk property
can be maintained. The thickness of each of the first layer 71
and the second layer 72 is more preferably less than 500 nm.
When the thickness of each of the first layer 71 and the
second layer 72 is less than 500 nm, a nano-structure that
does not exhibit a bulk property at all can be maintained.
[0075] An example of a method for manufacturing the
heat generating element 14 will be described. In this case,
the support 61 having a plate shape is prepared, an evapo-
ration device is used to make a hydrogen storage metal or a
hydrogen storage alloy for forming the first layer 71 or the
second layer 72 into a gas phase state, and then the first layer
71 and the second layer 72 are alternately formed on the
front surface of the support 61 by aggregation or adsorption.
Accordingly, the stacked body 14a having the multilayer
film 62 on the front surface of the support 61 is formed. The
first layer 71 and the second layer 72 are preferably formed
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continuously in a vacuum state. Accordingly, between the
first layer 71 and the second layer 72, no natural oxide film
is formed and only the heterogeneous material interface 73
is formed. The evaporation device may be a physical evapo-
ration device in which the hydrogen storage metal or the
hydrogen storage alloy is evaporated by a physical method.
The physical evaporation device is preferably a sputtering
device, a vacuum evaporation device, and a chemical vapor
deposition (CVD) device. The hydrogen storage metal or the
hydrogen storage alloy may be deposited on the front
surface of the support 61 by an electroplating method, and
the first layer 71 and the second layer 72 may be alternately
formed.

[0076] The heat generating element 14 can be manufac-
tured by preparing the plurality of stacked bodies 14a, and
overlapping the back surface of the support 61 of another
stacked body 14a on a front surface of the multilayer film 62
of one stacked body 14a to stack the predetermined number
of the stacked bodies 14a. After forming the one stacked
body 14a, a new support 61 may be stacked on the front
surface of the multilayer film 62 of the stacked body 14a, the
evaporation device may be used to alternately form the first
layer 71 and the second layer 72 on the front surface of the
new support 61, and new stacked bodies 14a may be
sequentially formed on a front surface of the one stacked
body 14a.

[0077] As shown in FIG. 5A, in the heat generating
element 14, for example, the support 61 of the stacked body
14a at one end is provided at a first chamber 21 side (a high
pressure side), and the multilayer film 62 of the stacked body
14a at the other end is provided at a second chamber 22 side
(a low pressure side). Due to the hydrogen pressure differ-
ence generated between the first chamber 21 and the second
chamber 22, hydrogen led into the first chamber 21 perme-
ates an inside of the heat generating element 14 sequentially
through the support 61, the multilayer film 62, the support
61, the multilayer film 62, and the like, and moves to the
second chamber 22. The heat generating element 14 gener-
ates the excess heat when hydrogen permeates through the
multilayer films 62, that is, by occluding hydrogen to the
multilayer films 62 and discharging hydrogen from the
multilayer films 62. In the heat generating element 14, the
support 61 may be provided at the second chamber 22 side
(the low pressure side) and the multilayer film 62 may be
provided at the first chamber 21 side (the high pressure side).

[0078] The heat generating element 14 heats the perme-
ating hydrogen-based gas by the generated excess heat.
Since the heat generating element 14 generates heat using
hydrogen, the heat generating element 14 can be said as a
clean heat energy source without generating a greenhouse
gas such as carbon dioxide. Hydrogen to be used is gener-
ated from water and is thus inexpensive. Unlike a nuclear
fission reaction, heat generation of the heat generating
element 14 is safe since there is no chain reaction. Therefore,
since the hydrogen heating device 11 utilizes such a heat
generating element 14 as a heat energy source to heat the
hydrogen-based gas, an inexpensive, clean, and safe heat
energy source can be utilized to supply the heated hydrogen-
based gas.

[0079] The present invention is not limited to the above-
described first embodiment and can be modified as appro-
priate without departing from the scope of the present
invention.
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[0080] Hereinafter, modifications of the first embodiment
will be described. In the drawings and a description of the
modifications, the same or equivalent components and mem-
bers as those in the above-described first embodiment are
denoted by the same reference numerals. The repeated
description with the above-described first embodiment is
omitted as appropriate, and configurations different from
those in the above-described first embodiment will be
mainly described.

First Modification

[0081] As shown in FIG. 5B, the hydrogen heating device
11 may use a heat generating element 74 in which the
multilayer film 62 is also provided on the back surface of the
support 61 of the stacked body 144 disposed at one end, and
the multilayer films 62 are provided on two surfaces of the
support 61. The heat generating element 74 generates excess
heat by permeation of hydrogen through the multilayer film
62, the support 61, the multilayer film 62, the support 61, the
multilayer film 62, and the like in this order and occluding
and discharging hydrogen in the multilayer films 62. A high
output of excess heat can be achieved by using the heat
generating element 74.

Second Modification

[0082] Thehydrogen heating device 11 may include a heat
generating element 75 shown in FIG. 6 instead of the heat
generating element 14. In the heat generating element 75 as
shown in FIG. 6, a multilayer film 62 of a stacked body
further has a third layer 77 in addition to the first layer 71
and the second layer 72. The third layer 77 is made of a
hydrogen storage metal, a hydrogen storage alloy, or ceram-
ics different from the first layer 71 and the second layer 72.
A thickness of the third layer 77 is preferably less than 1000
nm. In FIG. 6, the first layer 71, the second layer 72, and the
third layer 77 are stacked on the front surface of the support
61 in order of the first layer 71, the second layer 72, the first
layer 71, and the third layer 77. The first layer 71, the second
layer 72, and the third layer 77 may be stacked on the front
surface of the support 61 in order of the first layer 71, the
third layer 77, the first layer 71, and the second layer 72.
That is, the multilayer film 62 has a stacking structure in
which the first layer 71 is provided between the second layer
72 and the third layer 77. The multilayer film 62 preferably
has one or more third layers 77. Similarly to the heteroge-
neous material interface 73, the hydrogen atoms permeate
through a heterogeneous material interface 78 formed
between the first layer 71 and the third layer 77.

[0083] The third layer 77 is made of, for example, any one
of Ni, Pd, Cu, Cr, Fe, Mg, Co, an alloy thereof, SiC, Cao,
Y,0;, Tic, LaBy, SrO, and BaO. An alloy for forming the
third layer 77 is preferably an alloy made of two or more of
Ni, Pd, Cu, Cr, Fe, Mg, and Co. The alloy for forming the
third layer 77 may be an alloy obtained by adding an
additive element to Ni, Pd, Cu, Cr, Fe, Mg, and Co.
[0084] In particular, the third layer 77 is preferably made
of any one of Cao, Y,0;, Tic, LaBy, SrO, and BaO. In the
heat generating element 75 having the third layer 77 made
of any one of CaQ, Y,0,, TiC, LaB,, SrO, and BaO, a
storage amount of hydrogen is increased, an amount of
hydrogen permeating through the heterogeneous material
interface 73 and the heterogeneous material interface 78 is
increased, and a high output of excess heat can be achieved.
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The thickness of the third layer 77 made of any one of CaO,
Y,0,, TiC, LaB, SrO, and BaO is preferably 10 nm or less.
Accordingly, the hydrogen atoms easily permeate through
the multilayer film 62. The third layer 77 made of any one
of Ca0, Y,0,, TiC, LaBy, SrQ, and BaO may not be formed
into a complete film shape and may be formed into an island
shape. The first layer 71 and the third layer 77 are preferably
formed continuously in a vacuum state. Accordingly,
between the first layer 71 and the third layer 77, a natural
oxide film is not formed and only the heterogeneous material
interface 78 is formed.

[0085] A combination of the first layer 71, the second layer
72, and the third layer 77 is preferably Pd—CaO—Nj,
Pd—Y,0,—Nj, Pd—TiC—Ni, Pd—LaBs—Ni,
Ni—CaO—Cu, Ni—Y,0,—Cu, Ni—TiC—Cu,
Ni—LaB,—Cu, Ni—Co—Cu, Ni—CaO—Cr, Ni—Y,0,—
Cr, Ni—TiC—Cr, Ni—LaB,—Cr, Ni—CaO—Fe,
Ni—Y,0,—Fe, Ni—TiC—Fe, Ni—LaBs—Fe, Ni—Cr—

Fe, Ni—CaO—Mg, Ni—Y,0, Mg, Ni TiC Mg,
Ni—LaB,—Mg, Ni—CaO—Co, Ni—Y,0,—Co,
Ni-TiC—Co,  Ni—LaB, Co,  NiCaOSiC,

Ni—Y,0;—SiC, Ni—TiC—SiC, and Ni—LaB,—SiC
when types of elements are expressed as “first layer 71-third
layer 77-second layer 727

Third Modification

[0086] The hydrogen heating device 11 includes a heat
generating element 80 shown in FIG. 7 instead of the heat
generating element 14. In the heat generating element 80 as
shown in FIG. 7, a multilayer film 62 of a stacked body
further has a fourth layer 82 in addition to the first layer 71,
the second layer 72, and the third layer 77. The fourth layer
82 is made of a hydrogen storage metal, a hydrogen storage
alloy, or ceramics different from the first layer 71, the second
layer 72, and the third layer 77. A thickness of the fourth
layer 82 is preferably less than 1000 nm. In FIG. 7, the first
layer 71, the second layer 72, the third layer 77, and the
fourth layer 82 are stacked on the front surface of the support
61 in order of the first layer 71, the second layer 72, the first
layer 71, the third layer 77, the first layer 71, and the fourth
layer 82. The first layer 71, the second layer 72, the third
layer 77, and the fourth layer 82 may be stacked on the front
surface of the support 61 in order of the first layer 71, the
fourth layer 82, the first layer 71, the third layer 77, the first
layer 71, and the second layer 72. That is, the multilayer film
62 has a stacking structure in which the second layer 72, the
third layer 77, and the fourth layer 82 are stacked in any
order and the first layer 71 is provided between the second
layer 72 and the third layer 77 and between the third layer
77 and the fourth layer 82, and between the second layer 72
and the fourth layer 82. The multilayer film 62 preferably
has one or more fourth layers 82. Similarly to the hetero-
geneous material interface 73 and the heterogeneous mate-
rial interface 78, the hydrogen atoms permeate through a
heterogeneous material interface 83 formed between the first
layer 71 and the fourth layer 82.

[0087] The fourth layer 82 is made of, for example, any
one of Ni, Pd, Cu, Cr, Fe, Mg, Co, an alloy thereof, SiC, Cao,
Y,0;, TiC, LaBg, SrO, and BaO. An alloy for forming the
fourth layer 82 is preferably an alloy made of two or more
of Ni, Pd, Cu, Cr, Fe, Mg, and Co. The alloy for forming the
fourth layer 82 may be an alloy obtained by adding an
additive element to Ni, Pd, Cu, Cr, Fe, Mg, and Co.
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[0088] In particular, the fourth layer 82 is preferably made
of any one of Cao, Y,0;, Tic, LaBg, SrO, and BaO. In the
heat generating element 80 having the fourth layer 82 made
of any one of Cao, Y,0,, Tic, LaB,, SrO, and BaO, a storage
amount of hydrogen is increased, an amount of hydrogen
permeating through the heterogeneous material interface 73,
the heterogeneous material interface 78, and the heteroge-
neous material interface 83 is increased, and a high output
of excess heat can be achieved. A thickness of the fourth
layer 82 made of any one of Cao, Y,O,, TiC, LaB,, SrO, and
BaO is preferably 10 nm or less. Accordingly, the hydrogen
atoms easily permeate through the multilayer film 62. The
fourth layer 82 made of any one of Cao, Y,O,, TiC, LaB,
Sro, and BaO may not be formed into a complete film shape
and may be formed into an island shape. The first layer 71
and the fourth layer 82 are preferably formed continuously
in a vacuum state. Accordingly, between the first layer 71
and the fourth layer 82, no natural oxide film is formed and
only the heterogeneous material interface 83 is formed.

[0089] A combination of the first layer 71, the second layer
72, the third layer 77, and the fourth layer 82 is preferably
Ni—CaO—Cr—Fe, Ni—Y,0,—Cr—Fe, Ni—TiC—Cr—
Fe, and Ni—LaB,—Cr—Fe when types of elements are
expressed as “first layer 71-fourth layer 82-third layer
77-second layer 727.

[0090] The heat generating element may have a configu-
ration in which any two or more of the stacked body 14a of
the heat generating element 14 shown in FIG. 3, the stacked
body of the heat generating element 75 shown in FIG. 6, and
the stacked body of the heat generating element 80 shown in
FIG. 7 are mixed, and a plurality of types of stacked bodies
are stacked alternately or in a random order. A configuration
of the multilayer film 62 such as a ratio of layer thicknesses,
the number of layers of each layer, and a material may be
appropriately changed according to a temperature to be used.
Hereinafter, an example of the configuration of the multi-
layer film 62 corresponding to a temperature will be
described after describing a “relationship between a ratio of
layer thicknesses of the multilayer film and the excess heat”,
a “relationship between the number of layers of the multi-
layer film and the excess heat”, and a “relationship between
a material of the multilayer film and the excess heat”.

[0091] The “relationship between a ratio of layer thick-
nesses of the multilayer film and the excess heat”, the
“relationship between the number of layers of the multilayer
film and the excess heat”, and the “relationship between a
material of the multilayer film and the excess heat” were
examined by preparing an experimental hydrogen heating
device (not shown) and performing, by using the experi-
mental hydrogen heating device, an experiment to test
whether the heat generating element including one stacked
body generates the excess heat. The experimental hydrogen
heating device includes a sealed container, two heat gener-
ating elements provided inside the sealed container, and a
heater that heats the heat generating elements. The heat
generating element is formed into a plate shape. The heater
is a ceramic heater formed into a plate shape, and includes
a built-in thermocouple. The heater is provided between the
two heat generating elements. The sealed container is con-
nected to a hydrogen-based gas supply path and an evacu-
ation path. The hydrogen-based gas supply path connects the
sealed container and a gas cylinder that stores the hydrogen-
based gas. The hydrogen-based gas supply path is provided
with an adjustment valve or the like for adjusting a supply



US 2024/0381494 Al

amount of the hydrogen-based gas stored in the gas cylinder
to the sealed container. The evacuation path connects the
sealed container and a dry pump for vacuum evacuating an
inside of the sealed container. The evacuation path is pro-
vided with an adjustment valve for adjusting an evacuation
amount of the gas or the like.

[0092] The experimental hydrogen heating device gener-
ates the excess heat from the heat generating element by
alternately repeating the hydrogen occluding step and the
hydrogen discharging step. That is, the experimental hydro-
gen heating device occludes hydrogen in the heat generating
element 14 by performing the hydrogen occluding step, and
then discharges the hydrogen occluded in the heat generat-
ing element 14 by performing the hydrogen discharging
step. In the hydrogen occluding step, the hydrogen-based
gas is supplied into the sealed container. In the hydrogen
discharging step, the inside of the sealed container is
vacuum evacuated and the heat generating element is heated.
[0093] The “relationship between a ratio of layer thick-
nesses of the multilayer film and the excess heat” will be
described. First, focusing on one stacked body 14a, a
relationship between the excess heat and a ratio of a thick-
ness of the first layer 71 to a thickness of the second layer
72 was examined by using the heat generating element 14
including the support 61 made of Ni and the multilayer film
62 having the first layer 71 made of Cu and the second layer
72 made of Ni. Hereinafter, the ratio of the layer thicknesses
of the multilayer film 62 is referred to as Ni:Cu.

[0094] Eight types of the heat generating elements 14 in
which the multilayer film 62 was formed under the same
conditions except for the ratio Ni:Cu were prepared and used
as Experimental Examples 1 to 8. The multilayer film 62 was
provided only on the front surface of the support 61. Ratios
Ni:Cu in the heat generating elements according to Experi-
mental Examples 1 to 8 are respectively 7:1, 14:1, 4.33:1,
3:1, 5:1, 81, 6:1, and 6.5:1. In each of the heat generating
elements 14 according to Experimental Examples 1 to 8, the
multilayer film 62 is formed by repeating the stacking
configuration having the first layer 71 and the second layer
72. In each of the heat generating elements 14 according to
Experimental Examples 1 to 8, the number of layers in the
stacking configuration of the multilayer film 62 (hereinafter,
referred to as the number of layers of the multilayer film)
was 5. A thickness of the entire multilayer film 62 in each of
the heat generating elements 14 according to Experimental
Examples 1 to 8 was substantially the same.

[0095] Each of the heat generating elements 14 according
to Experimental Examples 1 to 8 was provided inside a
sealed container of an experimental hydrogen heating
device, and the hydrogen occluding step and the hydrogen
discharging step were alternately repeated. A protium gas
(manufactured by Numata Oxygen Co., grade 2, purity:
99.999 vol % or more) was used as a hydrogen-based gas.
In the hydrogen occluding step, the hydrogen-based gas was
supplied into the sealed container at about 50 Pa. The time
for occluding hydrogen in the heat generating element 14
was about 64 hours. Before the hydrogen occluding step,
first, the inside of the sealed container was baked by a heater
at about 200° C. or higher for 36 hours to remove water and
the like adhered to the front surface of the heat generating
element 14.

[0096] Hydrogen discharging steps were performed with
input electric power of the heater of 9 W, 18 w, and 27 W,
and hydrogen occluding steps were performed between the
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hydrogen discharging steps. Then, the temperature of the
heat generating element 14 in each of the hydrogen dis-
charging steps was measured by using the thermocouple
built in the heater. Results are shown in FIG. 8. FIG. 8 is a
graph obtained by fitting measured data by a predetermined
method. In FIG. 8, a horizontal axis indicates a heater
temperature and a vertical axis indicates electric power of
excess heat. The heater temperature is the temperature of the
heat generating element 14 at predetermined input electric
power. In FIG. 8, Experimental Example 1 was expressed as
“Ni:Cu=7:1”, Experimental Example 2 was expressed as
“Ni:Cu=14:1", Experimental Example 3 was expressed as
“Ni:Cu=4.33:1", Experimental Example 4 was expressed as
“Ni:Cu=3:1", Experimental Example 5 was expressed as
“Ni:Cu=5:17, Experimental Example 6 was expressed as
“Ni:Cu=8:1", Experimental Example 7 was expressed as
“Ni:Cu=6:1", and Experimental Example 8 was expressed
as “Ni:Cu=6.5:1".

[0097] From FIG. 8, it was confirmed that the excess heat
was generated in all of the heat generating elements 14
according to Experimental Examples 1 to 8. Therefore, it
was confirmed that the hydrogen-based gas can be heated
when the hydrogen-based gas permeates through the heat
generating element 14 including one stacked body 14a. If
the heat generating element 14 is obtained by stacking a
plurality of such stacked bodies 14a, a distance for the
hydrogen-based gas to permeate through the stacked body
14a generating the excess heat increases, and thus the time
for heating the hydrogen-based gas increases accordingly,
and the temperature of the hydrogen-based gas can be raised.
Therefore, it was found that by changing the number of the
stacked bodies 14a in the heat generating element 14, the
temperature of the hydrogen-based gas after finally perme-
ating through the heat generating elements 14 can be
adjusted.

[0098] When comparing the heat generating elements 14
according to Experimental Examples 1 to 8 at a heater
temperature of 700° C. or higher, it is found that the heat
generating element 14 according to Experimental Example
1 generates the largest excess heat. When comparing the heat
generating element according to Experimental Example 3
with the heat generating elements 14 according to Experi-
mental Examples 1, 2, and 4 to 8, it is found that the heat
generating element according to Experimental Example 3
generates excess heat in a wide range in which the heater
temperature is 300° C. or higher and 1000° C. or lower. It is
found that the excess heat increases as the heater tempera-
ture increases in the heat generating elements 14 according
to Experimental Examples 1 and 3 to 8 in which Ni:Cu of the
multilayer film 62 is 3:1 to 8:1. It is found that the excess
heat decreases at a heater temperature of 800° C. or higher
in the heat generating element 14 according to Experimental
Example 2 in which Ni:Cu of the multilayer film 62 is 14:1.
Thus, it is considered that the excess heat does not simply
increase with respect to the ratio of Ni to Cu due to a
quantum effect of hydrogen in the multilayer film 62.
[0099] Next, the “relationship between the number of
layers of the multilayer film and the excess heat” will be
described. A relationship between the number of layers of
the multilayer film 62 and the excess heat was examined by
using the heat generating element 14 including one stacked
body 14a including the support 61 made of Ni and the
multilayer film 62 having the first layer 71 made of Cu and
the second layer 72 made of Ni.
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[0100] Eight types of the heat generating elements 14
(heat generating elements 14 including one stacked body
14a) in which the multilayer film 62 was manufactured
under the conditions same as the conditions for manufac-
turing the heat generating element 14 according to Experi-
mental Example 1 except for the number of layers of the
multilayer film 62 were prepared and used as Experimental
Examples 9 to 16. The number of layers of the multilayer
films 62 of the heat generating elements 14 according to
Experimental Examples 1 and 9 to 16 is respectively 5, 3, 7,
6,8,9,12, 4, and 2.

[0101] Each of the heat generating elements 14 according
to Experimental Examples 1 and 9 to 16 was provided inside
a sealed container of an experimental hydrogen heating
device. The experimental hydrogen heating device is the
same as the device used to examine the above-described
“relationship between a ratio of layer thicknesses of the
multilayer film and the excess heat”. In the experimental
hydrogen heating device, the temperature of each of the heat
generating elements 14 during the hydrogen discharging
step was measured by the same method as that for the
above-described “relationship between a ratio of layer thick-
nesses of the multilayer film and the excess heat”. Results
are shown in FIG. 9. FIG. 9 is a graph obtained by fitting
measured data by a predetermined method. In FIG. 9, a
horizontal axis indicates a heater temperature and a vertical
axis indicates electric power of the excess heat. In FIG. 9,
based on the layer thicknesses. Experimental Example 1 was
expressed as “Nijg,sCug 55 5 layers”, Experimental
Example 9 was expressed as “Nijg-sCug 1,5 3 layers”,
Experimental Example 10 was expressed as “Nij g75CUg ;05
7 layers”, Experimental Example 11 was expressed as
“Ni, 75CUy 155 6 layers”, Experimental Example 12 was
expressed as “Nijg,sCug 1,5 8 layers”, Experimental
Example 13 was expressed as “Ni; ,sCU, ;.5 9 layers”,
Experimental Example 14 was expressed as “Nig 575CUg 105
12 layers”, Experimental Example 15 was expressed as
“Ni, g75Cuy 155 4 layers”, and Experimental Example 16 was
expressed as “Ni, ¢-5CU, |55 2 layers”.

[0102] From FIG.9, it was confirmed that the excess heat
was generated in all of the heat generating elements 14
according to Experimental Examples 1, 9 to 16. When
comparing the heat generating elements 14 according to
FExperimental Examples 1 and 9 to 16 at a heater temperature
of 840° C. or higher, it is found that the excess heat in
Experimental Example 11 in which the number of layers of
the multilayer film 62 is 6 is largest and the excess heat in
Experimental Example 12 in which the number of layers of
the multilayer film 62 is 8 is smallest. Thus, it is considered
that the excess heat does not simply increase with respect to
the number of layers of the multilayer film 62 since a
wavelength of a behavior as a hydrogen wave in the mul-
tilayer film 62 is in a nanometer order and interferes with the
multilayer film 62.

[0103] Next, the “relationship between a material of the
multilayer film and the excess heat” will be described. The
relationship between a type of a material for forming the
third layer 77 and the excess heat was examined by using the
heat generating element 75 including one stacked body
including the multilayer film 62 having the first layer 71
made of Ni, the second layer 72 made of Cu, and the third
layer 77 made of a hydrogen storage metal, a hydrogen
storage alloy, or ceramics different from the materials of the
first layer 71 and the second layer 72.
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[0104] Nine types of the heat generating elements 75 in
which the multilayer film 62 was formed under the same
conditions except for types of the material for forming the
third layer 77 were prepared and used as Experimental
Examples 17 to 25. The types of the material for forming the
third layer 77 in the heat generating elements 75 according
to Experimental Examples 17 to 25 are respectively Cao,
SiC, Y,0;, Tic, Co, LaBg, ZrC, TiB,, and CaOZrO.
[0105] Each of the heat generating elements 75 according
to Experimental Examples 17 to 25 was provided inside a
sealed container of an experimental hydrogen heating
device. The experimental hydrogen heating device is the
same as the device used to examine the above-described
“relationship between a ratio of layer thicknesses of the
multilayer film and the excess heat”. In the experimental
hydrogen heating device, the temperature of each of the heat
generating elements 75 during the hydrogen discharging
step was measured by the same method as that for the
above-described “relationship between a ratio of layer thick-
nesses of the multilayer film and the excess heat”. Results
are shown in FIG. 10. FIG. 10 is a graph obtained by fitting
measured data by a predetermined method. In FIG. 10, a
horizontal axis indicates a heater temperature and a vertical
axis indicates electric power of the excess heat. In FIG. 10,
based on the layer thicknesses, Experimental Example 17
was expressed as “Nij ,5;Ca0, ;,5Cuy ,0,”, Experimental
Example 18 was expressed as “Nig -6351Cy 1,3CU¢ 004"
Experimental Example 19 was expressed as “Nig 165 Y5050
113CU, o7, Experimental Example 20 was expressed as
“Nig 765T1Cq 115CUg gos”s Experimental Example 21 was
expressed as  “Ni, 593C0q 1,5CU, 004"y  Experimental
Fxample 22 was expressed as “Nij 59;LaBg, ;13C0 0047
Experimental Example 23 was expressed as “Nij ,0521C,,
113CU, 0,7, Experimental Example 24 was expressed as
“Ni 295 T1B,g 1,3CU, 0o”s and Experimental Example 25
was expressed as “Nij ,55Ca0ZrO; ;,5C0; o™

[0106] From FIG. 10, it was confirmed that the excess heat
was generated in all of the heat generating elements 75
according to Experimental Examples 17 to 25. Therefore, it
was confirmed that the hydrogen-based gas can be heated
when the hydrogen-based gas permeates through the heat
generating element 75 including one stacked body. If the
heat generating element 75 is obtained by stacking a plu-
rality of such stacked bodies, a distance for the hydrogen-
based gas to permeate through the stacked body generating
the excess heat increases, and thus the time for heating the
hydrogen-based gas increases accordingly, and the tempera-
ture of the hydrogen-based gas can be raised. Therefore, it
was found that by changing the number of the stacked bodies
in the heat generating element 75, the temperature of the
hydrogen-based gas after finally permeating through the heat
generating element 75 can be adjusted.

[0107] In particular, when comparing Experimental
Example 17 in which the material for forming the third layer
77 is Cao, Experimental Example 20 in which the material
for forming the third layer 77 is TiC, and Experimental
Example 22 in which the material for forming the third layer
77 is LaB, with Experimental Examples 18, 19, 21, and 23
to 25, it is found that the excess heat increases in a
substantially linear manner in a wide range in which the
heater temperature is 400° C. or higher and 1000° C. or
lower. The materials for forming the third layers 77 in
Experimental Examples 17, 20, and 22 have a work function
smaller than those of the materials in Experimental
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Examples 18, 19, 21, and 23 to 25. Therefore, it is found that
the type of the material for forming the third layer 77
preferably has a small work function. Based on the results,
an electron density in the multilayer film 62 may contribute
to a heat generating reaction.

[0108] An example of the configuration of the multilayer
film 62 corresponding to the temperature of the heat gener-
ating element 14 will be described. In consideration of the
above-described “relationship between a ratio of layer thick-
nesses of the multilayer film and the excess heat” of the heat
generating element 14, when the temperature of the heat
generating element 14 is a low temperature (for example, in
a range of 50° C. or higher and 500° C. or lower), the ratio
of the layer thicknesses of the multilayer film 62 is prefer-
ably in a range of 2:1 or more and 5:1 or less. When the
temperature of the heat generating element 14 is an inter-
mediate temperature (for example, in a range of 500° C. or
higher and 800° C. or lower), the ratio of the layer thick-
nesses of the multilayer film 62 is preferably in a range of
5:1 ormore and 6:1 or less. When the temperature of the heat
generating element 14 is a high temperature (for example, in
arange of 800° C. or higher and 1000° C. or lower), the ratio
of the layer thicknesses of the multilayer film 62 is prefer-
ably in a range of 6:1 or more and 12:1 or less.

[0109] In consideration of the above-described “relation-
ship between the number of layers of the multilayer film and
the excess heat”, when the temperature of the heat generat-
ing element 14 is any one of the low temperature, the
intermediate temperature, and the high temperature, the
number of layers of the first layer 71 of the multilayer film
62 is preferably in a range of 2 layers or more and 18 layers
or less, and the number of layers of the second layer 72 is
preferably in a range of 2 layers or more and 18 layers or
less.

[0110] In consideration of the above-described “relation-
ship between a material of the multilayer film and the excess
heat” of the heat generating element 75, when the tempera-
ture of the heat generating element 75 is the low tempera-
ture, the first layer 71 is preferably made of Ni, the second
layer 72 is preferably made of Cu, and the third layer 77 is
preferably made of Y,0,. When the temperature of the heat
generating element 75 is the intermediate temperature, the
first layer 71 is preferably made of Ni, the second layer 72
is preferably made of Cu, and the third layer 77 is preferably
made of TiC. When the temperature of the heat generating
element 75 is the high temperature, the first layer 71 is
preferably made of Ni, the second layer 72 is preferably
made of Cu, and the third layer 77 is preferably made of Cao
or LaB,.

Fourth Modification

[0111] FIG. 11 is a cross-sectional view showing a heat
generating element 90 formed into a bottomed cylindrical
shape having one open end and the other closed end. A
plurality of stacked bodies 90a each including a support 91
and a multilayer film 92 are provided in the heat generating
element 90. In this case, in each of the stacked bodies 90a,
the multilayer film 92 is formed along an outer peripheral
surface and an outer bottom surface of the support 91 formed
into a bottomed cylindrical shape having one open end and
the other closed end, and the multilayer film 92 is also
formed into a bottomed cylindrical shape having one open
end and the other closed end.

Nov. 14,2024

[0112] The heat generating element 90 has a configuration
in which the support 91 of the stacked body 90a at an outer
side is provided along an outer peripheral surface and an
outer bottom surface of the multilayer film 92 of the stacked
body 90a at an inner side, and the supports 91 and the
multilayer films 92 are alternately stacked in order from an
inner surface side to an outer surface side, such as the
support 91, the multilayer film 92, the support 91, and the
multilayer film 92. In this manner, the plurality of stacked
bodies 90a having a bottomed cylindrical shape are stacked
in the heat generating element 90, and the number of the
stacked bodies 90a is set such that the hydrogen-based gas
permeating through the heat generating element 90 is heated
to a predetermined temperature.

[0113] FEach of the supports 91 is made of at least one of
a porous body, a hydrogen permeable film, and a proton
conductor. Each of the multilayer films 92 has a first layer
(not shown) made of a hydrogen storage metal or a hydrogen
storage alloy and having a thickness of less than 1000 nm,
and a second layer (not shown) made of a hydrogen storage
metal or a hydrogen storage alloy different from the first
layer, or ceramics and having a thickness of less than 1000
nm. Although the heat generating element 90 is formed into
a bottomed cylindrical shape in FIG. 11, the heat generating
element 90 may be formed into a bottomed polygonal
cylindrical shape.

[0114] Anexample of a method for manufacturing the heat
generating element 90 will be described. The heat generating
element 90 is manufactured by preparing the support 91
formed into a bottomed cylindrical shape, and forming the
multilayer film 92 on the support 91 by using a wet film
forming method. In the present modification, the multilayer
film 92 is formed on an outer surface of the support 91.
Accordingly, the innermost stacked body 90a having a
bottomed cylindrical shape is formed. Next, another support
91 formed into a sheet shape is prepared, and a multilayer
film 92 is formed on an outer surface of the support 91
having a sheet shape by using the wet film forming method
to form a new stacked body 90a having a bottomed cylin-
drical shape and a sheet shape. By repeatedly stacking the
obtained another stacked body 90a having a sheet shape on
the outer surface of the innermost stacked body 90a, the heat
generating element 90 in which the plurality of stacked
bodies 90qa are stacked can be manufactured. The supports
91 and the multilayer films 92 are sequentially formed by
forming the multilayer film 92 on the outer surface of the
innermost support 91 having a bottomed cylindrical shape,
and then forming the support 91 having a sheet shape on the
outer peripheral surface and a bottom surface of the multi-
layer film 92, and forming the multilayer film 92 again on
the outer peripheral surface and a bottom surface of the
support 91.

[0115] Examples of the wet film forming method include
a spin coating method, a spray coating method, and a
dipping method. The multilayer film 92 may be formed by
using an atomic layer deposition (ALD) method, or the
multilayer film 92 may be formed on the support 91 while
rotating the support 91 by using a sputtering device includ-
ing a rotation mechanism that rotates the support 91. The
multilayer film 92 may also be provided on an innermost
surface of the support 91, and the multilayer films 92 may
be provided on two surfaces of the support 91 located at an
innermost periphery.
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[0116] As shown in FIG. 12, a hydrogen utilization system
95 includes a hydrogen heating device 96 and the hydrogen
utilization device 12. The hydrogen heating device 96 is
different from the hydrogen heating device 11 according to
the above-described embodiment in that the heat generating
device 96 includes the heat generating element 90 instead of
the heat generating element 14. The heat generating element
90 is mounted in the sealed container 15 by using a mount-
ing pipe 97. Although not shown in FIG. 12, the hydrogen
heating device 96 includes a temperature sensor that detects
a temperature of the heat generating element 90, a power
supply that inputs electric power to the heater 165, a control
unit serving as an output control unit that controls an output
of the heater 165 based on the temperature detected by the
temperature sensor. The temperature sensor is provided, for
example, on an outer surface of the heat generating element
90.

[0117] The mounting pipe 97 is made of, for example,
stainless steel. The mounting pipe 97 passes through the
sealed container 15, one end of the mounting pipe 97 is
provided at an outer surface of the sealed container 15, and
the other end of the mounting pipe 97 is provided inside the
sealed container 15. One end of the mounting pipe 97 is
connected to the lead-in line 29 of the hydrogen circulation
line 17. The other end of the mounting pipe 97 is provided
with the heat generating element 90.

[0118] In the fourth modification, the first chamber 21 is
defined by an inner surface of the heat generating element
90. The second chamber 22 is defined by the inner surface
of the sealed container 15 and the outer surface of the heat
generating element 90. Therefore, in the heat generating
element 90, the support 91 is provided at the first chamber
21 side (a high pressure side). and the multilayer film 92 is
provided at the second chamber 22 side (a low pressure side)
(see FIG. 11). Due to a pressure difference generated
between the first chamber 21 and the second chamber 22,
hydrogen led into the first chamber 21 permeates the inside
of the heat generating element 90 sequentially through the
support 91, the multilayer film 92, the support 91, the
multilayer film 92, and the like, and moves to the second
chamber 22. That is, hydrogen permeates through the plu-
rality of stacked bodies 90a stacked in a predetermined
number from the inner surface toward the outer surface of
the heat generating element 90. Accordingly, each of the
stacked bodies 90a of the heat generating element 90
generates the excess heat when hydrogen is discharged from
the multilayer film 92. Therefore, the hydrogen heating
device 96 has the same effects as the hydrogen heating
device 11 according to the above-described embodiment.

[0119] Thehydrogen heating device 96 may include a heat
generating element 98 shown in FIG. 13 instead of the heat
generating element 90. The heat generating element 98 is
different from the heat generating element 90 in that a
stacked body 905 at an innermost side includes a support
91a having a columnar shape. Similarly to the support 61,
the support 91a is made of at least one of a porous body, a
hydrogen permeable film, and a proton conductor. The
support 91a improves mechanical strength of the heat gen-
erating element 98 while allowing passage of the hydrogen-
based gas therethrough. Although the support 91a is formed
into a cylindrical columnar shape in FIG. 13, the support 91a
may be formed into a polygonal columnar shape.
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Fifth Modification

[0120] As shown in FIG. 14, a hydrogen utilization system
115 includes a hydrogen heating device 121 and the hydro-
gen utilization device 12. The hydrogen heating device 121
is different from the hydrogen heating device 11 according
to the above-described embodiment in that the hydrogen
heating device 121 includes a sealed container 123 instead
of the sealed container 15. The sealed container 123 is a
hollow container, and accommodates the heat generating
element 14 therein. The sealed container 123 is covered with
a heat insulation member 51. A mounting pipe 125 for
mounting the heat generating element 14 is provided at the
sealed container 123.

[0121] The mounting pipe 125 is made of, for example,
stainless steel. The mounting pipe 125 passes through the
sealed container 123, one end of the mounting pipe 125 is
provided outside the sealed container 123, and the other end
of the mounting pipe 125 is provided inside the sealed
container 123. In the present modification, one end of the
mounting pipe 125 is provided inside the heat insulation
member 51. One end of the mounting pipe 125 is connected
to the lead-in line 29 of the hydrogen circulation line 17. The
other end of the mounting pipe 125 is provided with the heat
generating element 14. The heater 165 of the temperature
adjustment unit (not shown) is wound around an outer
periphery of the mounting pipe 125.

[0122] The sealed container 123 has a first chamber 126
and a second chamber 127 partitioned by the mounting pipe
125 and the heat generating element 14. The first chamber
126 is defined by the front surface of the heat generating
element 14 and an inner surface of the mounting pipe 125.
The first chamber 126 has the inlet 23 connected to the
lead-in line 29. The second chamber 127 is defined by an
inner surface of the sealed container 123, the back surface of
the heat generating element 14, and an outer surface of the
mounting pipe 125. The second chamber 127 has the outlet
24 connected to the lead-out line 30. In FIG. 14, the outlet
24 is provided at a substantially central position of the sealed
container 123 in a longitudinal direction thereof. The first
chamber 126 is pressurized by leading in the hydrogen-
based gas. The second chamber 127 is depressurized by
evacuating the hydrogen-based gas. Accordingly, a hydro-
gen pressure in the first chamber 126 is higher than a
hydrogen pressure in the second chamber 127. The first
chamber 126 and the second chamber 127 have different
hydrogen pressures. Therefore, the inside of the sealed
container 123 is in a state in which a pressure difference is
generated between two sides of the heat generating element
14.

[0123] Theheated hydrogen-based gas circulating through
the lead-out line 30 is sent to the hydrogen utilization device
12 through the lead-out line 30, and is utilized for various
purposes in the hydrogen utilization device 12, similarly to
the above-described embodiment.

[0124] As described above, the hydrogen-based gas inside
the sealed container 123 permeates from the first chamber
126 inside the mounting pipe 125 to the second chamber 127
through the heat generating element 14 provided at a tip end
of the mounting pipe 125, so that the hydrogen heating
device 121 can heat the hydrogen-based gas by heat gener-
ated in each of the stacked bodies 14« of the heat generating
element 14. In this case, in the hydrogen heating device 121,
by setting the number of the stacked bodies 14a of the heat
generating element 14 to a predetermined number in
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advance, the temperature of the hydrogen-based gas can also
be raised to a predetermined temperature, and thus the
hydrogen heating device 121 has the same effects as the
hydrogen heating device 11 according to the above-de-
scribed embodiment.

Sixth Modification

[0125] As shownin FIG. 15, a hydrogen utilization system
145 includes a hydrogen heating device 146 and the hydro-
gen utilization device 12. In the hydrogen heating device
146, a heater 137 is provided in the lead-in line 29, and a
nozzle portion 148 is provided inside the sealed container
15. The hydrogen heating device 146 is different from the
hydrogen heating device 11 according to the above-de-
scribed embodiment in an arrangement position of the heater
137 of the temperature adjustment unit (not shown) and in
provision of the nozzle portion 148 and a non-permeated gas
recovery line 149 to be described later. The temperature
adjustment unit (not shown) includes the temperature sensor
164, the heater 137, and the control unit 18 serving as an
output control unit.

[0126] The heater 137 is provided in the lead-in line 29,
and heats the heat generating element 14 by heating the
hydrogen-based gas circulating through the lead-in line 29.
The heater 137 is electrically connected to the power supply
26, and generates heat by inputting electric power from the
power supply 26. Input electric power of the power supply
26 is controlled by the control unit 18. The control unit 18
adjusts input electric power to the heater 137 based on the
temperature detected by the temperature sensor 16a, thereby
maintaining the heat generating element 14 at an appropriate
temperature for heat generation.

[0127] The hydrogen heating device 146 includes the
heater 137 provided in the lead-in line 29, so that the heated
hydrogen-based gas can be sent into the sealed container 15,
the heat generating element 14 can be heated by the heated
hydrogen-based gas, and the heat generating element 14 can
be maintained at an appropriate temperature for heat gen-
eration. The hydrogen heating device 146 having such a
configuration also has the same effects as the hydrogen
heating device 11 according to the above-described embodi-
ment.

[0128] The nozzle portion 148 is provided between the
inlet 23 and the heat generating element 14. The nozzle
portion 148 is connected to the lead-in line 29 via the inlet
23. The nozzle portion 148 ejects, from an ejection port
provided at a nozzle tip end, a hydrogen-based gas that
circulates through the lead-in line 29 and from which
impurities are removed by the filter 31. A distance between
the nozzle tip end and the front surface of the heat generating
element 14 is, for example, 1 cm to 2 cm. A direction of the
nozzle tip end is perpendicular to the front surface of the
heat generating element 14. Accordingly, the nozzle portion
148 ¢jects the hydrogen-based gas over the entire front
surface that is one surface of the heat generating element 14.
The distance between the nozzle tip end and the front surface
of the heat generating element 14 or the direction of the
nozzle tip end is preferably a distance or a direction in which
the hydrogen-based gas discharged from the nozzle tip end
is blown onto the entire front surface of the heat generating
element 14.

[0129] The non-permeated gas recovery line 149 is con-
nected to a non-permeated gas recovery port 151 provided in
the first chamber 21, and recovers a non-permeated gas that
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does not permeate through the heat generating element 14 in
the hydrogen-based gas led into the first chamber 21. The
non-permeated gas recovery line 149 is connected to the
hydrogen tank 28, and returns the recovered non-permeated
gas to the hydrogen tank 28. The non-permeated gas recov-
ery port 151 is provided side by side with the inlet 23.
[0130] In the above configuration, the hydrogen-based gas
led into the first chamber 21 sequentially permeates through
each of the stacked bodies 14a of the heat generating
element 14 and is heated by heat of each of the stacked
bodies 14a. The hydrogen-based gas heated by permeating
through the heat generating element 14 is led out to the
lead-out line 30. The hydrogen-based gas led out to the
lead-out line 30 is supplied to the hydrogen utilization
device 12 through the pump 33 and the pressure adjustment
valve 32.

[0131] On the other hand, the remaining hydrogen-based
gas that is led into the first chamber 21 and does not
permeate through the heat generating element 14 is recov-
ered by the non-permeated gas recovery line 149 as the
non-permeated gas. The non-permeated gas circulates
through the non-permeated gas recovery line 149 and returns
to the hydrogen tank 28, circulates through the lead-in line
29, and is led into the first chamber 21 again as the
hydrogen-based gas. That is, the non-permeated gas recov-
ery line 149 connects the first chamber 21 and the lead-in
line 29, recovers the non-permeated gas that does not
permeate through the heat generating element 14 in the
hydrogen-based gas led through the lead-in line 29 to the
first chamber 21, and returns the non-permeated gas to the
lead-in line 29.

[0132] The non-permeated gas recovery line 149 includes
a non-permeated gas flow rate control unit 152 and a
circulation pump 153. The non-permeated gas flow rate
control unit 152 includes, for example, a variable leak valve
as an adjustment valve. The non-permeated gas flow rate
control unit 152 controls a flow rate of the non-permeated
gas based on the temperature detected by the temperature
sensor 16a. For example, when the temperature of the heat
generating element 14 detected by the temperature sensor
16a is higher than an upper limit temperature of the appro-
priate temperature range for heat generation of the heat
generating element 14, the non-permeated gas flow rate
control unit 152 increases a circulation flow rate of the
non-permeated gas. When the temperature of the heat gen-
erating element 14 detected by the temperature sensor 16a is
lower than a lower limit temperature of the appropriate
temperature range for heat generation of the heat generating
element 14, the non-permeated gas flow rate control unit 152
decreases a flow rate of the non-permeated gas. In this
manner, the non-permeated gas flow rate control unit 152
maintains the heat generating element 14 at an appropriate
temperature for heat generation by increasing or decreasing
the circulation flow rate of the non-permeated gas.

[0133] The circulation pump 153 recovers the non-perme-
ated gas in the first chamber 21 from the non-permeated gas
recovery port 151 and sends the non-permeated gas to the
hydrogen tank 28. Examples of the circulation pump 153
include a metal bellows pump. The circulation pump 153 is
electrically connected to the control unit 18.

[0134] The hydrogen heating device 146 includes the
nozzle portion 148, so that the hydrogen-based gas after the
impurities are removed is directly blown onto the front
surface of the heat generating element 14. Accordingly, in
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the hydrogen heating device 146, impurities on the front
surface and a periphery of the heat generating element 14 are
blown away and the front surface of the heat generating
element 14 is provided under an atmosphere including a
fresh hydrogen-based gas from which impurities are
removed by the filter 31, and thus a high output of the excess
heat can be achieved.

Seventh Modification

[0135] As shown in FIG. 16, a hydrogen utilization system
155 includes a hydrogen heating device 156 and the hydro-
gen utilization device 12. The hydrogen heating device 156
includes the heat generating element 90 instead of the heat
generating element 14, and the nozzle portion 158 is pro-
vided inside the sealed container 15. In the present modifi-
cation, the inlet 23 and the non-permeated gas recovery port
151 are provided side by side in the mounting pipe 97.
[0136] The nozzle portion 158 is provided between the
inlet 23 and the heat generating element 90, one end of the
nozzle portion 158 is connected to the inlet 23, and the other
end of the nozzle portion 158 extends up to the other end of
the heat generating element 90. The nozzle portion 158 is
connected to the lead-in line 29 via the inlet 23.

[0137] As shown in FIG. 17, a plurality of ejection ports
159 are formed on a peripheral side surface of the nozzle
portion 158 having a cylindrical shape along an axial
direction of the heat generating element 90. The ejection
port 159 is also formed in a bottom surface of the nozzle
portion 158 according to the present embodiment. The
nozzle portion 158 ejects the hydrogen-based gas from the
plurality of ejection ports 159 to the entire inner surface (an
inner peripheral surface and an inner bottom surface) of the
heat generating element 90. The plurality of ejection ports
159 are preferably arranged at equal intervals. The hydro-
gen-based gas is uniformly ejected onto the entire inner
surface of the heat generating element 90 by arranging the
plurality of ejection ports 159 at equal intervals. The number
and a diameter of the ejection ports 159 may be changed as
appropriate.

[0138] The heat generating element 90 has a configuration
in which the non-permeated gas recovery line 149 is con-
nected to a non-permeated gas recovery port 151 provided in
the first chamber 21, and can recover, from the non-perme-
ated gas recovery line 149, the non-permeated gas that does
not permeate through the heat generating element 90 in the
hydrogen-based gas led into the first chamber 21.

[0139] The hydrogen heating device 156 ejects the hydro-
gen-based gas from the nozzle portion 158, so that impuri-
ties on the inner surface and a periphery of the heat gener-
ating element 90 are blown away by the hydrogen-based gas,
and the inner side of the heat generating element 90 is in an
atmosphere including a fresh hydrogen-based gas from
which impurities are removed by the filter 31, and thus a
high output of the excess heat can be achieved.

Eighth Modification

[0140] FIG. 18 is a cross-sectional view showing a cylin-
drical heat generating element 160 having two open ends.
The heat generating element 160 includes a plurality of
stacked bodies 160¢ each including a support 161 and a
multilayer film 162. In this case, each of the stacked bodies
160a has a configuration in which the multilayer film 162
having a cylindrical shape is formed on an outer peripheral
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surface of the support 161 having a cylindrical shape. In the
heat generating element 160, the support 161 of another
stacked body 1604 is provided on an outer peripheral surface
of the multilayer film 162 of one stacked body 160a, and the
plurality of stacked bodies 160a are stacked in a predeter-
mined number by sequentially and altemately arranging the
support 161 and the multilayer film 162 from the inside to
the outside, such as the support 161, the multilayer film 162,
the support 161, and the multilayer film 162. In this manner,
the plurality of stacked bodies 160a having a cylindrical
shape are stacked in the heat generating element 160, and the
number of the stacked bodies 160a is set such that the
hydrogen-based gas permeating through the heat generating
element 160 is heated to a predetermined temperature.
[0141] The support 161 is made of at least one of a porous
body, a hydrogen permeable film, and a proton conductor.
The multilayer film 162 has a first layer (not shown) made
of a hydrogen storage metal or a hydrogen storage alloy and
having a thickness of less than 1000 nm, and a second layer
(not shown) made of a hydrogen storage metal or a hydrogen
storage alloy different from the first layer, or ceramics and
having a thickness of less than 1000 nm. Since a method for
manufacturing the heat generating element 160 is the same
as the method for manufacturing the heat generating element
90 except for the preparation of the cylindrical support 161
having two open ends, a description of the method for
manufacturing the heat generating element 160 will be
omitted. Although the heat generating element 160 is formed
into a cylindrical shape having two open ends in FIG. 18, the
heat generating element 160 may be formed into a polygonal
cylindrical shape having two open ends.

[0142] As shown in FIG. 19, a hydrogen utilization system
165 includes a hydrogen heating device 166 and the hydro-
gen utilization device 12. The heat generating device 166 is
different from the hydrogen heating device 156 according to
the above-described seventh in that the hydrogen heating
device 166 includes the heat generating element 160 instead
of the heat generating element 90.

[0143] The mounting pipe 97 is provided at two ends of
the heat generating element 160. The mounting pipe 97
provided at one end of the heat generating element 160 is
connected to the lead-in line 29. The mounting pipe 97
provided at the other end of the heat generating element 160
is connected to the non-permeated gas recovery line 149.
That is, one end of the heat generating element 160 is
connected to the lead-in line 29, and the other end thereof is
connected to the non-permeated gas recovery line 149.
Therefore, similarly to the hydrogen heating device 156
according to the above-described seventh modification, the
hydrogen heating device 166 can recover, from the non-
permeated gas recovery line 149, the non-permeated gas that
does not permeate through the heat generating element 160
in the hydrogen-based gas led into the first chamber 21.

Ninth Modification

[0144] In the above-described embodiment and the above-
described modifications, the hydrogen circulation line leads
the hydrogen-based gas into the first chamber through the
lead-in line and leads out the hydrogen-based gas from the
second chamber to the lead-out line, thereby generating a
hydrogen pressure difference between the first chamber and
the second chamber, but in the ninth modification, instead of
using the hydrogen circulation line, a hydrogen storage
metal or a hydrogen storage alloy is used to generate the
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hydrogen pressure difference between the first chamber and
the second chamber by utilizing occluding and discharging
of hydrogen. Hereinafter, a hydrogen heating device accord-
ing to the ninth modification will be described focusing on
a point different from the above-described embodiment and
modifications.

[0145] As shown in FIG. 20, a hydrogen heating device
171 includes the heat generating element 14, a sealed
container 173, a first hydrogen occluding and discharging
unit 174, a second hydrogen occluding and discharging unit
175, a first temperature sensor 176, a second temperature
sensor 177, a first heater 178, a second heater 179, a first
pressure gauge 180, a second pressure gauge 181, and a
hydrogen pressure control unit 182. Descriptions of the heat
generating element 14 (see FIG. 2) obtained by stacking the
plurality of stacked bodies 14a in a predetermined number
will be omitted. The hydrogen heating device 171 further
includes a control unit as an output control unit (not shown).
The control unit as the output control unit, the first tempera-
ture sensor 176, the second temperature sensor 177, the first
heater 178, and the second heater 179 form a temperature
adjustment unit (not shown). The temperature adjustment
unit adjusts the temperature of the heat generating element
14 and maintains the heat generating element 14 at an
appropriate temperature for heat generation.

[0146] The sealed container 173 has a first chamber 184
and a second chamber 185 partitioned by the heat generating
element 14. The first chamber 184 and the second chamber
185 have different hydrogen pressures by performing
switching control by the hydrogen pressure control unit 182
to be described later. The first chamber 184 is defined by the
front surface of the heat generating element 14 and an inner
surface of the sealed container 173. The second chamber 185
is defined by the back surface of the heat generating element
14 and the inner surface of the sealed container 173.
Although not shown in FIG. 20, in the sealed container 173,
for example, an inlet is provided in the first chamber 184 or
the second chamber 185, and a lead-in line for leading in the
hydrogen-based gas is connected to the inlet. Similarly,
although not shown in FIG. 20, in the sealed container 173,
for example, an outlet is provided in the first chamber 184
or the second chamber 185, and a lead-out line for leading
out the hydrogen-based gas heated by the heat generating
element 14 to the hydrogen utilization device is connected to
the outlet.

[0147] The first hydrogen occluding and discharging unit
174 is provided in the first chamber 184. The first hydrogen
occluding and discharging unit 174 is made of a hydrogen
storage metal or a hydrogen storage alloy. The first hydrogen
occluding and discharging unit 174 occludes and discharges
hydrogen. Absorbing and discharging of hydrogen pet-
formed by the first hydrogen occluding and discharging unit
174 are sequentially switched by the hydrogen pressure
control unit 182 to be described later.

[0148] The second hydrogen occluding and discharging
unit 175 is provided in the second chamber 185. The second
hydrogen occluding and discharging unit 175 is made of a
hydrogen storage metal or a hydrogen storage alloy. The
second hydrogen occluding and discharging unit 175
occludes and discharges hydrogen. Absorbing and discharg-
ing of hydrogen performed by the second hydrogen occlud-
ing and discharging unit 175 are sequentially switched by
the hydrogen pressure control unit 182 to be described later.
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[0149] The first temperature sensor 176 is provided in the
first hydrogen occluding and discharging unit 174, and
detects a temperature of the first hydrogen occluding and
discharging unit 174. The second temperature sensor 177 is
provided in the second hydrogen occluding and discharging
unit 175, and detects a temperature of the second hydrogen
occluding and discharging unit 175.

[0150] The first heater 178 is provided in the first hydro-
gen occluding and discharging unit 174, and heats the first
hydrogen occluding and discharging unit 174. The first
heater 178 is electrically connected to a power supply 187,
and generates heat by inputting electric power from the
power supply 187. The second heater 179 is provided in the
second hydrogen occluding and discharging unit 175, and
heats the second hydrogen occluding and discharging unit
175. The second heater 179 is electrically connected to a
power supply 188, and generates heat by inputting electric
power from the power supply 188.

[0151] The first pressure gauge 180 is provided inside the
first chamber 184, and detects a hydrogen pressure in the
first chamber 184. The second pressure gauge 181 is pro-
vided inside the second chamber 185 and detects a hydrogen
pressure in the second chamber 185.

[0152] The hydrogen pressure control unit 182 is electri-
cally connected to the first temperature sensor 176, the
second temperature sensor 177, the first pressure gauge 180,
the second pressure gauge 181, the power supply 187, and
the power supply 188.

[0153] The hydrogen pressure control unit 182 controls
the temperature of the first hydrogen occluding and dis-
charging unit 174 based on the temperature detected by the
first temperature sensor 176. The hydrogen pressure control
unit 182 turns on the power supply 187 and adjusts input
electric power to the first heater 178, thereby heating the first
hydrogen occluding and discharging unit 174 to a predeter-
mined temperature. The hydrogen pressure control unit 182
turns off the power supply 187, thereby cooling the first
hydrogen occluding and discharging unit 174. The first
hydrogen occluding and discharging unit 174 may be cooled
by using a cooling device (not shown).

[0154] The hydrogen pressure control unit 182 controls
the temperature of the second hydrogen occluding and
discharging unit 175 based on the temperature detected by
the second temperature sensor 177. The hydrogen pressure
control unit 182 turns on the power supply 188 and adjusts
input electric power to the second heater 179, thereby
heating the second hydrogen occluding and discharging unit
175 to a predetermined temperature. The hydrogen pressure
control unit 182 turns off the power supply 188, thereby
cooling the second hydrogen occluding and discharging umt
175. The second hydrogen occluding and discharging unit
175 may be cooled by using a cooling device (not shown).
[0155] The hydrogen pressure control unit 182 has a first
mode in which the hydrogen pressure in the first chamber
184 is higher than the hydrogen pressure in the second
chamber 185, and a second mode in which the hydrogen
pressure in the second chamber 185 is higher than the
hydrogen pressure in the first chamber 184.

[0156] As shown in FIG. 21, in the first mode, the hydro-
gen pressure control unit 182 heats the first hydrogen
occluding and discharging unit 174 by the first heater 178
and cools the second hydrogen occluding and discharging
unit 175. The first hydrogen occluding and discharging unit
174 is heated to discharge hydrogen. The first chamber 184
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is pressurized by discharging hydrogen from the first hydro-
gen occluding and discharging unit 174. On the other hand,
the second hydrogen occluding and discharging unit 175 is
cooled to occlude hydrogen. The second chamber 185 is
depressurized by occluding hydrogen to the second hydro-
gen occluding and discharging unit 175. As a result, the
hydrogen pressure in the first chamber 184 is higher than the
hydrogen pressure in the second chamber 185. Hydrogen in
the first chamber 184 permeates through the heat generating
element 14 and moves to the second chamber 185 due to a
hydrogen pressure difference generated between the first
chamber 184 and the second chamber 185. The heat gener-
ating element 14 generates the excess heat by permeation of
hydrogen.

[0157] As shown in FIG. 22, in the second mode, the
hydrogen pressure control unit 182 cools the first hydrogen
occluding and discharging unit 174 and heats the second
hydrogen occluding and discharging unit 175 by the second
heater 179. The first hydrogen occluding and discharging
unit 174 is cooled to occlude hydrogen. The first chamber
184 is depressurized by occluding hydrogen to the first
hydrogen occluding and discharging unit 174. On the other
hand, the second hydrogen occluding and discharging unit
175 is heated to discharge hydrogen. The second chamber
185 is pressurized by discharging hydrogen from the second
hydrogen occluding and discharging unit 175. As a result,
the hydrogen pressure in the second chamber 185 is higher
than the hydrogen pressure in the first chamber 184. Hydro-
gen in the second chamber 185 permeates through the heat
generating element 14 and moves to the first chamber 184
due to a hydrogen pressure difference generated between the
first chamber 184 and the second chamber 185. The heat
generating element 14 generates the excess heat by perme-
ation of hydrogen.

[0158] The hydrogen pressure control unit 182 performs
switching control to switch between the first mode and the
second mode. An example of the switching control will be
described. The hydrogen pressure control unit 182 switches
from the first mode to the second mode when the pressure
detected by the first pressure gauge 180 is equal to or lower
than a predetermined threshold in the first mode. The
hydrogen pressure control unit 182 switches from the second
mode to the first mode when the pressure detected by the
second pressure gauge 181 is equal to or lower than a
predetermined pressure in the second mode. The hydrogen
pressure control unit 182 performs the switching control
between the first mode and the second mode, thereby
switching directions in which hydrogen permeates through
the heat generating element 14 obtained by stacking the
predetermined number of the stacked bodies 14a to inter-
mittently continue the generation of excess heat in the heat
generating element 14,

[0159] Therefore, in this case, by setting the number of the
stacked bodies of the heat generating element 14, the hydro-
gen-based gas can be heated to a predetermined temperature
by the heat generating element 14, and thus the hydrogen
heating device 171 also has the same effects as the hydrogen
heating device 11 according to the above-described embodi-
ment. Since a hydrogen pressure difference can be generated
between the first chamber and the second chamber without
using a hydrogen circulation line, miniaturization of the
hydrogen heating device 171 can be achieved.
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Tenth Modification

[0160] Although one heat generating element is used in
each of the hydrogen heating devices according to the
above-described embodiment and the above-described
modifications, a plurality of heat generating elements may
be used.

[0161] As shown in FIG. 23, a hydrogen utilization system
190 includes a hydrogen heating device 191 and the hydro-
gen utilization device 12. The hydrogen heating device 191
includes a plurality of heat generating elements 14, a sealed
container 193 that accommodates the plurality of heat gen-
erating elements 14, the non-permeated gas recovery line
149, and the like. The plurality of heat generating elements
14 are each formed into a plate shape. The plurality of heat
generating elements 14 are arranged with a gap provided
between each other so as to face each other. In the present
modification, six heat generating elements 14 are provided
inside the sealed container 193 (see FIGS. 23 and 24). The
heater 165 of the temperature adjustment unit (not shown) is
provided on an outer periphery of the sealed container 193.
The heater 165 heats the plurality of heat generating ele-
ments 14 by inputting electric power from a power supply
(not shown).

[0162] The sealed container 193 is provided with a plu-
rality of inlets 23, a plurality of outlets 24, and a plurality of
non-permeated gas recovery ports 151. The inlet 23 is
provided at a position facing the non-permeated gas recov-
ery port 151. The outlets 24 and the non-permeated gas
recovery ports 151 are alternately arranged in an arrange-
ment direction of the plurality of heat generating elements
14. The plurality of inlets 23 are connected to the lead-in line
29 by using, for example, a gas lead-in branch pipe (not
shown). The plurality of outlets 24 are connected to the
lead-out line 30 by using, for example, a gas lead-in branch
pipe (not shown).

[0163] The sealed container 193 has a plurality of first
chambers 194 and a plurality of second chambers 195
partitioned by the plurality of heat generating elements 14.
The first chambers 194 and the second chambers 195 are
gaps between the heat generating elements 14 whose sur-
faces face each other, and are alternately arranged in the
arrangement direction of the plurality of heat generating
elements 14. Each of the first chambers 194 has the inlet 23
and the non-permeated gas recovery port 151. Each of the
second chamber 195 has the outlet 24. The first chamber 194
is pressurized by leading in the hydrogen-based gas through
the lead-in line 29. The second chamber 195 is depressurized
by leading out the hydrogen-based gas through the lead-out
line 30. Accordingly, a hydrogen pressure in the first cham-
ber 194 is higher than a hydrogen pressure in the second
chamber 195.

[0164] As shown in FIG. 24, due to a hydrogen pressure
difference generated between the first chamber 194 and the
second chamber 195, a part of the hydrogen-based gas led
into the first chamber 194 permeates through the heat
generating element 14 obtained by stacking a predetermined
number of the stacked bodies 14a, moves to the second
chamber 195, and is lead out to the lead-out line 30. On the
other hand, a non-permeated gas that does not permeate
through the heat generating element 14 in the hydrogen-
based gas led into the first chamber 194 is recovered in the
non-permeated gas recovery line 149. Each of the heat
generating elements 14 generates the excess heat by perme-
ation of the hydrogen-based gas. Therefore, similarly to the
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above-described embodiment, in the hydrogen heating
device 191, the hydrogen-based gas at a predetermined
temperature can also be obtained by setting the number of
the stacked bodies 14a to a predetermined number in
advance. Furthermore, the hydrogen heating device 191 can
increase an output of the excess heat by providing the
plurality of heat generating elements 14.

[0165] Inthe above-described tenth modification, the non-
permeated gas that does not permeate through the heat
generating element 14 is recovered in the non-permeated gas
recovery line 149 and returns to the lead-in line 29, so that
the non-permeated gas is circulated, but the present inven-
tion is not limited thereto, and may be a hydrogen heating
device in which the non-permeated gas recovery line 149 is
not provided and the non-permeated gas is not circulated. In
this case, the first chamber 194 has a configuration in which
the non-permeated gas recovery port 151 is not provided at
a position facing the inlet 23, and only the inlet 23 is
provided.

[0166] The hydrogen-based gas led into the first chamber
194 permeates through the heat generating element 14,
moves to the second chamber 195, and is led out to the
lead-out line 30. By permeating through the stacked bodies
14a of the heat generating element 14, the hydrogen-based
gas generates the excess heat in the stacked bodies 14a, is
heated by the excess heat generated in these stacked bodies
144, and moves to the second chamber 195. Therefore,
similarly to the above-described tenth modification, in the
hydrogen heating device, the hydrogen-based gas at a pre-
determined temperature can also be obtained by setting the
number of the stacked bodies 14a to a predetermined
number in advance.

[0167] In the above-described tenth modification, a case
has been described in which the plurality of heat generating
elements 14 having a plate shape are provided, but the
present invention is not limited thereto, and for example, the
present invention may be a hydrogen heating device in
which a plurality of heat generating elements 90 having a
bottomed cylindrical shape shown in FIGS. 11 and 17, a
plurality of heat generating elements 98 shown in FIG. 13,
a plurality of heat generating elements 160 having a cylin-
drical shape shown in FIG. 18, and the like are provided, or
may be a hydrogen heating device in which a plurality of
heat generating elements having different configurations,
such as the heat generating element 90 having a bottomed
cylindrical shape and the heat generating element 160 hav-
ing a cylindrical shape are mixed.

[0168] When a plurality of heat generating elements such
as the heat generating elements 14, the heat generating
elements 90, the heat generating elements 98. and/or the heat
generating elements 160 are provided inside one sealed
container, the temperature may be adjusted independently
for each of the heat generating elements in the sealed
container. For example, when the plurality of heat generat-
ing elements 90 are provided in one sealed container, one
temperature sensor and a heater are provided in one heat
generating element 90. That is, the temperature of one heat
generating element 90 is detected by one temperature sensor.
The plurality of temperature sensor are electrically con-
nected to the control unit 18, and a signal corresponding to
the detected temperature of each of the heat generating
elements 90 is output to the control unit 18. The control unit
18 independently controls an output of each of the heaters
based on the temperature detected by each of the tempera-
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ture sensors. Therefore, in such a hydrogen heating device,
since the temperature of each of the heat generating ele-
ments 90 is independently adjusted and the plurality of heat
generating elements 90 are maintained at appropriate tem-
peratures for heat generation, an output of the excess heat
can be stabilized.

[0169] When a plurality of heat generating elements such
as the heat generating elements 14, the heat generating
elements 90, the heat generating elements 98, and/or the heat
generating elements 160 are provided, the heat generating
elements may be provided in different sealed containers.
Furthermore, a flow rate adjustment valve may be provided
for each of the heat generating elements or each of the sealed
containers, and a flow rate of the hydrogen-based gas led
into each of the heat generating elements may be controlled
by the flow rate adjustment valve.

[0170] The hydrogen-based gas that permeates through
the heat generating element may be sampled, the sampled
hydrogen-based gas may be analyzed, and the heat genera-
tion control may be performed based on an analysis result.
For example, as shown in FIG. 12, a configuration in which
one heat generating element 90 is provided in one sealed
container 15 is illustrated as an example, and in this case, a
plurality of sealed containers 15 each including the heat
generating element 90 therein are provided. An analysis unit
is provided for each of the sealed containers 15 each
provided with the heat generating element 90, and the
hydrogen-based gas that permeates through the heat gener-
ating element 90 is sampled for each of the sealed containers
15, and the sampled hydrogen-based gas is analyzed by the
analysis unit.

[0171] The analysis unit analyzes the hydrogen-based gas
after permeating through the heat generating element 90 to
specify whether the hydrogen-based gas contains, for
example, a gas uniquely generated by a heat generating
reaction in the heat generating element 90. In such a
hydrogen heating device, the flow rate of the hydrogen-
based gas for each of the sealed containers 15 is adjusted by
the control unit 18 (not shown) based on the analysis result
of the analysis unit, so that the heat generation control can
be performed to maintain the temperature of the heat gen-
erating element 90 at an appropriate temperature for heat
generation.

[0172] Alternatively, electric resistance of a hydrogen
storage metal or a hydrogen storage alloy may be measured
and the heat generation control may be performed based on
a value of the measured electric resistance. For example,
when an example in which the plurality of heat generating
elements 90 are provided is described, in this case, an
electric resistance measurement unit is provided in each of
the heat generating elements 90, and electric resistance of a
hydrogen storage metal or a hydrogen storage alloy of the
heat generating element 90 is measured by the electric
resistance measurement unit. Here, the larger a hydrogen
storage amount of the hydrogen storage metal or the hydro-
gen storage alloy is, the more likely a heat generating
reaction occurs in the heat generating element 90. The larger
the hydrogen storage amount of the hydrogen storage metal
or the hydrogen storage alloy, the smaller the electric
resistance of the heat generating element 90. Therefore, the
hydrogen storage amount can be estimated by measuring the
electric resistance of the hydrogen storage metal or the
hydrogen storage alloy of the heat generating element 90.
The plurality of electric resistance measurement units are
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electrically connected to the control unit 18 and output a
measurement result of the electric resistance to the control
unit 18.

[0173] The control unit 18 can adjust the circulation flow
rate of the hydrogen-based gas for each of the heat gener-
ating elements 90 based on the value of the electric resis-
tance measured by the electric resistance measurement unit,
thereby performing the heat generation control to maintain
the temperature of the heat generating element 90 at an
appropriate temperature for heat generation.

Eleventh Modification

[0174] As shown in FIG. 25, a hydrogen heating device
256 includes the heat generating element 14, a plurality of
temperature sensors 257a to 257¢ that detect the temperature
of the heat generating element 14, and a plurality of nozzle
portions 258a to 258¢ that eject the hydrogen-based gas onto
the front surface of the heat generating element 14. Here,
other configurations such as the hydrogen utilization device
connected to the lead-out line 30 will be omitted since the
description is redundant, and the following description will
focus on configurations that are different from the above-
described embodiment and modifications.

[0175] In the present modification, the hydrogen-based
gas is ejected through the plurality of nozzle portions 2584
to 258¢ to one heat generating element 14. Although FIG. 25
shows three temperature sensors 257a to 257¢ and three
nozzle portions 258a to 258¢ as an example, in reality, it is
desirable that the temperature sensors 257a to 257¢ and the
nozzle portions 258a to 258¢ are arranged in an array such
as 3 rows and 3 columns.

[0176] In this case, the temperature sensors 257a to 257¢
are two-dimensionally arranged at equal intervals on the
back surface of the heat generating element 14. In the heat
generating element 14, a temperature measurement target
area provided for each of the temperature sensors 257a to
257¢ and configured to allow the temperature sensor to
detect a temperature is determined, and a temperature of the
temperature measurement target area corresponding to each
of the temperature sensors 257a to 257¢ is detected. For
example, the temperature sensor 257a detects the tempera-
ture of one predetermined temperature measurement target
area on the back surface of the heat generating element 14.
In the following description, in the case of not being
distinguished from each other, the temperature sensors 257a
to 257¢ are referred to as temperature sensors 257.

[0177] The plurality of nozzle portions 258a to 258¢ are
respectively provided in the temperature measurement target
areas. In the following description, in the case of not being
distinguished from each other, the nozzle portions 258a to
258¢ are referred to as nozzle portions 258.

[0178] The temperature sensors 257 are electrically con-
nected to the control unit 18, and output signals correspond-
ing to the temperatures of the temperature measurement
target areas to the control unit 18. The nozzle portions 258
are mounted to a mounting plate 259 provided at the inlet 23
of the sealed container 15. The nozzle portions 258 are
connected to the lead-in line 29 via the inlet 23, and eject the
hydrogen-based gas onto the front surface of the heat
generating element 14.

[0179] The hydrogen heating device 256 further includes
the control unit 18, a gas lead-in branch pipe 208, and a
plurality of flow rate adjustment valves 237. One end of the
gas lead-in branch pipe 208 is connected to the lead-in line

Nov. 14,2024

29, and the other end thereof is branched and connected to
the plurality of nozzle portions 258. The gas lead-in branch
pipe 208 and the plurality of nozzle portions 258 are
detachable from each other. The plurality of flow rate
adjustment valves 237 are provided on the gas lead-in
branch pipe 208. The hydrogen heating device 256 includes
one flow rate adjustment valve 237 for one nozzle portion
258, so that the flow rate of the hydrogen-based gas can be
controlled for each of the nozzle portions 258.

[0180] Based on temperatures detected by the plurality of
temperature sensors 257, the control unit 18 performs
change control to change the nozzle portion 258 that ejects
the hydrogen-based gas. The change control will be
described below.

[0181] When an operation of the hydrogen heating device
256 is started, the control unit 18 sets input electric power
to a heater (not shown) and an opening degree of all of the
flow rate adjustment valves 237 to predetermined initial set
values. Accordingly, the temperature of the heat generating
element 14 rises up to an appropriate temperature for heat
generation. At the initial set values, the hydrogen-based gas
is ejected from all of the nozzle portions 258. The heater (not
shown) is provided on the outer periphery of the sealed
container 15 as, for example, in the hydrogen heating device
11 according to the above-described embodiment.

[0182] The control unit 18 acquires temperatures detected
by the temperature sensors 257, and compares each of the
acquired temperatures with a reference temperature. The
reference temperature is, for example, a temperature at
which it can be assumed that no excess heat is generated in
the temperature measurement target areas. The reference
temperature is stored in advance in the control unit 18 for
each of the temperature measurement target areas.

[0183] When the temperature acquired from the tempera-
ture sensor 257 is equal to or lower than the reference
temperature, the control unit 18 determines that no excess
heat is generated in the temperature measurement target area
in which the temperature is acquired. The control unit 18
maintains, at the initial set values, the input electric power
to the heater (not shown) and the opening degree of the flow
rate adjustment valve 237 corresponding to the temperature
measurement target area in which it is determined that no
excess heat is generated. Accordingly, in the heat generating
element 14, generation of the excess heat can be promoted
in the temperature measurement target area in which no
excess heat is generated.

[0184] On the other hand, when the temperature acquired
from the temperature sensor 257 is higher than the reference
temperature, the control unit 18 determines that the excess
heat is generated in the temperature measurement target area
in which the temperature is acquired. The control unit 18
increases the opening degree of the flow rate adjustment
valve 237 corresponding to the temperature measurement
target area in which it is determined that the excess heat is
generated, so that the flow rate of the hydrogen-based gas
ejected from the nozzle portion 258 to the temperature
measurement target area is increased. The temperature of the
temperature measurement target area that is increased due to
the generation of the excess heat is returned to an appropri-
ate temperature for heat generation by increasing the flow
rate of the hydrogen-based gas. Accordingly, an output of the
excess heat can be increased in the temperature measure-
ment target area in which the excess heat is generated.
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[0185] The hydrogen heating device 256 performs the
change control for each of the plurality of temperature
measurement target areas so as to change the nozzle portions
258 that eject the hydrogen-based gas according to a heat
generation state of the heat generating element 14 that
changes over time, and thus, an output of the excess heat of
the heat generating element 14 can be stabilized.

[0186] In the temperature measurement target arca in
which no excess heat is generated and the temperature
measurement target area in which the excess heat is gener-
ated, the hydrogen heating device 256 may perform the heat
generation control in the temperature measurement target
area in which no excess heat 1s generated. Accordingly, the
number of the temperature measurement target areas in
which the excess heat is generated can be increased, and thus
an output of the excess heat of all of the heat generating
elements 14 and the entire device can be increased.

[0187] The hydrogen heating device 256 may include the
plurality of heat generating elements 14. An output of the
excess heat of the entire device can be further increased by
performing the change control for each of the heat gener-
ating elements 14.

Experiment

[0188] A part of configurations of the hydrogen heating
device 121 (see FIG. 14) according to the above-described
fifth modification was changed to prepare an experimental
hydrogen heating device. An experiment was performed to
evaluate excess heat of a heat generating element including
one stacked body by using the experimental hydrogen
heating device. First, the experimental hydrogen heating
device will be described, and then an experimental method
and an experimental result will be described.

[0189] In the hydrogen heating device 121 according to
the above-described fifth modification, an electric heating
wire as the heater 165 was wound around the outer periphery
of the mounting pipe 125, while in the experimental hydro-
gen heating device, an electric furnace was provided to
cover an outer periphery of a sealed container. In the
experimental hydrogen heating device, a heat generating
element including one stacked body in which multilayer
films provided on two sides of a support were used.
[0190] The experimental hydrogen heating device will be
described in more detail. The experimental hydrogen heat-
ing device includes the heat generating element including
one stacked body that generates heat by occluding and
discharging hydrogen, a sealed container that has a first
chamber and a second chamber partitioned by the heat
generating element, and a temperature adjustment unit that
adjusts a temperature of the heat generating element.
[0191] The heat generating element will be described. The
heat generating element includes only one stacked body in
which the multilayer films on two surfaces of the support.
Two types of heat generating elements having different
configurations of the multilayer film of the stacked body
were prepared and used as Experimental Example 26 and
Experimental Example 27. A substrate made of Ni and
having a diameter of 20 mm and a thickness of 0.1 mm was
used as the support. The support was prepared by perform-
ing vacuum annealing at 900° C. for 72 hours in vacuum and
then etching two surfaces of the substrate with a concen-
trated nitric acid.

[0192] The multilayer films were formed on the two
surfaces of the support by using an ion beam sputtering
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device. Each of the multilayer films according to Experi-
mental Example 26 has a first layer made of Cu and a second
layer made of Ni. The number of stacking configurations of
the first layer and the second layer (the number of layers of
the multilayer film) according to Experimental Example 26
was 6. Each of the multilayer films according to Experi-
mental Example 27 has a first layer made of Cu, a second
layer made of Ni, and a third layer made of Cao. The number
of stacking configurations of the first layer, the second layer,
and the third layer (the number of layers of the multilayer
film) according to Experimental Example 27 was 6.

[0193] The sealed container will be described. The sealed
container includes a quartz glass pipe, a vacuum pipe for
vacuum evacuating an inside of the quartz glass pipe, a
mounting pipe for mounting the heat generating element
inside the quartz glass pipe, and the like. A tip end of the
quartz glass pipe is sealed and a base end thereof is opened.

[0194] The vacuum pipe is connected to the base end of
the quartz glass pipe. A recovery line for recovering a gas
inside the quartz glass pipe is connected to the vacuum pipe.
Here, in order to confirm whether the excess heat is gener-
ated from the heat generating element, the hydrogen-based
gas led out of the sealed container is recovered through the
recovery line and returns to the sealed container. The recov-
ery line is provided with a vacuum evacuation unit including
a turbo molecular pump and a dry pump, a pressure sensor
that detects an internal pressure of the quartz glass pipe, and
a vacuum gauge that measures a permeation amount (a
hydrogen permeation amount) of hydrogen permeating
through a heat generating element. The vacuum evacuation
unit is not connected to the mounting pipe. Therefore, an
inside of the mounting pipe is not vacuum evacuated.

[0195] The mounting pipe is inserted into the quartz glass
pipe through the vacuum pipe, one end of the mounting pipe
is provided outside the vacuum pipe (outside the quartz glass
pipe), and the other end of the mounting pipe is provided
inside the quartz glass pipe. The mounting pipe is made of
SUS.

[0196] A lead-in line for leading the hydrogen-based gas
into the mounting pipe is connected to one end of the
mounting pipe. The lead-in line is provided with a hydrogen
cylinder that stores the hydrogen-based gas, a pressure
sensor that detects an internal pressure of the mounting pipe,
a hydrogen supply valve for supplying and stopping the
hydrogen-based gas to the mounting pipe, and a regulator
valve for adjusting a pressure.

[0197] The other end of the mounting pipe is provided
with a VCR joint that allows the heat generating element to
be attached and detached. The VCR joint has two leak holes
that pass through an inner peripheral surface and an outer
peripheral surface of the VCR joint at a position where the
heat generating element is provided. The heat generating
element is provided inside the VCR joint in a state of being
interposed between two SUS gaskets.

[0198] In the sealed container, an internal space of the
mounting pipe and an internal space of the quartz glass pipe
are partitioned by the heat generating element. The internal
space of the mounting pipe is pressurized by leading in the
hydrogen-based gas. The internal space of the quartz glass
pipe is depressurized by vacuum evacuating the gas.
Accordingly, a hydrogen pressure in the internal space of the
mounting pipe is higher than a hydrogen pressure in the
internal space of the quartz glass pipe. The internal space of
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the mounting pipe functions as the first chamber, and the
internal space of the quartz glass pipe functions as the
second chamber.

[0199] Hydrogen permeates from the internal space of the
mounting pipe, which is a high pressure side, to the internal
space of the quartz glass pipe, which is a low pressure side,
due to a pressure difference generated between two sides of
the heat generating element. As described above, in a
hydrogen permeation process, the heat generating element
generates heat by occluding hydrogen from one surface
(front surface) at the high pressure side and generates excess
heat by discharging hydrogen from the other surface (back
surface) at the low pressure side.

[0200] The temperature adjustment unit will be described.
The temperature adjustment unit includes a temperature
sensor that detects a temperature of the heat generating
element, a heater that heats the heat generating element, and
an output control unit that controls an output of the heater
based on the temperature detected by the temperature sensor.
A thermocouple (a K type sheath thermocouple) was used as
the temperature sensor. In the experiment, two thermo-
couples (a first thermocouple and a second thermocouple)
were prepared and inserted into the two leak holes of the
VCR joint. The two thermocouples were brought into con-
tact with the heat generating element, and the temperature of
the heat generating element was measured. An electric
furnace was used as the heater. The electric furnace covers
an outer periphery of the quartz glass pipe. A control
thermocouple is provided in the electric furnace. The output
control unit is electrically connected to the control thermo-
couple and the electric furnace, and drives the electric
furnace at a predetermined voltage based on a temperature
detected by the control thermocouple. The electric furnace is
driven by an alternating current power supply of 100 V. An
electric power meter is used to measure input electric power
to the electric furnace.

[0201] Next, an experimental method and an experimental
result will be described. The heat generating element was
interposed between the two SUS gaskets, fixed to the other
end of the mounting pipe by using the VCR joint, and
provided inside the quartz glass pipe. The heat generating
element was baked at 300° C. for 3 days before starting the
experiment.

[0202] The experiment was started after the above-de-
scribed baking. The hydrogen supply valve was opened to
supply the hydrogen-based gas to the mounting pipe, and the
regulator valve was used to adjust a pressure (also referred
to as a hydrogen supply pressure) in the first chamber (the
internal space of the mounting pipe) to 100 kPa. The quartz
glass pipe was vacuum evacuated, and a pressure in the
second chamber (the internal space of the quartz glass pipe)
was adjusted to 1x107* [Pa]. The electric furnace was driven
to heat the heat generating element at a predetermined set
temperature. The set temperature was changed every half
day and was stepwisely raised within a range of 300° C. to
900° C.

[0203] A reference experiment was performed before
experiments of Experimental Example 26 and Experimental
Example 27. In the reference experiment, reference experi-
ment samples, that is, only the supports (a Ni substrate
having a diameter of 20 mm and a thickness of 0.1 mm) were
prepared and used. The reference experiment was performed
twice by changing the reference experiment samples.
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[0204] FIG. 26 is a graph showing a relationship among a
hydrogen permeation amount, a hydrogen supply pressure,
and a sample temperature in the reference experiment. In
FIG. 26, a horizontal axis indicates a time (h), a first vertical
axis at a left side indicates a hydrogen permeation amount
(SCCM), a second vertical axis at a right side indicates a
hydrogen supply pressure (kPa), a first sample temperature
(° C.), and a second sample temperature (° C.). The hydro-
gen permeation amount was calculated from a value of the
vacuum gauge whose flow rate is calibrated. The first sample
temperature is a temperature detected by the first thermo-
couple and the second sample temperature is a temperature
detected by the second thermocouple. From FIG. 26, it was
confirmed that the first sample temperature and the second
sample temperature substantially coincided with each other,
and temperatures of the reference experiment samples were
accurately measured. It was also confirmed that the hydro-
gen permeation amount increased corresponding to tempera-
ture rises of the reference experiment examples. FIG. 26
shows results of the reference experiment for the first time.
Since results of the reference experiment for the second time
were substantially the same as the results of the reference
experiment for the first time, a description of the results of
the reference experiment for the second time will be omitted.

[0205] FIG. 27 is a graph showing a relationship between
a sample temperature and input electric power in the refer-
ence experiment. In FIG. 27, a horizontal axis indicates a
sample temperature (° C.), and a vertical axis indicates input
electric power (W). The input electric power is input electric
power to the electric furnace. Since measurement values of
the electric power meter greatly fluctuated due to ON/OFF
control of the alternating current power supply, the mea-
surement values were added at each set temperature, and the
input electric power was calculated based on a slope of the
addition. The input electric power was calculated for regions
in which measurement values of the electric power meter
were stable after a sufficient period of time after the set
temperature was changed. An average value of temperatures
detected by the first thermocouple and an average value of
temperatures detected by the second thermocouple were
calculated for each of the regions described above, the two
average values were averaged as the sample temperature.
FIG. 27 is a graph obtained by plotting results of the
reference experiment performed twice and shows a calibra-
tion curve created by using a least squares method. In FIG.
27, Y represents a function representing a calibration curve,
MO represents a constant term, M1 represents a first-order
coeflicient, M2 represents a second-order coeflicient, and R
represents a correlation coefficient. The excess heat in
Experimental Example 26 and the excess heat in Experi-
mental Example 27 were evaluated based on the results of
the reference experiment.

[0206] FIG. 28 is a graph showing a relationship between
a heat generating element temperature and the excess heat in
Experimental Example 26. In FIG. 28, a horizontal axis
indicates a heat generating element temperature (° C.), and
a vertical axis indicates excess heat (W). An average value
of temperatures detected by the first thermocouple and an
average value of temperatures detected by the second ther-
mocouple were calculated, the two average values were
averaged as the heat generating element temperature by
using the same method as the method for calculating the
sample temperature in the reference experiment. A method
for calculating the excess heat will be described. First, the



US 2024/0381494 Al

heat generating element temperature at specific input electric
power is measured (referred to as a measured temperature).
Next, input electric power (referred to as converted electric
power) in the reference experiment corresponding to the
measured temperature is calculated by using the calibration
curve shown in FIG. 27. Then, a difference between the
converted electric power and the specific input electric
power was calculated, and the difference was used as electric
power of the excess heat. A method for calculating the
specific input electric power is the same as the method for
calculating the input electric power in the reference experi-
ment. In FIG. 28, the electric power of the excess heat is
expressed as “excess heat (W)”. From FIG. 28, it was
confirmed that the excess heat was generated in a range in
which the heat generating element temperature is 300° C. to
900° C. It was confirmed that a maximum value of the
excess heat was about 2 W at 600° C. or lower, and the
excess heat increased at 700° C. or higher and was about 10
W at about 800° C.

[0207] FIG. 29 is a graph showing a relationship between
a heat generating element temperature and the excess heat in
Experimental Example 27. In FIG. 29, a horizontal axis
indicates a heat generating element temperature (° C.), and
a vertical axis indicates excess heat (W). From FIG. 29, it
was confirmed that the excess heat was generated in a range
in which the heat generating element temperature is 200° C.
to 900° C. It was confirmed that a maximum value of the
excess heat was about 4 W in a range of 200° C. to 600° C.,
and the excess heat increased at 700° C. or higher and was
larger than 20 W at about 800° C.

[0208] When Experimental Example 26 and Experimental
Example 27 are compared, it is found that a generation
amount of the excess heat at 600° C. or lower tends to be
larger in Experimental Example 27. It is found that the
excess heat at 700° C. or higher tends to increase in both
Experimental Example 26 and Experimental Example 27. 1t
is found that at 700° C. or higher, the excess heat in
FExperimental Example 27 increases by about twice the
excess heat in Experimental Example 26.

[0209] When excess heat per unit area at about 800° C.
was calculated in Experimental Example 11 (see FIG. 9),
Experimental Example 26 (see FIG. 28), and Experimental
Example 27 (see FIG. 29), the excess heat per unit area in
Experimental Example 11 was about 0.5 W/cm?, the excess
heat per unit area in Experimental Example 26 was about 5
W/em?, and the excess heat per unit area in Experimental
Example 27 was about 10 W/cm®. Based on the results, it
was found that the excess heat generated in Experimental
Example 26 was about 10 times that in Experimental
Example 11, and the excess heat generated in Experimental
Example 27 was about 20 times that in Experimental
Example 11.

[0210] Accordingly, it is found that since the excess heat
is also generated in the heat generating element including
only one stacked body, the hydrogen-based gas can be
heated by the excess heat. It is found that as the number of
the stacked bodies increases, the heat generating element
becomes thicker, and a distance for the hydrogen-based gas
to permeate through the heat generating element becomes
longer, and thus the longer the time for heating is and the
larger the number of the stacked bodies is, the higher the
temperature of the hydrogen-based gas after permeating
through the heat generating element becomes. Therefore, it
is found that in the heat generating element, the temperature
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of the hydrogen-based gas heated by the heat generating
element can be adjusted by adjusting the number of the
stacked bodies.

Second Embodiment

[0211] In the second embodiment, a partial pressure of
hydrogen in a gas led into a first chamber is different from
a partial pressure of hydrogen in a gas led into a second
chamber, and hydrogen permeates through a heat generating
element by utilizing a hydrogen pressure difference between
the first chamber and the second chamber. In the second
embodiment, a “hydrogen pressure” is referred to as a
“hydrogen partial pressure”.

[0212] As shown in FIG. 30, a hydrogen utilization system
265 includes a hydrogen heating device 266 and the hydro-
gen utilization device 12. The hydrogen heating device 266
includes a heat generating element 268 that generates heat
by occluding and discharging hydrogen, a sealed container
271 that has a first chamber 269 and a second chamber 270
partitioned by the heat generating element 268, and a
temperature adjustment unit 272 that adjusts a temperature
of the heat generating element 268. A structure that parti-
tions the first chamber 269 and the second chamber 270 is
not limited to a structure including the heat generating
element 268 only, and may be a structure in which a part of
the structure is the heat generating element 268 and the other
part thereof may be a hydrogen shield wall such as a metal
or an oxide.

[0213] The heat generating element 268 is formed into a
bottomed cylindrical shape. The heat generating element
268 may have a similar configuration to the heat generating
element 90 shown in FIG. 11, for example, and has the
stacked bodies 90q stacked in a predetermined number. That
is, in the heat generating element 268, the predetermined
number of the stacked bodies each having a multilayer film
provided on an outer surface of a support formed into a
bottomed cylindrical shape are stacked, and the support and
the multilayer film are alternately arranged from the inside
to the outside. The multilayer film may be provided on an
inner surface of the support, the multilayer film and the
support may be arranged alternately from the inside to the
outside, or the multilayer films may be provided on both an
inner surface and an outer surface of the innermost support.
[0214] A shape of the support is not limited to the bot-
tomed cylindrical shape, and may be a bottomed polygonal
cylindrical shape, a flat plate, or the like. The support is
preferably made of a material that allows permeation of
hydrogen and has heat resistance and pressure resistance,
and may be made of the same material as, for example, the
support 61. The multilayer film may have the same configu-
ration as, for example, the multilayer film 62. In the present
embodiment, the number of the heat generating elements
268 is one, and may be two or more.

[0215] The sealed container 271 is a hollow container and
accommodates the heat generating element 268 therein. The
sealed container 271 is preferably made of a material having
heat resistance and pressure resistance. Examples of the
material of the sealed container 271 include a metal and
ceramics. Examples of the metal include Ni, Cu, Ti, carbon
steel, austenitic stainless steel, heat-resistant nonferrous
alloy steel, and ceramics. Examples of the ceramics include
Al,0;, Si0,, SiC, and Zn0,. It is desirable to cover an outer
periphery of the sealed container 271 with a heat insulation
member. In the present embodiment, the number of the
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sealed container 271 accommodating the heat generating
element 268 is one, and may be two or more.

[0216] The first chamber 269 is defined by an inner
surface of the heat generating element 268. The first cham-
ber 269 has an inlet 274 connected to a hydrogen lead-in line
273. The hydrogen lead-in line 273 is provided with a
hydrogen tank 275 that stores the hydrogen-based gas. The
hydrogen-based gas circulating through the hydrogen lead-
in line 273 is led into the first chamber 269 via the inlet 274.

[0217] The second chamber 270 is defined by an outer
surface of the heat generating element 268 and an inner
surface of the sealed container 271. The second chamber 270
has an inlet 277 connected to a hydrogen tank 280 and an
outlet 278 connected to a lead-out line 276. A circulation
blower 279 leads the hydrogen-based gas in the hydrogen
tank 280 into the second chamber 270 (the sealed container
271) through the inlet 277. The lead-out line 276 is con-
nected to the hydrogen utilization device 12.

[0218] A hydrogen partial pressure of the hydrogen-based
gas led into the first chamber 269 and a hydrogen partial
pressure of the hydrogen-based gas led into the second
chamber 270 are measured by a hydrogen sensor (not
shown). The hydrogen partial pressure in the first chamber
269 is preferably, for example, 10 times to 10000 times the
hydrogen partial pressure in the second chamber 270. For
example, the hydrogen partial pressure in the first chamber
269 is 10 kPa to 1 MPa, and the hydrogen partial pressure
in the second chamber 270 is 1 Pa to 10 kPa. Accordingly,
hydrogen in the first chamber 269 permeates through the
heat generating element 268 and moves to the second
chamber 270. The heat generating element 268 generates the
excess heat by permeation of hydrogen. A heat medium
circulates through the second chamber 270, so that the
excess heat of the heat generating element 268 can be
transferred to the heat medium, and the hydrogen partial
pressure in the second chamber 270 can be made lower than
the hydrogen partial pressure in the first chamber 269.

[0219] The hydrogen heating device 266 includes a con-
trol unit (not shown), and is configured to control the
hydrogen partial pressure in the first chamber 269 and the
hydrogen partial pressure in the second chamber 270 by the
control unit. For example, when the hydrogen partial pres-
sure in the first chamber 269 is increased and a hydrogen
partial pressure difference between the first chamber 269 and
the second chamber 270 is increased, the hydrogen perme-
ation amount can be increased and generation of the excess
heat of the heat generating element 268 can be promoted.
When the hydrogen partial pressure in the first chamber 269
is decreased and the hydrogen partial pressure difference
between the first chamber 269 and the second chamber 270
is decreased, the hydrogen permeation amount can be
decreased and generation of the excess heat of the heat
generating element 268 can be prevented. Instead of chang-
ing the hydrogen partial pressure in the first chamber 269,
generation of the excess heat of the heat generating element
268 can be promoted or prevented by decreasing or increas-
ing the hydrogen partial pressure in the second chamber 270.
Both the hydrogen partial pressure in the first chamber 269
and the hydrogen partial pressure in the second chamber 270
may be changed. Generation of the excess heat of the heat
generating element 268 can be adjusted by changing a flow
rate or a temperature of the hydrogen-based gas in the inlet
271.
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[0220] The temperature adjustment unit 272 includes a
temperature sensor 281 that detects the temperature of the
heat generating element 268, a heater 282 that heats the heat
generating element 268, and an output control unit 283 that
controls an output of the heater 282 based on the temperature
detected by the temperature sensor 281. Although the tem-
perature sensor 281 is provided on an outer surface of the
heat generating element 268 in FIG. 30, the temperature
sensor 281 may detect a temperature of a portion where the
temperature of the heat generating element 268 can be
estimated. The heater 282 is operated when an operation of
the hydrogen heating device 266 is started or when the
temperature of the heat generating element 268 is reduced.
The heater 282 heats the hydrogen-based gas from the
hydrogen tank 280, leads the heated hydrogen-based gas to
the second chamber 270, and heats the heat generating
element 268.

[0221] The hydrogen heating device 266 can generate the
excess heat from the heat generating element 268, send the
hydrogen-based gas heated by the heat generating element
268 to the hydrogen utilization device 12 through the
lead-out line 276, and effectively utilize the hydrogen gas in
the hydrogen utilization device 12.

[0222] As described above, in addition to a configuration
in which the number of the stacked bodies of the heat
generating element 268 is set to a predetermined number in
advance to raise the temperature of the hydrogen-based gas
to a predetermined temperature, the hydrogen heating device
266 has a configuration such that hydrogen permeates
through the heat generating element 268 by utilizing the
hydrogen partial pressure difference between the first cham-
ber 269 and the second chamber 270. Therefore, in the
hydrogen heating device 266, in addition to exerting the
same effect as in the above-described embodiment, it is
unnecessary to generate an apparent pressure difference
acquired by a pressure sensor between the first chamber 269
and the second chamber 270 by, for example, bringing the
second chamber 270 into a vacuum state. Therefore, a risk
of deforming or breaking the hydrogen heating device 266
is reduced.

Third Embodiment

[0223] The above-described first embodiment and second
embodiment describe the hydrogen heating devices each
having a configuration in which the first chamber and the
second chamber are provided inside the sealed container, the
hydrogen-based gas circulates from the first chamber to the
second chamber via the heat generating element, and the
hydrogen-based gas permeates through the heat generating
element, and each heating the hydrogen-based gas by the
excess heat generated in the heat generating element, but the
present invention is not limited thereto. For example, as
shown in FIG. 31, the present invention may be a hydrogen
heating device 301 having a configuration in which excess
heat is generated in the heat generating element 14 provided
inside a sealed container 302 without providing a first
chamber and a second chamber inside the sealed container
302, and adjusting the temperature of the hydrogen-based
gas by adjusting the number of stacked bodies provided in
the heat generating element.

[0224] FIG. 31 is a schematic diagram showing the hydro-
gen heating device 301 according to a third embodiment. In
this case, a hydrogen utilization system 300 includes the
hydrogen heating device 301 and the hydrogen utilization
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device 12. The hydrogen heating device 301 includes the
sealed container 302 into which the hydrogen-based gas is
led, a heat generating structure 303 provided inside the
sealed container 302, and a temperature adjustment unit 320
that adjusts the temperature of the heat generating element
14 of the heat generating structure 303. Similarly to the
above-described first embodiment, the hydrogen heating
device 301 is a device in which the hydrogen-based gas is
led into the sealed container 302, and then the heat gener-
ating element 14 is heated by the temperature adjustment
unit 320 in the heat generating structure 303, thereby gen-
erating the excess heat in the heat generating element 14.
Since a configuration of the heat generating element 14 is the
same as that in the first embodiment, a description thereof
will be omitted here to avoid a redundant description.
[0225] The sealed container 302 is made of, for example,
stainless steel (SUS306 or SUS316). A reference numeral
3024 denotes a window made of a transparent member such
as Kovar glass, which allows an operator to directly check
an inside of the sealed container 302 visually while main-
taining a sealed state inside the sealed container 302. The
sealed container 302 is provided with a lead-in line 316, and
the hydrogen-based gas is led through the lead-in line 316
into the sealed container 302 via adjustment valves 317a and
317h. Thereafter, the lead-in of the hydrogen-based gas
through the lead-in line 316 into the sealed container 302 is
stopped by the adjustment valves 317a and 3175, and a
certain amount of the hydrogen-based gas is stored inside
the sealed container 302. A reference numeral 319 denotes
a dry pump, which can lead out the gas in the sealed
container 302 to the outside of the sealed container 302
through the lead-out line 318 and an adjustment valve 317c,
and perform vacuum evacuation, pressure adjustment, and
the like as necessary.

[0226] The temperature adjustment unit 320 adjusts the
temperature of the heat generating element 14 and maintains
the heat generating element 14 at an appropriate temperature
for heat generation. The appropriate temperature for heat
generation in the heat generating element 14 is within a
range of, for example, 50° C. or higher and 1000° C. or
lower. The temperature adjustment unit 320 includes tem-
perature sensors 311a, 3115, 3124, 3126, and 312¢, and a
heater (not shown) that heats the heat generating element 14.
[0227] Inthe present embodiment, the temperature sensors
3114 and 3115 are provided along an inner wall of the sealed
container 302, and measure a temperature of the inner wall.
The other temperature sensors 312a to 312¢ are provided on
a holder 304 that holds the heat generating element 14 in the
heat generating structure 303, and measure a temperature in
the holder 304. The temperature sensors 312a to 312¢ have
different lengths, and measure temperatures of portions of
the holder 304, the portions are at, for example, a lower stage
near the heat generating element 14, an upper stage away
from the heat generating element 14, and a middle stage
located between the lower stage and the upper stage.
[0228] The temperature sensors 311a, 3115, 312a, 3126,
and 312c¢ are electrically connected to the control unit 18
(not shown), and output signals corresponding to the
detected temperatures to the control unit.

[0229] The heater that heats the heat generating element
14 is, for example, an electric heating wire of an electric
resistance heat generating type, and is wound around an
outer periphery of the sealed container 302, or disposed on
the holder 304. The heater is electrically connected to a
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power supply 313, and generates heat by inputting electric
power from the power supply 313. The heater may be an
electric furnace that covers the outer periphery of the sealed
container 302. Alternatively, the heater may be provided in
the lead-in line 316, and the heat generating element 14 may
be heated by the heater heating the hydrogen-based gas
circulating through the lead-in line 316.

[0230] In the present embodiment, for example, the heater
is provided on the holder 304, and the heater and the power
supply 313 are connected by wirings 310a and 3105. A
reference numeral 314 denotes an ammeter-voltmeter pro-
vided on the wirings 310a and 3105, which can measure
input current and input electric power applied to the heater
during heating of the heater.

[0231] Next, the heat generating structure 303 will be
described. As shown in FIG. 32, the heat generating struc-
ture 303 includes the holder 304 including a pair of half-
body holders 304a and 3045, and has a configuration in
which the heat generating element 14 obtained by staking
the plurality of stacked bodies 14a each including the
support 61 and the multilayer film 62 is interposed between
the half-body holders 304a and 304b. The heater is not
shown and is, for example, a ceramic heater having a plate
shape, and is provided at a predetermined position of the
holder 304. The heater may be interposed between the
half-body holders 304a and 3045 together with the heat
generating element 14.

[0232] The half-body holder 304a, which is one of the
half-body holders constituting the holder 304, is made of
ceramics and formed into a rectangular shape, and includes
an opening 309a provided at a predetermined position. In the
half-body holder 3044, the heat generating element 14 is
disposed in the opening 309¢ and the heat generating
element 14 is exposed from a region of the opening 3094.
The half-body holder 3045, which is the other half-body
holder, is made of ceramics and formed into a rectangular
shape similar to the half-body holder 304a. The half-body
holder 3045 includes an opening 3095 at a position over-
lapping the opening 309a of the half-body holder 304a when
being integrated with the half-body holder 304a by over-
lapping.

[0233] In the half-body holder 3045, a stepped portion
309¢ is provided at a peripheral edge of the opening 3095 on
a contact surface 3094 that comes into contact with the
half-body holder 304a. In the stepped portion 309¢, the heat
generating element 14 is fitted and positioned. Accordingly,
in the half-body holder 304b, when the heat generating
element 14 is fitted into the stepped portion 309¢, the heat
generating element 14 is disposed in the opening 3095 and
the heat generating element 14 is exposed from the region of
the opening 3095. When the half-body holders 304a and
304b are superimposed on each other, the heat generating
element 14 fitted into the stepped portion 309c is inhibited
by a contact surface on a peripheral edge of the opening
3094 in the half-body holder 304a, is accommodated in the
stepped portion 309¢, and is built in the holder 304.
[0234] As described above, also in the hydrogen heating
device 301 according to the third embodiment, similarly to
the above-described first embodiment, hydrogen is occluded
in the heat generating element 14 and hydrogen is also
discharged, heat is generated by occluding hydrogen in the
heat generating element 14, and heat is generated by dis-
charging hydrogen to generate excess heat. In the heat
generating element 14, the hydrogen-based gas is heated by
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the excess heat generated by the heat generating element 14.
The thicker the heat generating element 14 is, the more
easily the hydrogen-based gas is heated by the excess heat
generated by the heat generating element 14, and the higher
the temperature of the hydrogen-based gas becomes.
[0235] Therefore, similarly to the above-described first
embodiment, in the hydrogen heating device 301, the hydro-
gen-based gas at a predetermined temperature can also be
obtained by setting the number of the stacked bodies 144 to
a predetermined number in advance. Accordingly, in the
hydrogen heating device 301, since the heat generating
element that generates heat by occluding and discharging
hydrogen is used to heat the hydrogen-based gas, an inex-
pensive, clean, and safe heat energy source can be utilized
to supply the heated hydrogen-based gas.

[0236] The heat generating element is not limited to one
formed into a plate shape or a cylindrical shape. For
example, each of the stacked bodies of the heat generating
element may be one in which powder including a hydrogen
storage metal or a hydrogen storage alloy is accommodated
in a container made of a material (for example, a porous
body, a hydrogen permeable film, and a proton conductor)
that allows hydrogen to permeate.

[0237] The hydrogen heating device is not limited to those
described in the above-described embodiments and modifi-
cations, and may be configured by appropriately combining
the hydrogen heating devices according to the above-de-
scribed embodiments and modifications. For example, the
pump 33 is provided in the lead-out line 30 to adjust the
inside of the sealed container 15 to a predetermined pressure
and to send the hydrogen-based gas to the hydrogen utili-
zation device 12, but the present invention is not limited
thereto, and the pump 33 may be provided in the lead-in line
29 to maintain a predetermined pressure in the sealed
container 15 and to send the hydrogen-based gas to the
hydrogen utilization device 12.

REFERENCE SIGN LIST

[0238] 11, 96,121,146, 156, 166, 191, 256, 266, 301
hydrogen heating device

[0239] 12 hydrogen utilization device

[0240] 14, 74, 75, 80, 90, 98.160,268 heat generating
element

[0241] 15,123,173, 193, 271, 302 sealed container

[0242] 16 temperature adjustment unit

[0243] 21,126,184, 194, 269 first chamber

[0244] 22,127,185, 195, 270 second chamber

[0245] 61, 91, 91a support

[0246] 62, 92 multilayer film

[0247] 71 first layer

[0248] 72 second layer

[0249] 77 third layer

[0250] 82 fourth layer

1. A hydrogen heating device that heats a hydrogen-based
gas containing hydrogen, the hydrogen heating device com-
prising:

a sealed container configured to allow the hydrogen-based

gas to be led in;

a heat generating element provided inside the sealed
container and configured to generate heat by occluding
and discharging the hydrogen; and

a temperature adjustment unit configured to adjust a
temperature of the heat generating element, wherein
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the heat generating element includes a plurality of stacked
bodies each including a support made of at least one of
aporous body, a hydrogen permeable film, and a proton
conductor, and a multilayer film supported by the
support,

the multilayer film has a first layer made of a hydrogen
storage metal or a hydrogen storage alloy and having a
thickness of less than 1000 nm, and a second layer
made of a hydrogen storage metal or a hydrogen
storage alloy different from the first layer, or ceramics
and having a thickness of less than 1000 nm, and

the number of the stacked bodies is set such that the
hydrogen-based gas reaches a predetermined tempera-
ture by being heated by the heat generating element.

2. The hydrogen heating device according to claim 1,

wherein

the sealed container is partitioned by the heat generating
element into a first chamber and a second chamber, and

the first chamber and the second chamber have different
hydrogen pressures, and the hydrogen permeates
through the heat generating element by utilizing a
hydrogen pressure difference between the first chamber
and the second chamber.

3. The hydrogen heating device according to claim 2,

wherein

the heat generating element has a bottomed cylindrical
shape,

the first chamber is defined by an inner surface of the heat
generating element, and

the second chamber is defined by an outer surface of the
heat generating element and an inner surface of the
sealed container.

4. The hydrogen heating device according to claim 2,

wherein

the first chamber has an inlet for leading in the hydrogen-
based gas,

the second chamber has an outlet for leading out the
hydrogen-based gas, and

the hydrogen pressure in the first chamber is higher than
the hydrogen pressure in the second chamber.

5. The hydrogen heating device according to claim 4,

further comprising:

anon-permeated gas recovery line configured to allow the
first chamber to connect to a hydrogen tank, and
configured to recover a non-permeated gas that does
not permeate through the heat generating element in the
hydrogen-based gas led through the inlet into the first
chamber and to return the non-permeated gas into the
hydrogen tank.

6. The hydrogen heating device according to claim 5,

wherein

the non-permeated gas recovery line includes a non-
permeated gas flow rate control unit configured to
control a flow rate of the non-permeated gas based on
the temperature of the heat generating element detected
by a temperature sensor provided in the temperature
adjustment unit.

7. The hydrogen heating device according to claim 4,

further comprising:

a nozzle portion provided between the inlet and the heat
generating element and configured to eject, onto the
heat generating element, the hydrogen-based gas led
through the inlet to an inside of the sealed container.
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8. The hydrogen heating device according to claim 7,

wherein

the heat generating element has a bottomed cylindrical
shape, and

the nozzle portion has a plurality of ejection ports
arranged in an axial direction of the heat generating
element, and is configured to eject the hydrogen-based
gas through the plurality of ejection ports onto an entire
inner surface of the heat generating element.

9. The hydrogen heating device according to claim 7,

wherein

the heat generating element has a plate shape, and

the nozzle portion is configured to eject the hydrogen-
based gas onto an entire one surface of the heat
generating element.

10. The hydrogen heating device according to claim 5,

wherein

the heat generating element has a cylindrical shape having
two open ends, one end of the heat generating element
is connected to the inlet, and the other end of the heat
generating element is connected to the non-permeated
gas recovery line.

11. The hydrogen heating device according to claim 1,

further comprising:

a lead-in line configured to allow the hydrogen-based gas
stored in a hydrogen tank to be led into the sealed
container, whetrein

the temperature adjustment unit is configured to heat the
heat generating element by heating the hydrogen-based
gas circulating through the lead-in line by a heater
provided in the lead-in line.

12. The hydrogen heating device according to claim 2,

further comprising:

a first hydrogen occluding and discharging unit provided
in the first chamber, made of a hydrogen storage metal
or a hydrogen storage alloy, and configured to occlude
and discharge the hydrogen;

a second hydrogen occluding and discharging unit pro-
vided in the second chamber, made of a hydrogen
storage metal or a hydrogen storage alloy, and config-
ured to occlude and discharge the hydrogen; and

a hydrogen pressure control unit configured to perform
switching control between a first mode in which the
hydrogen pressure in the first chamber is higher than
the hydrogen pressure in the second chamber and a
second mode in which the hydrogen pressure in the
second chamber is higher than the hydrogen pressure in
the first chamber.

13. The hydrogen heating device according to claim 12,

wherein
the hydrogen pressure control unit is configured to
heat the first hydrogen occluding and discharging unit
and cool the second hydrogen occluding and dis-
charging unit in the first mode, and

heat the second hydrogen occluding and discharging
unit and cool the first hydrogen occluding and dis-
charging unit in the second mode.

14. The hydrogen heating device according to claim 2,

wherein

the sealed container accommodates a plurality of heat
generating elements including the heat generating ele-
ment and other heat generating elements,
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the plurality of heat generating elements each has a plate
shape, and are arranged with a gap provided between
each other so as to face each other, and

a plurality of first chambers including the first chamber

and other first chambers and a plurality of second
chambers including the second chamber and other
second chambers are provided inside the sealed con-
tainer, and are alternately arranged in an arrangement
direction of the plurality of heat generating elements.

15. The hydrogen heating device according to claim 1,
wherein

the first layer is made of any one of Ni, Pd, Cu, Mn, Cr,

Fe, Mg, Co, and an alloy thereof, and
the second layer is made of any one of Ni, Pd, Cu, Mn, Cr,
Fe, Mg, Co, an alloy thereof, and SiC.

16. The hydrogen heating device according to claim 1,
wherein

the multilayer film has a third layer made of a hydrogen

storage metal, a hydrogen storage alloy, or ceramics
different from the first layer and the second layer and
having a thickness of less than 1000 nm, in addition to
the first layer and the second layer.

17. The hydrogen heating device according to claim 16,
wherein

the third layer is made of any one of CaO, Y203, TiC,

LaB6, SrO, and BaO.

18. The hydrogen heating device according to claim 16,
wherein

the multilayer film has a fourth layer made of a hydrogen

storage metal or a hydrogen storage alloy different from
the first layer, the second layer, and the third layer and
having a thickness of less than 1000 nm, in addition to
the first layer, the second layer, and the third layer.

19. The hydrogen heating device according to claim 18,
wherein

the fourth layer is made of any one of Ni, Pd, Cu, Cr, Fe,

Mg, Co, an alloy thereof, SiC, CaO, Y203, TiC, LaBé,
SrO, and BaO.

20. A hydrogen heating method that heats a hydrogen-
based gas containing hydrogen, the hydrogen heating
method comprising:

a lead-in step of leading the hydrogen-based gas into a

sealed container;

a temperature adjusting step of adjusting a temperature of

a heat generating element provided inside the sealed
container by a temperature adjustment unit; and

a heat generating step of generating heat from the heat

generating element by occluding and discharging the
hydrogen in the heat generating element, wherein

the heat generating element includes a plurality of stacked

bodies each including a support made of at least one of
a porous body, a hydrogen permeable film, and a proton
conductor, and a multilayer film supported by the
support,

the multilayer film has a first layer made of a hydrogen

storage metal or a hydrogen storage alloy and having a
thickness of less than 1000 nm, and a second layer
made of a hydrogen storage metal or a hydrogen
storage alloy different from the first layer, or ceramics
and having a thickness of less than 1000 nm, and

the number of the stacked bodies is set such that the

hydrogen-based gas reaches a predetermined tempera-
ture by being heated by the heat generating element.
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