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(54) EQUIPMENT FOR WARMING LIQUEFIED CARBON DIOXIDE AND METHOD FOR WARMING

LIQUEFIED CARBON DIOXIDE

(57)  Liquefied carbon dioxide warming equipment 10
is provided with a heat medium warmer 18 that receives
a supply of seawater and a heat medium and warms the
heat medium by heat exchange with the seawater, a
warming heat exchanger 16 that warms the liquefied car-
bon dioxide to a predetermined temperature by heat ex-

change with the heat medium warmed by the heat me-
dium warmer 18, and a heat medium temperature con-
troller 30 that performs control so that a temperature of
the heat medium supplied to the heat medium warmer
18 is equal to or higher than a freezing temperature of
the seawater.
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Description
TECHNICAL FIELD

[0001] The presentinvention relates to warming equip-
ment and a warming method for liquefied carbon dioxide
(liquefied CO,) for carbon capture and storage (CCS).

BACKGROUND ART

[0002] Carbon capture and storage (CCS) is a coun-
termeasure against global warming involving capturing
CO, from a CO, generation source (for example, com-
bustion exhaust gas from a coal-fired power plant) by a
chemical absorption technique or the like, then com-
presses the CO, to inject and store the CO, in an under-
ground aquifer (reservoir) shielded by a bedrock or the
like in a supercritical state. (See, for example, Patent
Literature 1 and 2 regarding CCS.)

[0003] There are various methods for CCS, and one
of them is a liquefied carbon dioxide transport and injec-
tion system. In this method, the separated and captured
CO, is compressed and liquefied, temporarily stored in
a tank on land in the form of liquefied carbon dioxide,
loaded on a liquefied carbon dioxide transport ship from
the tank, and transported by ship to a storage site. At the
storage site, the liquefied carbon dioxide is injected from
the liquefied carbon dioxide transport ship into an aquifer
below the seafloor.

PRIOR ART DOCUMENTS
Patent Literature
[0004]

Patent Literature 1: JP 2011-31154
Patent Literature 2: JP 2012-72012

SUMMARY OF INVENTION
TECHNICAL PROBLEM

[0005] To preventthe surrounding water from freezing
and blockages due to the formation of CO, hydrates
when aliquefied carbon dioxide is injected into a reservoir
(aquifer), the liquefied carbon dioxide (for example, -
10°C/2.289 MPa to -50°C/0.684 MPa) is pressurized to
a predetermined pressure (10 MPa or higher), then
warmed to 0°C or more to perform injection.

[0006] While some kind of heat source is required to
warm the liquefied carbon dioxide, usable heat sources
are limited when considering the condition of being on a
liquefied carbon dioxide transport ship. A method of gen-
erating hot water by a hot water boiler and warming the
liquefied carbon dioxide by the heat exchange between
the hot water and the liquefied carbon dioxide has been
considered as one method. However, with this method,
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there is a problem in that since a large amount of fuel is
consumed in the hot water boiler, there is an increase in
cost, and further, CO, is discharged when fuel is con-
sumed.

[0007] The present invention has been made in view
of such circumstances, and an object thereofis to provide
atechnique capable of suitably warming liquefied carbon
dioxide for CCS.

SOLUTION TO PROBLEM

[0008] In order to solve the above problem, liquefied
carbon dioxide warming equipment according to an as-
pect of the present invention is provided with a heat me-
dium warmer that receives a supply of seawater and a
heat medium and warms the heat medium by heat ex-
change with the seawater, a warming heat exchanger
that warms the liquefied carbon dioxide to a predeter-
mined temperature by heat exchange with the heat me-
dium warmed by the heat medium warmer, and a heat
medium temperature controller that performs control so
that the temperature of the heat medium supplied to the
heat medium warmer is equal to or higher than a freezing
temperature of the seawater.

[0009] Another aspect of the present invention is a lig-
uefied carbon dioxide warming method. This method in-
cludes supplying seawater and a heat medium to a heat
medium warmer, warming the heat medium by heat ex-
change with the seawater using the heat medium warm-
er, warming the liquefied carbon dioxide to a predeter-
mined temperature by heat exchange with the heat me-
dium, and performing control so that the temperature of
the heat medium supplied to the heat medium warmer is
equal to or higher than a freezing temperature of the sea-
water.

ADVANTAGEOUS EFFECTS OF INVENTION

[0010] According to the presentinvention, itis possible
to provide a technique capable of suitably warming lig-
uefied carbon dioxide for CCS.

BRIEF DESCRIPTION OF DRAWINGS
[0011]

[Fig.1] Fig. 1 is a diagram showing a schematic flow
of CCS in which liquefied carbon dioxide warming
equipment according to an embodiment of the
present invention is used.

[Fig.2] Fig. 2 is a view for describing liquefied carbon
dioxide warming equipment according to one em-
bodiment of the present invention.

[Fig.3] Fig. 3 is a view for describing liquefied carbon
dioxide warming equipment according to another
embodiment of the present invention.
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DESCRIPTION OF EMBODIMENTS

[0012] Hereinafter, the present invention will be de-
scribed based on preferred embodiments with reference
to the drawings. The following configurations are intend-
ed as an illustration for understanding the present dis-
closure; the scope of the present disclosure is defined
only by the appended claims. The same or equivalent
constituent elements and members illustrated in the re-
spective drawings are denoted by the same reference
numerals, and redundant descriptions will be omitted as
appropriate. In addition, the dimensions of the members
in each drawing are shown enlarged or reduced as ap-
propriate in order to facilitate understanding. Moreover,
in each drawing, some members not important for de-
scribing the embodiment are omitted.

[0013] Fig. 1is a diagram showing a schematic flow of
CCS using liquefied carbon dioxide warming equipment
according to one embodiment of the present invention.
Fig. 1 shows CCS in a liquefied carbon dioxide transport
and injection system. Other examples of CCS include a
submarine pipeline system and an extended reach drill-
ing (ERD) system.

[0014] In CCS, CO, is separated and captured from a
CO,, generation source such as combustion exhaust gas
from a coal-fired power plant using, for example, a chem-
ical absorption technique or the like. Thereafter, the cap-
tured CO, is compressed and liquefied, then stored in a
tank on land in the form of liquefied carbon dioxide. The
liquefied carbon dioxide is loaded on a liquefied carbon
dioxide transport ship 100 from the tank and transported
by ship to a storage site 102 on a sea 110.

[0015] The liquefied carbon dioxide loaded on the lig-
uefied carbon dioxide transport ship 100 is pressurized
and warmed by liquefied carbon dioxide warming equip-
ment 10 installed on the liquefied carbon dioxide trans-
port ship 100, then injected from the liquefied carbon di-
oxide transport ship 100 into an aquifer 114 atthe storage
site 102. The aquifer 114 is a layer further below a block-
ing layer 112 located below the seafloor.

[0016] In CCS shown in Fig. 1, the liquefied carbon
dioxide is sent to awell head 106 installed on the seafloor
via a flexible riser pipe (FRP) for connecting seafloor
equipment. Thereafter, the liquefied carbon dioxide is
sent to a Xmas tree 108 via a flow line 107 laid on the
seafloor. A Xmas tree is a collection of valves that control
the pressure of fluid produced from a well. In the Xmas
tree 108, the liquefied carbon dioxide is injected into the
aquifer 114.

[0017] In the above description, the liquefied carbon
dioxide warming equipment 10 has been installed on the
liquefied carbon dioxide transport ship 100, however the
liquefied carbon dioxide warming equipment 10 may be
installed on a bottom-mounted platform installed on the
sea or a floating body (FSO: floating storage and offload-
ing or buoy) moored on the sea.

[0018] Fig. 2 is a view for describing the liquefied car-
bon dioxide warming equipment 10 according to one em-
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bodiment of the present invention. The liquefied carbon
dioxide warming equipment 10 is equipment that per-
forms pressurization forinjecting liquefied carbon dioxide
(for example, -10°C/2.289 MPa to -50°C/0.684 MPa)
transported by ship into a reservoir (aquifer) on the sea-
floor, and warming to prevent the surrounding water from
freezing and blockages due to the formation of CO, hy-
drates when the liquefied carbon dioxide is injected into
the reservoir.

[0019] Here, the injection conditions for CCS will be
described.

(1) Injection pressure

[0020] While the injection pressure varies depending
on the depth of the reservoir, permeability, and the
strength of the shielding layer, it is generally represented
by "static head + 3 MPa to a breaking pressure of the
shielding layer" at the injection site. In the case of CCS
in an underground reservoir below the seafloor, when
considering an injection depth of 2000 m to 3000 m, the
density of liquefied carbon dioxide, and pressure loss in
the well, a suitable injection pressure is about 10 MPa to
13 MPain the Xmas tree 108 on the seafloor (see Fig. 1).

(2) Injection temperature

[0021] When the liquefied carbon dioxide is injected
into the reservoir (aquifer 114), it is necessary to perform
injection by warming in order to prevent the surrounding
water from freezing (0°C or higher) and blockages due
to the formation of CO, hydrates (5°C or lower). When
considering that blockages due to the formation of CO,
hydrates did not occur when injecting at 0°C in actual
examples of CCS in the past, the injection temperature
of the liquefied carbon dioxide is preferably 0°C or higher.
[0022] As shownin Fig. 2, the liquefied carbon dioxide
warming equipment 10 is provided with a storage tank
12, a booster pump 14, a warming heat exchanger 16, a
heat medium warmer 18, a seawater pump 20, a heat
medium drum 22, a heat medium pump 24, and a heat
medium temperature controller 30.

[0023] The storage tank 12 stores the liquefied carbon
dioxide (liquefied CO,). The temperature of the liquefied
carbon dioxide may be -10°C to -50°C, while the pressure
of the liquefied carbon dioxide may be 2.289 MPa to
0.684 MPa. The liquefied carbon dioxide stored in the
storage tank 12 is supplied to the booster pump 14.
[0024] The booster pump 14 pressurizes the liquefied
carbon dioxide supplied from the storage tank 12 to a
predetermined pressure (for example, 10 MPa or higher).
The liquefied carbon dioxide pressurized by the booster
pump 14 is supplied to the warming heat exchanger 16.
[0025] The warming heat exchanger 16 is a shell-and-
tube heat exchanger in which a plurality of heat transfer
tubes are housed in a cylindrical shell. In the present
embodiment, the cylindrical shell and the heat transfer
tubes of the warming heat exchanger are all made of
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general steel. The liquefied carbon dioxide from the
booster pump 14 is supplied to a tube side of the warming
heat exchanger 16. The liquefied carbon dioxide is input
to a tube side inlet 16a of the warming heat exchanger
16 and output from a tube side outlet 16b. Meanwhile,
the heatmedium is supplied to a shell side of the warming
heat exchanger 16. The heat medium is input to a shell
side inlet 16c of the warming heat exchanger 16 via a
line 33 and output from a shell side outlet 16d. The warm-
ing heat exchanger 16 performs heat exchange between
the liquefied carbon dioxide supplied to the tube side and
the heat medium supplied to the shell side to warm the
liquefied carbon dioxide to a predetermined temperature
(0°C or higher).

[0026] A heat medium (antifreeze liquid) that does not
freeze even at the temperature (-10°C to -50°C) of the
liquefied carbon dioxide supplied to the warming heat
exchanger 16 is used as the heat medium. Examples of
solutions that can be used as such aheat mediuminclude
an ethylene glycol aqueous solution, a propylene glycol
aqueous solution, a mixed solution of the ethylene glycol
aqueous solution and the propylene glycol aqueous so-
lution, or a hydrocarbon compound solution. The content
of the ethylene glycol, the propylene glycol, the hydro-
carbon compound, and the like in each solution is set on
the condition that the solution does not freeze at the tem-
perature of the supplied liquefied carbon dioxide, and is
set to, forexample, 10 wt% or more of the ethylene glycol
or 10 wt% or more of the propylene glycol. These solu-
tions preferably contain a rust inhibitor.

[0027] The heatmedium output from the shell side out-
let 16d of the warming heat exchanger 16 is supplied to
the heat medium drum 22 via a line 34. Thereafter, the
heat medium is supplied to the heat medium warmer 18
by the heat medium pump 24.

[0028] The heat medium temperature controller 30
performs control such that the temperature of the heat
medium supplied to the heat medium warmer 18 is equal
to or higher than the freezing temperature (-2°C) of sea-
water. The heat medium temperature controller 30 is pro-
vided with a control valve 26 and a temperature sensor
28.

[0029] As shown in Fig. 2, the control valve 26 is in-
stalled in a bypass line 32 that bypasses the shell side
inlet 16c and the shell side outlet 16d of the warming heat
exchanger 16. That is, the bypass line 32 bypasses the
line 33 connecting the heat medium outlet 18b of the heat
medium warmer 18 and the shell side inlet 16¢c of the
warming heat exchanger 16 and the line 34 connecting
the shell side outlet 16d of the warming heat exchanger
16 and the inlet 22a of the heat medium drum 22.
[0030] The temperature sensor 28 is disposed to de-
tect the temperature of the heat medium after the heat
medium output from the shell side outlet 16d of the warm-
ing heat exchanger 16 and the heat medium from the
bypass line 32 merge. Based on the value detected by
the temperature sensor 28, the control valve 26 controls
a flow rate of the heat medium flowing through the bypass
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line 32 such that the temperature of the heat medium
after merging, thatis, the temperature of the heat medium
supplied to the heat medium drum 22, is equal to or higher
than the freezing temperature (-2°C) of seawater.
[0031] The heat medium warmer 18 receives a supply
of seawater (for example, 5°C or higher) and the heat
medium (-2°C or higher) and warms the heat medium by
heat exchange with the seawater. In the present embod-
iment, the heat medium warmer 18 is a plate-type heat
exchanger provided with a titanium plate having excellent
seawater corrosion resistance and abrasion resistance.
The plate-type heatexchangeris characterized by having
high heat transfer properties. In the plate-type heat ex-
changer, the fluids are substantially equilibrium amounts
and have a high heat transfer coefficient, a deviation is
small depending on location, and sufficient heat ex-
change is possible with a temperature difference of 2°C
between the fluids. The seawater is input to a seawater
inlet 18c of the heat medium warmer 18 by the seawater
pump 20 and output from a seawater outlet 18d of the
heat medium warmer 18. Meanwhile, the heat medium
is input to a heat medium inlet 18a of the heat medium
warmer 18 and output from a heat medium outlet 18b of
the heat medium warmer 18.

[0032] The operation of the liquefied carbon dioxide
warming equipment 10 will be described by exemplifying
a specific temperature. Here, a case is considered in
which a-20°C, 1.97 MPaliquefied carbon dioxide is pres-
surized and warmed to 0°C and 10 MPa. The heat me-
dium warmer 18 receives a supply of, for example, 7°C
seawater and a -1°C heat medium (ethylene glycol aque-
ous solution with a freezing temperature of -23°C) to
warm the heat medium to 5°C. The heat medium warmed
by the heat medium warmer 18 is supplied to the shell
side inlet 16¢ of the warming heat exchanger 16 via the
line 33. The booster pump 14 pressurizes the -20°C, 1.97
MPa liquefied carbon dioxide to -20°C and 10.5 MPa.
The warming heat exchanger 16 warms the -20°C, 10.5
MPa liquefied carbon dioxide supplied to the tube side
inlet 16a to 0°C (10.2 MPa) by heat exchange with the
5°C heat medium. When a -46°C, 0.80 MPa liquefied
carbon dioxide is pressurized and warmed to 0°C and 10
MPa, an outlet of the booster pump 14 is -46°C and 10.5
MPa, and the temperature and pressure at the other por-
tions are the same.

[0033] The configuration of the liquefied carbon diox-
ide warming equipment 10 according to the present em-
bodiment has been described above. According to the
liquefied carbon dioxide warming equipment 10 accord-
ing to the presentembodiment, since the liquefied carbon
dioxide is warmed using seawater, costs can be reduced
compared to a case in which a hot water boiler requiring
fuel is used, and further, an extremely small amount of
CO, is discharged.

[0034] A minimum temperature of seawater is 6°C to
8°C in winter on the Japan Sea side (4°C to 6°C in the
northern sea). When the -10°C to -50°C liquefied carbon
dioxide undergoes direct heat exchange with seawater
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at such a low temperature, the seawater may freeze in
the heat exchanger, and the heat exchanger may be
blocked. Therefore, by configuring heat exchange to be
between the heat medium having a low freezing temper-
ature and the liquefied carbon dioxide, such as in the
liquefied carbon dioxide warming equipment 10 accord-
ing to the present embodiment, blockages can be pre-
vented in the heat exchanger.

[0035] In the heat medium warmer 18, heat is ex-
changed between the seawater and the heat medium.
However, in the liquefied carbon dioxide warming equip-
ment 10 according to the present embodiment, since the
heat medium temperature controller 30 performs control
so that the temperature of the heat medium input into the
heat medium inlet 18a of the heat medium warmer 18 is
equal to or higher than the freezing temperature of the
seawater (about-2°C), freezing of the seawater does not
occur in the heat medium warmer 18.

[0036] In the liquefied carbon dioxide warming equip-
ment 10 according to the present embodiment, since the
fluid supplied to the warming heat exchanger 16 has low
corrosiveness, general steel can be used as a material
instead of expensive titanium. As a result, the cost of the
shell-and-tube warming heat exchanger 16 can be sig-
nificantly reduced.

[0037] In the liquefied carbon dioxide warming equip-
ment 10 according to the present embodiment, the heat
medium warmer 18 is the plate-type heat exchanger pro-
vided with the titanium plate having excellent seawater
corrosion resistance and abrasion resistance. While tita-
nium is used due to its seawater corrosion resistance,
since the thickness of the plate is as thin as 0.4 mm to
0.7 mm, the heat medium warmer 18 is inexpensive when
compared to the shell-and-tube heat exchanger using
titanium heat transfer tubes.

[0038] Fig. 3 is a view for describing liquefied carbon
dioxide warming equipment 40 according to another em-
bodiment of the present invention. The liquefied carbon
dioxide warming equipment 40 shown in Fig. 3 differs
from the liquefied carbon dioxide warming equipment 10
shown in Fig. 2 on the point of being further provided with
a liquefied carbon dioxide vaporization heat exchanger
42.

[0039] The liquefied carbon dioxide vaporization heat
exchanger 42 is a shell-and-tube heat exchanger, and
the cylindrical shell and the heat transfer tubes are all
made of general steel. One part of the heat medium from
the heat medium outlet 18b of the heat medium warmer
18is supplied to atube side of the liquefied carbon dioxide
vaporization heat exchanger 42. The heat medium is in-
put to a tube side inlet 42a of the liquefied carbon dioxide
vaporization heat exchanger 42, then output from a tube
side outlet 42b and merged with the heat medium from
the warming heat exchanger 16 by the line 34. Mean-
while, one part of the liquefied carbon dioxide from the
storage tank 12 is supplied to a shell side of the liquefied
carbon dioxide vaporization heat exchanger 42. The lig-
uefied carbon dioxide is input to a shell side inlet 42¢ of
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the liquefied carbon dioxide vaporization heat exchanger
42, vaporized by heat exchange with the heat medium,
then output from a shell side outlet 42d. The carbon di-
oxide output from the shell side outlet 42d of the liquefied
carbon dioxide vaporization heat exchanger 42 is sup-
plied to the storage tank 12 as a return gas.

[0040] In the liquefied carbon dioxide warming equip-
ment 40 according to the present embodiment, by vapor-
izing one part of the liquefied carbon dioxide and supply-
ing it as a return gas to the storage tank 12, the pressure
of the storage tank 12 due to the delivery of the liquefied
carbon dioxide can be prevented from decreasing.
[0041] The operation of the liquefied carbon dioxide
warming equipment 40 will be described by exemplifying
a specific temperature. Here, a case is considered in
which a-20°C, 1.97 MPaliquefied carbon dioxide is pres-
surized and warmed to 0°C and 10 MPa. The heat me-
dium warmer 18 receives a supply of, for example, 7°C
seawater and a -1°C heat medium (ethylene glycol aque-
ous solution with a freezing temperature of -23°C) to
warm the heat medium to 5°C. The heat medium warmed
by the heat medium warmer 18 is supplied to the shell
side inlet 16¢ of the warming heat exchanger 16 via the
line 33. The booster pump 14 pressurizes the -20°C, 1.97
MPa liquefied carbon dioxide to -20°C and 10.5 MPa.
The warming heat exchanger 16 warms the -20°C, 10.5
MPa liquefied carbon dioxide supplied to the tube side
inlet 16a to 0°C (10.2 MPa) by heat exchange with the
5°C heat medium. One part of the - 20°C, 1.97 MPa lig-
uefied carbon dioxide is supplied to the shell side inlet
42c of the liquefied carbon dioxide vaporization heat ex-
changer 42. The liquefied carbon dioxide vaporization
heatexchanger42 vaporizes the liquefied carbon dioxide
supplied to the shell side inlet 42¢ by heat exchange with
the 5°C heat medium supplied to the tube side inlet 42a
and outputs the liquefied carbon dioxide from the shell
side outlet 42d (-20°C, 1.97 MPa). When the -46°C, 0.80
MPa liquefied carbon dioxide is pressurized and warmed
to 0°C and 10 MPa, the outlet of the booster pump 14 is
-46°C and 10.5 MPa, the shell side outlet 42d of the lig-
uefied carbon dioxide vaporization heat exchanger 42 is
-46°C and 0.80 MPa, and the temperature and pressure
at the other portions are the same.

[0042] The present invention has been described
above based on the embodiments. It should be under-
stood by those skilled in the art that the embodiments
are examples; various examples of modification to the
combination of each constituent element and each treat-
ment process are possible, and such modification exam-
ples are also within the scope of the present invention.

INDUSTRIAL APPLICABILITY

[0043] The present invention can be used in carbon
capture and storage (CCS).
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REFERENCE SIGNS LIST

[0044] 10, 40 liquefied carbon dioxide warming equip-
ment, 12 storage tank, 14 booster pump, 16 warming
heat exchanger, 18 heat medium warmer, 20 seawater
pump, 22 heat medium drum, 26 control valve, 28 tem-
perature sensor, 30 heat medium temperature controller,
32 bypass line, 42 liquefied carbon dioxide vaporization
heat exchanger, 100 liquefied CO, transport ship

Claims

1. Liquefied carbon dioxide warming equipment com-
prising:

a heat medium warmer that receives a supply
of seawater and a heat medium and warms the
heat medium by heat exchange with the seawa-
ter;

a warming heat exchanger that warms liquefied
carbon dioxide to a predetermined temperature
by heat exchange with the heat medium warmed
by the heat medium warmer; and

a heat medium temperature controller that per-
forms control such that a temperature of the heat
medium supplied to the heat medium warmer is
equal to or higher than a freezing temperature
of the seawater.

2. Theliquefied carbon dioxide warming equipment ac-
cording to claim 1, wherein

the warming heat exchanger is a shell-and-tube
heat exchangerin which a plurality of heat trans-
fer tubes are housed in a cylindrical shell,

the liquefied carbon dioxide is supplied to a side
of the heat transfer tubes of the warming heat
exchanger, and

the heat medium from the heat medium warmer
is supplied to a side of the cylindrical shell of the
warming heat exchanger.

3. Theliquefied carbon dioxide warming equipment ac-
cording to claim 2, wherein the cylindrical shell and
the heattransfer tubes of the warming heat exchang-
er are all made of steel.

4. Theliquefied carbon dioxide warming equipment ac-
cording to any one of claims 1 to 3, wherein the heat
medium is an ethylene glycol aqueous solution, a
propylene glycol aqueous solution, a mixed solution
of the ethylene glycol aqueous solution and the pro-
pylene glycol aqueous solution, or a solution of a
hydrocarbon compound.

5. Theliquefied carbon dioxide warming equipment ac-
cording to any one of claims 1 to 4, wherein the heat
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medium warmer is a plate-type heat exchanger pro-
vided with a titanium plate.

6. Theliquefied carbon dioxide warming equipment ac-
cording to any one of claims 1 to 5, further compris-

ing:

a storage tank that stores the liquefied carbon
dioxide to be supplied to the warming heat ex-
changer; and

a liquefied carbon dioxide vaporization heat ex-
changer that receives a supply of one part of the
liquefied carbon dioxide from the storage tank
and one part of the heat medium from the heat
medium warmer and vaporizes the liquefied car-
bon dioxide by heat exchange with the heat me-
dium,

wherein the carbon dioxide vaporized by the lig-
uefied carbon dioxide vaporization heat ex-
changer is supplied to the storage tank.

7. A method of liquefied carbon dioxide warming com-
prising:

supplying seawater and a heat medium to a heat
medium warmer;

warming the heat medium by heat exchange
with the seawater using the heat medium warm-
er;

warming the liquefied carbon dioxide to a pre-
determined temperature by heat exchange with
the heat medium; and

performing control so that a temperature of the
heat medium supplied to the heat medium
warmer is equal to or higher than a freezing tem-
perature of the seawater.
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