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APPARATUS AND METHOD FOR LIQUID
AIR ENERGY STORAGE WITH CARBON

DIOXIDE CAPTURE

FIELD

The present invention relates to the field of storing energy
in liquid air and releasing the energy through a thermal
power cycle, that incorporates liquid carbon dioxide capture
and separation from the exhaust stream.

BACKGROUND

Energy production will increasingly rely on clean renew-
able sources 1n the future. As these technologies are imple-
mented, problems with varnability from time of day, season
and unpredictable environmental factors (i.e. cloud cover)
need to be mitigated. When the cost of electricity 1s low
during times of high renewable energy output, energy can be
stored to be utilized at later times when renewable output 1s
unavailable, or energy demand exceeds the current level of
renewable energy production. Three elements are preferably
required for an eflective energy storage system: initial
energy to charge the system, a system to efliciently store the
energy, and a system to discharge the energy to provide
power.

SUMMARY

A liquid air energy release apparatus comprising: (a) a
liquid air storage apparatus containing liquid air and a
cryogenic pump tuidly connected to the liquid air storage
apparatus wherein the cryogenic pump 1s configured to
provide pressurized liquid air at a pressure of greater than
0.52 MPa; (b) a liquid air recuperator fluidly connected to
the cryogenic pump configured to heat the pressurized liquid
air and produce vaporized air; (¢) a combustor fluidly
connected to the liquid air recuperator configured to burn a
fuel 1n the presence of the vaporized air and produce
combustor exhaust; (d) a first turbine fluidly connected to
the combustor configured to extract power from the com-
bustor exhaust wherein the turbine exhaust 1s fluidly con-
nected to the liquid air recuperator; and (e) a separator
fluidly connected to the liquid air recuperator wherein the
separator 1s configured to separate liquid carbon dioxide
from the first turbine exhaust

A method for releasing the energy of liquid air comprising
providing liquid air at a pressure of greater than 0.52 MPa,
directing the pressurized liquid air to a liquid air recuperator
to heat and vaporize the pressurized liquid air and producing,
vaporized air. The vaporized air 1s directed to a combustor
with burning of a fuel 1n the presence of the vaporized air
and producing combustor exhaust. The combustor exhaust 1s
directed to a first turbine and extracting power from the
combustor exhaust and producing a first turbine exhaust.
The first turbine exhaust 1s then directed to the liquid air
recuperator to assist in the heating and vaporizing of the
pressurized liquid air and then into a separator and separat-
ing liquid carbon dioxide from the first turbine exhaust.

An apparatus for liquid air energy release comprising a
liquid air storage apparatus containing liquid airr and a
cryogenic pump tuidly connected to the liquid air storage
apparatus wherein the cryogenic pump 1s configured to
provide pressurized liquid air at a pressure of greater than
0.52 MPa. A liquid air recuperator 1s fluidly connected to the
cryogenic pump wherein the liquid air recuperator 1s also
connected to a separator for removal of liquid carbon
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dioxide and to a separator for removal of water from a first
turbine exhaust, wherein the liquid air recuperator 1s con-
figured to heat the pressurized liquid air and produce vapor-
1zed air. A combustor 1s fluidly connected to the liquid air
recuperator configured to burn a fuel 1n the presence of the
vaporized air and produce combustor exhaust. A first turbine
1s fluidly connected to the combustor and 1s configured to
extract power Ifrom the combustor exhaust and produce the
first turbine exhaust wherein the first turbine exhaust is
fluidly connected to an exhaust air recuperator which
exhaust air recuperator 1s fluidly connected to the water
separator and the water separator 1s fluidly connected to the
liquid air recuperator and the liquid air recuperator 1s fluidly
connected to the carbon dioxide separator and the carbon
dioxide separator i1s fluidly connected to the exhaust air
recuperator. A second turbine 1s flmdly connected to the
exhaust air recuperator to extract power from the {irst
turbine residual exhaust gas.

A method for liqud air energy release comprising pro-
viding liquid air at a pressure of greater than 0.52 MPa and
directing the pressurized liquid air to a liquid air recuperator
to heat and vaporize the pressurized liquid air and producing
vaporized air. The vaporized air 1s then directed to a com-
bustor followed by burning of a fuel in the presence of the
vaporized air and producing combustor exhaust and direct-
ing the combustor exhaust to a first turbine and extracting
power from the combustor exhaust and producing a first
turbine exhaust. The first turbine exhaust 1s directed to an
exhaust air recuperator to assist 1n heating of the exhaust air
followed by a water separator-and separating liquid water
from the first turbine exhaust. The first turbine gas emerging
from the water separator 1s directed through the liquid air
recuperator followed by a carbon dioxide separator and
separating liquid carbon dioxide from the first turbine
exhaust and providing a first turbine exhaust gas that is
substantially devoid of carbon dioxide and water. The first
turbine exhaust that 1s substantially devoid of carbon dioxide
and water 1s then directed through the exhaust gas recupera-
tor along with heating of the first turbine exhaust gas and
directing the heated first turbine exhaust gas through a
second turbine and extracting power.

A liquid air energy release apparatus comprising a liquid
air storage apparatus containing liquid air and a cryogenic
pump fuidly connected to the liquid air storage apparatus
wherein the cryogenic pump 1s configured to provide pres-
surized liquid air at a pressure of greater than 0.52 MPa. An
organic Rankine cooler i1s then connected to the cyrogenic
pump wherein the organic Rankine cooler contains a work-
ing fluid wherein the organic Rankine cooler 1s fluidly
connected to a pump to 1ncrease the working tluid pressure,
which organic Rankine cooler 1s fluidly connected to an
organic Rankine recuperator and organic Rankine heater,
wherein the working fluid 1s expanded and 1s fluidly con-
nected to a turbine to extract power from the expanded
working fluid, and wherein the expanded working fluid 1s
then passed through the organic Rankine recuperator and
then back 1nto the organic Rankine cooler and then into the
pump. A second liquid air recuperator 1s fluidly connected to
the organic Rankine cooler and a first liquid air recuperator
1s connected to the second liquid air recuperator which
second and first liquid air recuperators transier heat to
vaporize air. A combustor 1s fluidly connected to the second
liquid air recuperator wherein the combustor burns a fuel 1n
the presence of the vaporized air and produces combustor
exhaust. A first turbine 1s fluidly connected to the combustor
to extract power from the combustor exhaust and produces
a first turbine exhaust. A separator to remove liquid water
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from the first turbine exhaust 1s provided along with a
separator to remove liquid carbon dioxide from the first
turbine exhaust.

DRAWINGS

FIG. 1 1llustrates a first preferred embodiment of a liquid
air energy storage system with liquid carbon dioxide cap-
ture.

FIG. 2 provides a pressure-temperature phase diagram for
the liguid air energy storage system herein with hiquid
carbon dioxide capture.

FIG. 3 illustrated another preferred embodiment of a
liquid air energy storage system with liquid carbon dioxide
capture.

FIG. 4 illustrates another preferred embodiment of a
liquid air energy storage system with liquid carbon dioxide
capture.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

L1

Attention 1s directed to FIG. 1 which illustrates a first
preferred embodiment of a liquid air energy storage system
10 with liquid carbon dioxide capture. Air 1s mitially intro-
duced into an electrically driven cryo liquefier 12 which
cools air and provides air i a liquid form. The supplied
clectricity may preferably be generated from excess renew-
able energy sources or any relatively low demand/low-cost
clectrical source. The liquefied air may then be stored in
cryogenic storage vessel 14. Such liquified air 1s contem-
plated to be stored for periods of one hour to several weeks
(e.g., 3-4 weeks). The liquefied air may preferably be stored
at a temperature of —196° C. and at about atmospheric
pressure.

The stored liquid air 1s then sent and 1s fluidly coupled to
a cryogenic pump 16 to increase the pressure to greater than
0.52 MPa. For example, the cryogenic pump can increase
the pressure to a level greater than 0.52 MPa and up to 50
MPa. The pressurized and liquefied air i1s then introduced
into a liquid air recuperator. The liquid air recuperator may
preferably be present as a first liquid air recuperator 18a
which 1s connected 1n series to a second liquid air recupera-
tor 185. The liquid air recuperators 18a and 185, either alone
or in combination, can then heat the pressurized and lique-
fied air to produce vaporized atr, preferably relying upon
heated exhaust emerging from the downstream exhaust
turbine 22. Between the liquid air recuperators 18aq and 185
one may then optionally provide at 19 for water separation,
wherein water of combustion may be removed 1n liquid form
from the turbine exhaust exiting turbine 22.

The vaporized air 1s mtroduced into a combustor 20 to
burn with a carbon-containing fuel, preferably a hydrocar-
bon fuel, more preterably methane, resulting 1n a relatively
hot, high-pressure tluid that includes water vapor and carbon
dioxide as products of combustion. The combustor exhaust
1s then sent to a first turbine 22 to extract power which may
then provide, e.g., electricity production. After the turbine
22 the relatively hot exhaust of the first turbine may be
circulated, as alluded to above, to a liquid air recuperator
wherein, as noted above, the relatively hot first turbine
exhaust can heat and vaporize the pressurized liquid arr,
thereby cooling the first turbine exhaust. The first turbine
exhaust then can optionally undergo additional cooling at 23
in order to condense carbon dioxide and water from the
cooled turbine exhaust. Such optional additional cooling
may be from an ambient heat sink or some other cold
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process. The cooled exhaust then proceeds to separator 24
wherein liquid carbon dioxide and (optionally) water can be
conveniently separated by inertial or gravitational means
from said first turbine exhaust at the preferred pressure range
of greater than 0.52 MPa. Accordingly, the cooling provided
by the liquid air recuperators 18a and 185, either alone or in
combination with the optional cooling at 23, are contem-
plated to provide suflicient cooling to separate liquid CO,, at
separator 24.

As now may be appreciated, since the condensation
temperatures of water and carbon dioxide will be different,
the cooling and separation may be staged to remove water
first at 19 followed by additional cooling and subsequent
carbon dioxide removal at the separator 24. The first turbine
exhaust exiting the separator 24 may therefore now be
substantially devoid ot CO, and (optionally) water, meaning
that the combined level of CO, and water remaining in the
first turbine exhaust 1s now preferably at or below 5.0% by
volume, more preferably at or below 2.5% by volume, or at
or below 1.0% by volume. In addition, the level of CO, on
its own may preferably be at or below 3.0% by volume,
more preferably at or below 2.5% by volume or at or below
1.0% by volume.

The first turbine exhaust gas prior to introduction to
second turbine 26 may contain nitrogen, water, oxygen,
NOx and other combustion by-products, at a combined level
of greater than 95.0% by volume, and such first turbine
exhaust gas can then can optionally undergo additional
heating at 25 and then be expanded in a second turbine 26
to again extract power and provide, e.g., electricity produc-
tion. The second turbine then can exhaust to the atmosphere.

Attention 1s directed to FIG. 2 which provides a pressure-
temperature phase diagram for the liquid air energy storage
system 10 with liquid carbon dioxide capture. As can be
seen, pressure temperature lines are provided for states A-G
wherein at A the liquid air 1s 1dentified at state A in the liquad
storage state that 1s routed through the cryogenic pump to
state B and then through the liquid air recuperator along
lines B—C where it 1s heated and then introduced into the
combustor and exits the combustor at D and into the first
turbine along lines D—FE and then the turbine exhaust from
the first turbine 1s cooled 1n the liquid air recuperator along
lines E—F, crossing the water saturation line (where water
separation may occur) and carbon dioxide liquid-vapor
saturation line, and then into the separator at state F where
liguid CO, separation can occur followed by introduction
into the second turbine at G. Table 1 below provides

exemplary values for the pressure-temperature states A-G
illustrated 1n FIG. 2:

TABLE 1

Exemplary Values For States A-G In FIG. 2

En-
Pres- Temper- En- tropy  Specific
Descrip- sure ature thalpy (J/ Volume
State tion (MPa) (K) (J’)ke)  ke-K) (m’/kg)
A L-Air 0.10 78.9 0 0 1.14E-03
Storage
B L-Air Pump 30.40 93.7 48452 162 1.13E-03
Exit
C Combustor 30.40 650.1 793030 3017 6.94E-03
Inlet
D First 30.40 1773.2 2124809 4197 1.78E-02
Turbine
Inlet
E First 1.0 931.2 1094951 4411 2.65E-01
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TABLE 1-continued

Exemplarv Values For States A-G In FIG. 2

En-
Pres- Temper- En- tropy  Specific
Descrip- sure ature thalpy (J/ Volume
State tion (MPa) (K) (J’)kg)  ke-K) (m*kg)
Turbine Exit
g CO2 1.0 228.0 350378 2938 6.37E-02
Separator
Exit
G Second 0.10 133.2 258226 3068 3.73E-01
Turbine Exit

As may therefore be appreciated from the above preferred
embodiments, a process for storing liquid energy 1s contem-
plated, that provides liquid air 1n a storage medium and
dispatching energy through a thermal power cycle. The
power cycle provides liquid carbon dioxide capture and
separation from an exhaust stream. The process therefore
preferably includes an air liquefaction system, liquid air
compression, liquid air vaporization via heat addition, and a
plurality of expansion stages with carbon dioxide extracted
in the liquid phase at pressures above 0.52 MPa, preferably
in the range of greater than 0.52 MPa to 50 MPa.

Attention 1s directed to FIG. 3 which identifies another
preferred embodiment of the present invention. As 1n FIG. 1
this preferred configuration again includes the ntroduction
of air into a cryo liquefier 12 to provide cooled liquid air 14
that 1s introduced 1nto a cryogenic pump 16 to again increase
pressure to greater than 0.52 MPa. The pressurized and
liquefied air 1s then introduced 1nto a liquid air recuperator
18 which then heats the pressurized and liquefied air to
produce vaporized air, prelferably relying upon heated
exhaust emerging from the downstream exhaust turbine 22.
The vaporized air 1s then again introduced 1nto a combustor
20 to burn with a fuel, preferably a hydrocarbon fuel, more
preferably methane. The combustor exhaust 1s then sent to a
first turbine 22 to extract power which may then again

provide, e.g., electricity production.

As then shown 1n FIG. 3, the exhaust from first turbine 22
1s optionally routed to an exhaust air recuperator 28 fol-
lowed by an optional water separator 30 and then through
the liquid air recuperator 18 and then through a CO,
separator 32 for removal of liquid CO,. Accordingly, the
exhaust from the first turbine 22 may be used in the exhaust
air recuperator to heat the exhaust emerging from the carbon
dioxide separator 32. Optionally, the first turbine exhaust gas
may then again be cooled after leaving the liquid air recu-
perator 18 and before imtroduction of the first turbine
exhaust gas mto the CO, separator 32. It should also be
noted that while water 1s preferably removed from the
optional stand-alone water separator 30, 1t 1s also contem-
plated that liquid water may be removed by the CO,
separator 32.

Similar to FIG. 1, the CO, separator 32 therefore provides
for carbon dioxide extraction 1n the liquid phase at pressures
greater than 0.52 MPa. The first turbine residual exhaust gas
in the line now at location 34 1s therefore substantially
devoid of CO, and (optionally) water, meaning that the
combined level of CO, and (optionally) water 1s at or below
5.0% by volume, more preferably at or below 2.5% by
volume, or at or below 1.0% by volume. In addition, the
level of CO, on its own may again preferably be at or below
5.0% by volume, more preferably at or below 2.5% by
volume or at or below 1.0% by volume.
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Accordingly, such first turbine exhaust gas illustrated 1n
FIG. 3 existing turbine 22 may then contain residual nitro-
gen, water, oxygen, NOX (chemical compounds of nitrogen
and oxygen such as NO and NO,) and other combustion
by-products, at a combined level of greater than 95.0% by
volume, 1s then routed to pass through the exhaust air
recuperator 28 and where 1t can be heated and then expanded
into a second turbine 36 to extract power and provide again,
e.g., for additional electricity production. The exhaust from
the second turbine 36 in FIG. 3 can then vent to the
atmosphere. As may therefore be appreciated, the system 1n
FIG. 3 allows for relatively more energy to be added into
combustor 20 and provides for relatively more overall power
output, than what 1s illustrated 1n FIG. 1.

Another preferred embodiment for storing energy in l1g-
uid air 1s illustrated 1n FIG. 4, which again relies upon the
common features described above in both FIGS. 1 and 2.
Theretfore, once again, the liquid air energy release appara-
tus 1introduces air mto a cryo liquefier 12 which cools air and
provides air 1 liquid form. The liquefied air may then be
stored 1n cryogenic storage vessel 14, for periods of one hour
to several weeks. The liquefied air may again be preferably
stored at a temperature of —196° C. and at about atmospheric
pressure. The embodiment 1n FIG. 4, however, now adds an
organic Rankine cycle (ORC) with an ORC recuperator 40,
to allow for further extraction of power, along with the
ability described herein to again remove liquud water and
liquid carbon dioxide from combustion of the liquefied ar.

The stored liquid air 1s then again sent and fluidly coupled
to cryogenic pump 16 to increase the pressure to 0.52 MPa
or higher. The pressurized and liquefied air 1s then intro-
duced into an organic Rankine cycle (ORC) cooler 38 that
utilizes a refrigerant, an example of which 1s a carbon-based
working fluid, to convert energy flowing from a higher
temperature heat source to a lower temperature heat sink
into useful power. Such working fluids may preferably
include hydrocarbons, such as 1sobutane, pentane or pro-
pane. The now cooled working fluid may then be forwarded
to a pump 39 to increase pressure and then routed to the
organic Rankine cycle recuperator at 40 and then to an
organic Rankine cycle heater 42 where 1t 1s expanded and
then directed to a turbine 44 for power generation. The now
expanded working fluid 1s then routed back through the
organic Rankine cycle recuperator at 40 wherein it may be
partially cooled and then through the organic Rankine cycle
cooler 38 for further cooling and then back through pump 39
to repeat the cycle.

As also 1llustrated 1n FI1G. 4, the liquad air passing through
organic Rankine cooler 38 can then proceed to liquid air
receuperator #2, then to liquid air recuperator 18 and nto
combustor 20 where fuel may again be introduced, and
combustion takes place to produce exhaust gas that 1s fed to
first turbine 22 for power generation. The turbine exhaust
then proceeds through exhaust air recuperator 28 and then
through liquid air recuperator 18 and then through organic
Rankine cycle heater 42 and then into separator 50 where
water can be removed as a liquid. The exhaust gas with such
water removed 1s then routed through a liquid air recuperator
where 1t may undergo initial cooling and then optionally
through a cooler and then into separator 54 where liquid
carbon dioxide may be removed, and then into an exhaust air
recuperator wherein 1t may be heated and expanded and then
through a second turbine 56 for power generation, where the
turbine 56 releases the residual exhaust gas to the environ-
ment. Similar to the embodiments described and 1llustrated
in FIGS. 1-3, the combined level of CO, and water remain-
ing 1n the exhaust that proceeds into second turbine 56 and
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that 1s released to the environment 1s such that the level 1s
preferably at or below 5.0% by volume, more preferably at
or below 2.5% by volume, or at or below 1.0% by volume.
In addition, the level of CO, on its own may preferably be
at or below 5.0% by volume, more preferably at or below
2.5% by volume or at or below 1.0% by volume.

Other advantages of the liquid air energy storage appa-
ratus and method herein 1s such that the turbines 22, 44
and/or 56 herein, while 1llustrated as providing for electrical
power, may be used for any other power requirements, such
as powering a mechanical drive.

In addition, 1t 1s further contemplated herein that prior to
introduction of the air into the embodiments disclosed
herein, one may filter and remove nitrogen. Accordingly,
during combustion with fuel, the level of NOx emission that
1s otherwise produced may be significantly reduced. It 1s also
contemplated that the cold energy that 1s present in the
stored liquid air herein may be itself utilized to provide
cooling to facilitate the liquefaction of carbon dioxide.
Finally, 1t also contemplated that in the embodiments dis-
closed herein, one may utilize ambient air to heat or cool the
air as 1t 1s processed 1n the subject liquid air energy release
apparatus and method described herein.

Accordingly, it can be appreciated that apparatus and
methods for storing energy in liquid air have been disclosed,
that involve releasing the stored energy in the liqmd air
through a thermal power cycle, that incorporates liquid
carbon dioxide capture and separation from the exhaust
stream. Preferred embodiments have been disclosed and
those skilled 1n the art will recognize that various changes
and modifications may be made herein with departing from
the 1nvention.

The invention claimed 1s:

1. A liguad air energy release apparatus comprising:

a. a liquid air storage apparatus containing liquid air and

a cryogenic pump flumdly connected to said liquid air
storage apparatus wherein said cryogenic pump 1s
configured to provide pressurized liquid air at a pres-
sure of greater than 0.52 MPa;

b. a liguid air recuperator fluidly connected to said cryo-
genic pump configured to heat said pressurized liquid
air and produce vaporized air;

¢. a combustor tluidly connected to said liquid air recu-
perator configured to burn a fuel in the presence of said
vaporized air and produce combustor exhaust;

d. a first turbine fluidly connected to said combustor
configured to extract power from said combustor
exhaust and produce a first turbine exhaust wherein
said first turbine exhaust 1s fluidly connected to said
liquid air recuperator;

¢. a separator fluidly connected to said liquid air recu-
perator wherein said separator 1s configured to separate
liquid carbon dioxide from said first turbine exhaust;
and

f. a second turbine fluidly connected to said separator to
extract power from said first turbine exhaust.

2. The liqud air energy release apparatus of claim 1
wherein said cryvogenic pump 1s configured to provide
pressurized liquid air at a pressure 1n the range of greater
than 0.52 MPa to 50 MPa.

3. The liguid air energy release apparatus of claim 1
including a cooling apparatus fluidly connected between
said liquid air recuperator and said separator.

4. A method for releasing the energy of liquid air com-
prising:

a. providing liquid air at a pressure of greater than 0.52

MPa;
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b. directing said pressurized hiquid air to a liquid air
recuperator to heat and vaporize said pressurized liquid
air and producing vaporized air;

c. directing said vaporized air to a combustor and burning,
of a fuel in the presence of said vaporized air and
producing combustor exhaust;

d. directing said combustor exhaust to a first turbine and
extracting power from said combustor exhaust and
producing a first turbine exhaust; and

¢. directing said first turbine exhaust to said liqud air
recuperator to assist in said heating and vaporizing of
said pressurized liquid air and then 1nto a separator and
separating liquid carbon dioxide from said first turbine
exhaust;

f. directing said first turbine exhaust after separation of
said liqud carbon dioxide to a second turbine and
extracting power from said first turbine exhaust.

5. The method of claim 4 wherein said liquid air 1s at a

pressure 1n the range of greater than 0.52 MPa to 50 MPa.

6. The method of claim 4, including the step of cooling
said first turbine exhaust prior after passing through said
liquid air separator and before separating said liquid carbon
dioxide.

7. The method of claim 4 wherein said first turbine
exhaust, after separation of liquid carbon dioxide, indicates
a combined level of carbon dioxide and water that 1s at or
below 5.0% by volume.

8. The method of claim 4 wherein said first turbine gas,
prior to introduction into said separator for removal of liquid
carbon dioxide, 1s imtroduced into a water separator and
removing liquid water.

9. A apparatus for liquid air energy release comprising:

a. a liguid air storage apparatus containing liquid air and
a cryogenic pump flmdly connected to said liquid air
storage apparatus wherein said cryogenic pump 1s
configured to provide pressurized liquid air at a pres-
sure of greater than 0.52 M Pa;

b. a liquid air recuperator fluidly connected to said cryo-
genic pump wherein said liquid air recuperator 1s also
connected to a carbon dioxide separator for removal of
liquid carbon dioxide and to a water separator for
removal of water from a first turbine exhaust, wherein
said liqud air recuperator 1s configured to heat said
pressurized liquid air and produce vaporized air;

c. a combustor fluidly connected to said liquid air recu-
perator configured to burn a fuel in the presence of said
vaporized air and produce combustor exhaust;

d. a first turbine flmdly connected to said combustor
configured to extract power from said combustor
exhaust and produce said first turbine exhaust wherein
said first turbine exhaust 1s fluidly connected to an
exhaust air recuperator which exhaust air recuperator 1s
fluidly connected to said water separator and said water
separator 1s fluidly connected to said liquid air recu-
perator and said liquid air recuperator 1s fluidly con-
nected to said carbon dioxide separator and said carbon
dioxide separator 1s fluidly connected to said exhaust
air recuperator; and

¢. a second turbine fluidly connected to said exhaust air
recuperator to extract power from said first turbine
exhaust.

10. The liquid air energy release apparatus of claim 9
wherein said cryogenic pump i1s configured to provide
pressurized liquid air at a pressure of 0.52 MPa to 50 MPa.

11. The liquid air energy release apparatus of claim 9
wherein said cryogenic pump i1s configured to provide
pressurized liquid air at a pressure of 0.52 MPa to 30 MPa.
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12. The liquid air energy release apparatus of claim 9

includes a cooling apparatus fluidly connected between said
liquid air recuperator and said carbon dioxide separator.

13. A method for liquid air energy release comprising;:

10

connected to said second liquid air recuperator which
second and first liquid air recuperators transfer heat to
vaporized air;

d. a combustor fluidly connected to said second liquid air
recuperator wherein said combustor burns fuel in the

e 5
. ﬁ;?dmg liquid air at a pressure of greater than 0.52 prisence of said vaporized air and produces combustor
. . . L e L exhaust;

b. directing said pressurized 1.1qu1d. air 1o a_hqui Alr ¢. a first turbine fluidly connected to said combustor to
recuperator to heat and vaporize said pressurized liquid extract power from said combustor exhaust and pro-
air and producing vaporized air; duce a first turbine exhaust;

c. directing said vaporized air to a combustor and burning £ 4 water separator to remove liquid water from said first
a fuel 1n the presence of said vaporized air and pro- turbine exhaust;
ducing combustor exhaust; g a cqrbon dioxic.le separator to remove liquid carbon

d. directing said combustor exhaust to a first turbine and dioxide from said first turbine exhaust. o
extracting power from said combustor exhaust and . 16. A liquid air energy release apparatus comprising:
producing a first turbine exhaust: a. a liqud air storage Elpp(ialratus con‘ialclll{[ng 119(11111('1 al}*daqd

¢. directing said ﬁrst‘ tu1:bine e:sfhaust to an exhaust a%r ;gg;fﬁ% zﬁgﬁg x;lﬁerZigoggg i ry ; gZE} o 113?111111113 ailg
recuperator to assist 1 heating of said exhaust air configured to provide pressurized liquid air at a pres-
followed by a water separator and separating liquid sure of greater than 0.52 MPa;
water from said first turbine exhaust; 20  b. a liquid air recuperator tluidly connected to said cryo-

f. directing said first turbine exhaust emerging from said genic pump configured to heat said pressurized liquid
water separator through said liquid air recuperator air and produce vaporized air;
followed by a carbon dioxide separator and separating c. a combustor tluidly connected to said liquid air recu-
liquid carbon dioxide from said first turbine exhaust perator configured to burn a fuel in the presence of said
and providing said first turbine exhaust gas that 1s 25 vaporized dif and produce combustor exhaust;
substantially devoid of carbon dioxide and water: d. a first turbine fluidly connected to s:-agd combustor

g, directing said first turbine exhaust that 1s substantially configured to extract power frr:'Jm said combustt?r
devoid of carbon dioxide and water through said exhaust and produce a ﬁI:St tul:bme exhaust where%n
exhaust gas recuperator and heating said first turbine S‘Elld‘ ﬁrsjt turbine exhaust 1s fluidly connected to said

30 liquad air recuperator; and

exhaust gas and directing said heated first turbine
exhaust gas through a second turbine and extracting
power.

14. The method of claim 13 wherein said first turbine

¢. a separator fluidly connected to said liquid air recu-
perator wherein said separator 1s configured to separate
liguid carbon dioxide from said first turbine exhaust
including a cooling apparatus fluidly connected

exhaust that 1s substantially devoid of carbon dioxide and
water, indicates a combined level of carbon dioxide and 3>
water that 1s at or below 5.0% by volume.

15. A liquid air energy release apparatus comprising:

between said liquid air recuperator and said separator.
17. A method for releasing the energy of liquid air
comprising:

a. a liquid air storage apparatus containing liquid air and
a cryogenic pump flmdly connected to said liquid air

a. providing liquid air at a pressure of greater than 0.52
MPa;
b. directing said pressurized liquid air to a liqumd air

storage apparatus wherein said cryogenic pump is 49 . . . L
configured to provide pressurized liquid air at a pres- recuperator 1o l}eat and Vaporize said pressurized liquid
sure of greater than 0.52 M Pa; 4 an.d pro@ucmg V.Elp('JI'I?EEd . .

b. an organic Rankine cooler connected to said cryogenic c. directing sa}ld vaporized air to a cgmbustor. and bgrmng
pump wherein said organic Rankine cooler contains a of a ﬁ}el in the presence of said vaporized air and
working fluid wherein said organic Rankine cooler is 42 pI:Odll?lIlg o mbustor exhaust; .
fluidly connected to a pump to increase the working d. directing said combustor exhaust to a first turbine and
fluad pressure, which said organic Rankine cooler 1s extracting power froim said combustor exhaust and
fluidly connected to an organic Rankine recuperator pr:odu(?lng y ‘ﬁrst '[LlI‘blIlEt‘ exhaust; and oy g g s
and organic Rankine heater, wherein said working tluid e. directing said ﬁrsft tgrblqe EXha}lSt to said 11911_1d dlr
is expanded and is fluidly connected to a turbine to 50 rec;uperator j[O ass.lst.m S'Elld heatmg and vaporizing of
extract power from said expanded working fluid, and said pressurized liquid air and then into a separator and
wherein said expanded working fluid 1s then passed separaling hqul CElI']Z?OIl dioxide from said first tgrbme
through said organic Rankine recuperator and then iaxhaust, ‘whe:rem S‘?ld first turbine exhaust prior 10
back into said organic Rankine cooler and then into said introduction nto said separator for removal of liquid

55 carbon dioxide, 1s introduced into a water separator and

pump,
c. a second liquid air recuperator fluidly connected to said
organic Rankine cooler and a first liquid air recuperator

removing liquid water.
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